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Abstract
A cellulosic material could e�ciently and selectively adsorb organic and inorganic contaminants from
aqueous solutions without interference from competing adsorption sites. In this study, cellulose-graft-
tetraethylenepentamin molecular imprinted polymer (C-TEPA-MIP) was synthesized by using 4-
nitrophenol (4-NP) as the template. The C-TEPA-MIP adsorbent could adsorb 4-NP and Cr(VI)
simultaneously and selectively, without being affected by the competitive adsorption sites of each of
these pollutants. The adsorption of 4-NP was predominantly due to the imprinted sites of 4-NP in C-TEPA-
MIP that were located inside of the adsorbent, whereas that of Cr(VI) was primarily due to the amine
groups of TEPA found on the surface of the adsorbent. Compared with the non-imprint polymer
synthesized without the template, C-TEPA-MIP showed higher selectivity for both 4-NP and Cr(VI) in
unitary and binary systems. In addition, C-TEPA-MIP exhibited good stability and recyclability for 4-NP,
which makes it a promising candidate material for applications concerning wastewater treatment.

Introduction
The global attention focused on environmental protection and renewable resources has made the search
for multifunctional recyclable adsorption materials an urgent task. 4-Nitrophenol (4-NP) and hexavalent
chromium [Cr(VI)] are two of the most prominent pollutants of water. 4-NP commonly used in chemical
industry(Karami and Zeynizadeh 2019), pharmaceuticals(Anh and Doong 2018). Cr(VI) commonly used
in electroplating, textiles, leather(Zhao et al. 2021a) and dyes(Guifang Wang 2021). 4-NP and Cr(VI) are
mutagenic, carcinogenic, highly toxic(Bahrami et al. 2020), and di�cult to degrade. Thus, the low cost
effective removal of 4-NP and Cr(VI) from the environment has become an important topic in academic
research and industrial applications(Chaleshtari and Foudazi 2020). 

Molecular imprinting technology (MIT) is based on speci�c recognition between template and
molecularly imprinted polymers (MIPs). In MIT, the target molecule is polymerized with monomer or
crosslinking agent to form a polymer, and then the template is removed to obtain MIPs. MIPs have the
capacity to selectively adsorb the target molecule(BelBruno 2019; Schirhagl 2014), making MIT an
effective solution for the challenges that arise from competitive adsorption(Cantarella et al.
2019; Mohammadi et al. 2021). An et al.(An et al. 2019) designed and synthesized a series of surface
molecularly imprinted polymers (SMIPs) using 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-NP and 4-
methylphenol as templates, and applied them for the selective adsorption of phenols. Zhou et al.(Zhou et
al. 2020) prepared a magnetic Cr(VI)-imprinted polymer using Fe3O4 nanoparticles as a carrier and
K2Cr2O7 as a template for removal of Cr(VI) in water. However, these adsorption materials(Kumar et al.
2020; Linye Jiang 2016) are all monofunctional for either the organic pollutant 4-NP or the inorganic
pollutant Cr(VI). It is di�cult to produce a dual-selective adsorbent using MIT for the two main reasons of
(i) high consumption of monomers, and (ii) reduction in the adsorption e�ciency and
adsorption capacity. More speci�cally, the presence of the two templates may cause a competitive
reaction, in which, one template occupies the imprinting site of the other template. Thus, challenges
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remain in structure design of bifunctional adsorbents in MIPs, where the key question to be answered is
how to avoid competitive adsorption in MIPs.

In 2018, Tian et al.(Tian et al. 2018) demonstrated a method to solve the competitive adsorption for the
�rst time. The authors graphed poly(N-isopropylacrylamide) (PNIPAm) on graphene oxide (GO) and
imprinted 4-NP as the template. The hydroxyl groups on the graphene could be used to adsorb lead
[Pb(II)] ions, thus providing a means to fabricate a bifunctional adsorbent. This means that in MIPs
obtained by using monomers that can bind to heavy metal ions the competitive adsorption might be
avoided and a bifunctional adsorbent for both organic and inorganic substances could be produced. A
large number of studies have shown that nitrogen-containing adsorbents can adsorb Cr(VI)(Zhao et al.
2021b; Zhu et al. 2020). For example, Gao et al.(Gao et al. 2020) prepared hollow spherical adsorbents
using tannic acid (TA) and 1,6-hexanediamine (HA) and polyvinyl alcohol (PVA). The adsorption of Cr(VI)
on the protonated amino groups was proved by XPS. Xue et al.(Xue et al. 2019) designed a cellulose-
based solid amine adsorbent by crosslinking epichlorohydrin with microcrystalline cellulose (MCC) and
tetraethylenepentamine (TEPA). Rathour et al.(Rathour et al. 2020) modi�ed graphene oxide (GO) with
ethylenediaminetetraacetic acid (EDTA), and used its amide bond to adsorb Cr(VI). The maximum
adsorption capacity of EDTA@CO adsorbent for Cr(VI) was 36.59 mg/g at pH = 1.8. 

Cellulose is one of the most popular natural polymers(Pereira et al. 2020), due to being abundantly
available, cheap, ecofriendly, and biocompatible, and having characteristics such as a high mechanical
strength, and being easy to modify(Man et al. 2015; Ronglan Wu 2015; Wu et al. 2015). The employment
of cellulose as a carrier in MIPs could provide a solution for the recycling of the adsorbent. More
speci�cally, the chain-like cellulose can be combined with other monomers and crosslinking agents to
form a large-area imprinting layer, which increases imprinting sites and consequently improves the
adsorption capacity. In addition, due to the good mechanical strength of cellulose, the damage of the
imprinting sites could be prevented, which enhances the stability of the obtained adsorbent material.

In this study, we synthesized imprinted cellulose-graft-tetraethylenepentamine (C-TEPA-MIP). The
compound 4-NP was selectively adsorbed via the imprinted pore cavity, and Cr(VI) was adsorbed through
the amine groups of TEPA monomer via coordination and electrostatic interactions. The C-TEPA-MIP
exhibited the advantages of high adsorption performance and high selectivity, thus laying a foundation
for future development of adsorbents capable of simultaneous adsorption of organic and inorganic
pollutants.

Materials And Methods
Materials

Cellulose was purchased from Hebei Balinway Super�ne Materials Co., Ltd.; 1-allyl-methylimidazolium
chloride (AMIMCl) from Moni Mooney Chemicals Co., Ltd.; 2-bromo-2-methylpropionyl bromide,
ethyleneglycol dimethacrylate (EGDMA) and N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA) from
Aladdin Reagent Co., Ltd.; Cuprous(I) bromide (CuBr) from Across Chemical Co., Ltd.;
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tetraethylenepentamine (TEPA) from China Pharmaceutical Company; azodiisobutyronitrile (AIBN) from
Chengdu Kelon Chemical Reagent Factory. AIBN was puri�ed by recrystallization in methanol. Other
reagents were purchased from Tianjin Hongyan Reagent Factory. Deionized water was used in all
experiments. 

Synthesis of cellulose-g-TEPA MIP (C-TEPA-MIP)

The synthesis route is shown in Scheme 1. Cellulose powder was dissolved in AMIMCl, and 2-bromo-2-
methylpropionyl bromide was used to obtain bromine-terminated cellulose initiator. Afterwards, using 4-
NP as the template, TEPA was grafted on cellulose initiator to obtain cellulose-based polymer, and the
imprinted polymer (i.e., C-TEPA-MIP) was obtained by desorption. For the synthesis, CuBr (7.75 mg),
PMDETA (43.3 mg) and ascorbic acid (9.5 mg) were dissolved in DMF (100 mL). This solution is referred
to as “DMF mixed solution” in the description of the later experiments. 

Cellulose bromide (cellulose-Br) was synthesized according to our previous work(Lang et al. 2021).
Cellulose-Br (50 mg) was dissolved in 3.75 mL of DMF mixed solution, and was further mixed with TEPA
(0.568 g TEPA in 2 mL ethanol), 4-nitrophenol (41.7 mg), EGDMA (1.785 mL) and AIBN (16.4 mg),
sequentially. For deoxygenation, the solution was purged with N2 for 30 min. Polymerization of the
solution was conducted for 24 h at 70°C. After the completion of polymerization, the polymer colloids
were dialyzed for 3 days by changing water two times per day. The product was freeze-dried for 24 h. The
product was eluted by methanol and acetic acid with a volume ratio of 9:1 until 4-NP could not be
detected in the eluent. The product was subsequently washed by water until pH reached 7. The obtained
sample was freeze-dried for 24 h. 

As a reference, the non-imprinted polymer (C-TEPA-NIP) was synthesized without adding 4-NP during the
synthesis.

Effect of pH 

Solutions containing 100 mg/L of 4-NP or Cr(VI) were prepared with pH in a range of 3-10. C-TEPA-MIP
(10.0 mg) was added into each of these solutions together with 25 mL of 4-NP or Cr(VI) at different pH
values. The pH was adjusted by 0.1 M NaOH or HCl solution. The mixture was left for 12 h at 25oC.
Afterwards, the residual of 4-NP or Cr(VI) in the supernatant was determined by UV-Vis spectroscopy. A
predetermined calibration curve was used for obtaining the concentration. The same experiments were
repeated for C-TEPA-NIP in comparison. All experiments were repeated 3 times to ensure reproducibility.

Equilibrium adsorption isotherm and kinetic study

The equilibrium adsorption isotherm and kinetic of adsorption of 4-NP and Cr(VI) on C-TEPA-MIP and C-
TEPA-NIP were studied. The results are provided in the Supporting Information.

Selectivity of the adsorption
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The selectivity study of the adsorption was carried out by comparing the adsorption capacities for 4-NP
and Cr(VI) with those for other pollutants. For 4-NP, the comparison studies were conducted for 2-NP, 3-NP,
catechol, and hydroquinone. In such experiments, C-TEPA-MIP or C-TEPA-NIP (10 mg) was added to 25
mL solutions with the pollutants (100 mg/L). The adsorption lasted for 12 h at 25oC. The pH of all
solutions was 6. The concentrations of 4-NP, 3-NP, 2-NP, catechol and hydroquinone were determined by
UV-Vis spectroscopy at the wavelength of 317, 273, 278, 274 and 286 nm, respectively.

Similarly, a number of metal ions were chosen for the selective comparison studies for Cr(VI). These
included Cu(II), Pb(II), Cd(II), Mg(II) and Zn(II). The experimental protocol and the conditions were the
same as those for 4-NP, except that pH of the solution was 5 instead of 6. The concentrations of the
inorganic metal ions were measured by AAS. 

In addition, we investigated the competitive adsorption in binary systems. The following pairs of co-
existing pollutants were chosen: 4-NP/2-NP, 4-NP/3-NP, 4-NP/catechol, 4-NP/hydroquinone, Cr(VI)/Cu(II),
Cr(VI)/Cd(II), and Cr(VI)/Zn(II). In the binary systems, the concentration of each pollutant was 50 mg/L,
and the adsorption was conducted following the same protocol described above.

Recyclability of C-TEPA-MIP

For recycling C-TEPA-MIP and C-TEPA-NIP already used for adsorption experiments, the materials that
adsorbed 4-NP were washed with a mixture of methanol and acetic acid (volume ratio of 9:1), and those
that adsorbed Cr(VI) were washed with 0.1 M NaOH. Washing continued until 4-NP and Cr were not
detected at 317 nm and 352 nm by UV-Vis spectroscopy, respectively. Afterwards, the materials were
washed by deionized water to pH = 7 and were freeze-dried to be used in the next adsorption experiment.
This procedure signi�es one adsorption-desorption cycle. The C-TEPA-MIP and C-TEPA-NIP were cyclically
adsorbed for 7 times.

Characterization methods

The morphology of the materials was examined by scanning electron microscopy (SEM; SU8010) and
transmission electron microscopy (TEM; FEI Tecnai G2 F20). Powder X-ray diffractometer (XRD; D8
Advance) was used to analyze the crystal form of the samples. The chemical properties were
characterized by Fourier transform infrared spectroscopy (FTIR; VERTEX 70) using the KBr-disk method,
where the spectra were recorded within the wavenumber of 500-4000 cm-1. The elemental composition
and the chemical state of the materials were characterized by X-ray photoelectron spectrometer (XPS;
Thermo Scienti�c K-Alpha). The pore size and the speci�c surface area of the materials were analyzed by
accelerated surface area and porosimetry analysis (BET; ASAP2460). The surface charge of C-TEPA-MIP
was measured by zeta potentiometer (Zeta; Nano ZS90). The thermal stability of the materials was
evaluated by thermal gravimetric analysis (TG; SDT Q600) in the temperature range of 25-600°C. The
temperature rate was 10°C/min, and the samples were kept in N2 atmosphere. The concentrations of 4-
NP and Cr(VI) were determined by UV-visible spectroscopy (UV-Vis, UV1901PCS). The concentrations of
other metal ions were determined by atomic absorption spectrometer (AAS; 240 AAS).
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Results And Discussion
The optimization of materials preparation

Adsorption capacity of MIPs is highly dependent on the synthetic conditions employed, including the
amounts of the monomer TEPA, the crosslinking agent EGDMA, and the template molecule 4-NP. For
optimizing the performance of C-TEPA-MIP, we �rst studied the effect of the molar ratio of the monomer
to the crosslinker (Fig. 1a). For 4-NP, when the ratio of TEPA/EGDMA decreased, the adsorption capacity
of MIP and NIP �rst increased and then decreased. The adsorbed amount reached the maximum when
TEPA/EGDMA was 1/3. However, the increase for NIP was smaller or unchanged in comparison to that
for MIP, indicating that TEPA had a certain effect on the adsorption of MIP, but had negligible effect on
the adsorption of NIP. For 4-NP, the maximum difference of adsorption capacity between MIP and NIP
was 9.1 mg/g when TEPA/EGDMA was 1/3. This result indicates that neither a low nor a high monomer
content is bene�cial to the adsorption of 4-NP, which can be explained as follows. A small amount of
TEPA induces a small number of TEPA-formed cavities, which results in a low adsorbed amount of 4-NP.
On the other hand, for a too large amount of TEPA, the MIP layer becomes so thick that access to the
internal imprinted cavities becomes di�cult, thus imposing a limit in the adsorption of 4-NP. For Cr(VI),
the adsorption capacity decreased signi�cantly when TEPA/EGDMA was 1/4, which indicated that the
adsorption of Cr(VI) mainly depended on the TEPA content. It is also reasonable to suspect that the
exposure of TEPA could be an in�uential factor. Coincidentally, the highest adsorption capacity for both
4-NP and Cr(VI) was found at the ratio of TEPA/EGDMA = 1/3. Further screening of the template ratio is
carried out at the ratio. Template is also a crucial factor in the preparation of imprinted polymers, because
it determines the number of imprinted cavities. In Fig. 1b, upon a decrease in TEPA/4-NP molar ratio, the
adsorption capacity of C-TAPE-MIP for 4-NP �rst increased, then decreased and stabilized. The maximum
adsorption capacity occurred at the TEPA/4-NP molar ratio of 10/1. The occurrence of a stabilized
adsorption capacity could be explained by the low amount of TEPA, which imposed a limitation on the
formation of 4-NP imprinting cavities. The adsorption of Cr(VI) on C-TAPE-MIP was decreased once
TEPA/4-NP molar ratio decreased. Therefore, in the experiments that followed, the molar ratios of
TEPA/EGDMA and TEPA/4-NP were set to 1/3 and 10/1, respectively.

Morphology and structure determination

The morphology of C-TEPA-MIP (Fig. 2c, 2g) and C-TEPA-NIP (Fig. 2d, 2h) showed a reticular structure
upon grafting of cellulose with TEPA, different from the microrods of the original cellulose (Fig. 2a, 2e)
and cellulose-Br (Fig. 2b, 2f). The morphological features of C-TEPA-MIP and C-TEPA-NIP were similar.
The morphologies of both of these materials were voluminous and had a rough surface with partial pores
(see Fig. 2c, 2d). The difference between the two structures concerned minor issues, where C-TEPA-MIP
exhibited a smaller and more porous structure in comparison to C-TEPA-NIP. The special reticular pore
structure of C-TEPA-MIP would facilitate the exposure of a higher number of active sites, which would
play a conducive role during the adsorption process.
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The physicochemical properties of the samples were characterized by FTIR, XRD, TG and DTG. As shown
in Fig. 2i, the FTIR spectra of cellulose and TEPA showed the characteristic peaks of cellulose and TEPA,
including the characteristic broad peak of cellulose at 3349 cm-1 and the carbonyl (C=O) stretching
vibration at 1721 cm-1 (Xu et al. 2019). For TEPA, the C-N vibration of C-NH-C at 1122 cm-1 and the
vibration absorption peak of -NH2 at 1463 cm-1 were observed(Xue et al. 2019). The peak at 1450 cm-1

was assigned to -C(CH3)3 stretching of 2-bromo-2-methylpropionyl bromide. Both C-TEPA-MIP and C-
TEPA-MIP exhibited the characteristic absorption peaks of cellulose and TEPA, where only the C-N
adsorption peak was shifted to 1152 cm-1. The FTIR analysis indicated that cellulose-Br was successfully
prepared and TEPA was successfully grafted onto cellulose. Meanwhile, the XRD patterns in Fig. 2j
indicated the presence of two main characteristic peaks at 2q = 16.6o and 23.2o corresponding to (110)
and (200) re�ections of cellulose, respectively(Kumari and Chauhan 2014). In the XRD patterns of C-
TEPA-MIP and C-TEPA-NIP, the (110) re�ection of cellulose was shifted and broadened and its (200)
re�ection disappeared. Upon use of 4-NP as a template and/or grafting of TEPA, the new interactions
formed within the material between TEPA fragments, 4-NP or cellulose resulted in disruption of the
original crystalline order of cellulose to a large extent. This provides indirect evidence for the success of
TEPA grafting and 4-NP imprinting processes applied to cellulose. 

The TG curves (Fig. 2k) of synthesized polymers and cellulose showed signi�cantly different features,
e.g., the onset of the weight loss for C-TEPA-MIP and C-TEPA-NIP occurred at a higher temperature. This
could be attributed to a coating layer of TEPA formed on the outside of cellulose, which brought about an
enhanced stability for the material and induced an about 80°C increase in the decomposition temperature
(Tdecom) for C-TEPA-MIP (Tdecom = 424.8°C) and C-TEPA (Tdecom = 427.7°C) relative to cellulose
(see Fig. 2l). The trends of decomposition for C-TEPA-MIP and C-TEPA-NIP were similar, which was
expected, because they were made of the same raw materials. Also, the �nal residual mass for C-TEPA-
MIP and C-TEPA-NIP differed by only 0.31% of the original mass, indicative of a good reproducibility for
the temperature stability of the synthesized materials.

The effect of pH on adsorption capacity

The pH under which the adsorption occurs signi�cantly affects the adsorption capacity of the adsorbent
for organic pollutants and heavy metals. Thus, we assessed the effects of pH variation on the adsorption
of 4-NP and Cr(VI) by C-TEPA-MIP and C-TEPA-NIP. The equilibrium adsorption capacity (Qe) of C-TEPA-
MIP was higher than that of C-TEPA-NIP at all pH values (Fig. 2m, 2n). The adsorption capacity of C-
TEPA-MIP for 4-NP �rst increased and then decreased once pH varied from 3 to 10, where a maximum of
Qe (37.01 mg/g) was reached at pH = 6 (see Fig. 2m). The same trend was observed for Cr(VI), where a
maximum of Qe (104.13 mg/g) occurred at pH = 5 (Fig. 2n). These results can be explained by the effects
arising from the employed synthetic procedure. More speci�cally, the imprinting process was carried out
in organic solvent, where both TEPA and 4-NP molecules were in the non-ionized states. Therefore,
speci�c adsorption of 4-NP should be best realized under the condition that 4-NP and TEPA are
predominantly uncharged, i.e., for 4-NP when pH < pKa (7.15) and for TEPA with the lowest number of
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charged units (pKa1 = 9.68; pKa2 = 9.10; pKa3 = 8.08; pKa4 = 4.72; pKa5 = 2.98). Thus, it is no surprise that
the maximum Qe occurred at pH = 6 for 4-NP. For the low pH, the effect of imprinting on adsorption was
evident, where the difference of the adsorption between C-TEPA-MIP and C-TEPA-NIP was indicative of
the template-speci�c adsorption brought about by the imprinted cavities.

Cr(VI) mainly exists in the forms of   and   in water(Zuo et al. 2020), which explains why C-TEPA-MIP and
C-TEPA-NIP exhibited the highest degree of equilibrium adsorption capacity for Cr(VI) at low pH values.
More speci�cally, because the surface of C-TEPA-MIP was positively charged in an acidic condition, the
closer the pH of the media to the neutral, the higher was the positive potential of the C-TEPA-MIP surface.
The maximum positive potential occurred at pH = 6. In an alkaline condition, the surface of C-TEPA-MIP
was negatively charged (see Fig. 3). Thus, the amine groups on C-TEPA-MIP were protonated under the
acidic condition, which generated amine cations that could adsorb negatively charged pollutants through
electrostatic interactions. However, as pH increased the amine groups in TEPA became deprotonated, and
consequently the surface positive charge of the adsorbent decreased, thus inducing a reduction in the
adsorption capacity for Cr(VI). Remarkably, the adsorption of Cr(VI) by C-TEPA-MIP was better in
comparison with C-TEPA-NIP, which may be due to the existence of imprinted pores, which resulted in a
higher degree of exposure for the active sites. This is consistent with what was found in pH-varying
adsorption experiments discussed before.

Adsorption isotherm and kinetics of adsorption               

Through the study of adsorption kinetics (Fig. S1 and Table S1) and thermodynamics (Fig. S2 and Table
S2), it was found that the adsorption models of C-TEPA-MIP for 4-NP and Cr(VI) were in accordance with
pseudo-second-order kinetics and Langmuir isothermal model. In the solution of 800 mg/L 4-NP and 600
mg/L Cr(VI), the maximum adsorption capacities of C-TEPA-MIP for 4-NP and Cr(VI) were 126.34 mg/g
and 136.75 mg/g, respectively, which were higher than those of C-TEPA-NIP (Table S2). 

Selective adsorption

The selective adsorption of 4-NP and Cr(VI) on the adsorbents was investigated in both unitary and
binary systems. Among the �ve structurally identical phenols (Fig. 4a), C-TEPA-MIP adsorbed more
nitrophenols than catechol and resorcinol, where the largest adsorption was for 4-NP. The adsorption of 4-
NP on C-TEPA-MIP was obviously higher than that on C-TEPA-NIP. In the other four phenolic compounds,
the difference between adsorption by C-TEPA-MIP and C-TEPA-NIP was not obvious, which could be
explained by the similarity of the imprinting pore cavities that was induced by the similarity in the
structures of 3-NP, 2-NP and 4-NP. The nitrogen atom and the oxygen atoms of phenols will form
hydrogen bonds through interactions with the hydrogen atoms of the adsorbents, and their phenol-group
hydrogen atoms will form hydrogen bonding with the nitrogen atoms of TEPA. Thus, C-TEPA-MIP showed
different adsorption effects for the �ve phenols investigated. The selective adsorption of Cr(VI) by C-
TEPA-MIP is shown in Fig. 4b, where it was found that the adsorption of Cr(VI) by C-TEPA-MIP was
maximal, due to the role played by the amine groups of TEPA in the adsorption process.
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In order to demonstrate the selectivity of adsorption, competitive adsorption tests were carried out in
binary systems as described in the Materials and Methods. In all of the cases (Fig. 4c, 4d, 4e, 4f), C-TEPA-
MIP adsorbed more pollutants than C-TEPA-NIP. In the solution containing both 4-NP and Cr(VI) (Fig. 4c),
the adsorption capacities for these two pollutants exhibited a large difference. Also, the adsorption
capacities of C-TEPA-MIP for Cr(VI) and 4-NP were higher than those of C-TEAP-NIP. Co-existence of Cr(VI)
with other metal ions induced an interference in its adsorption, resulting in different adsorption capacities
for Cr(VI) in the presence of different co-existing metal ions (Fig. 4d). For example, for both C-TEPA-MIP
and C-TEPA-NIP, the adsorption of Cr(VI) was the strongest in the Cr(VI)/Cu(II) system and was the
weakest in the Cr(VI)/Mg(II) system. In binary 4-NP/interfering phenol systems, the adsorption of 4-NP on
the adsorbent was signi�cantly stronger than the adsorption of other phenols (Fig. 4e, 4f).

In order to elucidate the selectivity of C-TEPA-MIP, the distribution coe�cients (Kd) of 4-NP and Cr(VI) in
the binary mixtures were calculated by Eq. (1) (Qu et al. 2020).

In Fig. 5a and 5c, the Kd values of C-TEPA-MIP and C-TEPA-NIP exhibited the highest degree of difference
in the unitary solution of 4-NP and Cr(VI), whereas little differences were observed in the solutions that
contained catechol, hydroquinone and other heavy metal ions. In their binary systems (Fig. 5b, 5d), the Kd

values of the two polymers for 4-NP showed certain degrees of differences, where the highest degree of
difference in Kd was observed in the 4-NP/catechol solution. For the Kd values of Cr(VI), large differences
were observed in the binary mixtures, except for the Cr(VI)/Mg(II) system. These indicate that C-TEPA-MIP
exhibited a selective adsorption and higher a�nity for the organic pollutant 4-NP and the inorganic metal
ion Cr(VI).

We compared our results with those found in the literature for the adsorbents for 4-NP and Cr(VI) [Table
1]. Due to the importance of pH in the adsorption process, in Table 1 we have mainly cited 4-NP
adsorbents with pH = 6 and Cr(VI) adsorbents with pH = 5. Comparisons made between our results and
other entries of Table 1 revealed that in most of the cases our C-TEPA-MIP adsorbent showed superior
adsorption capacity and selectivity for 4-NP and Cr(VI).

Table 1. Comparison between the adsorption capacity of C-TEPA-MIP and some previously reported
adsorbents for 4-NP and Cr(VI).
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Adsorbent Capacity
for 4-NP
(mg/g)

Capacity for
Cr(VI)
(mg/g)

pH

aC-TEPA-MIP (this study) 181.82 134.41 6;
5

aSurface-immobilized 4-NP-MMIP(Mehdinia et al. 2014) 129.1 - 5

aN-(2-aminoethyl)-3-(trimethoxysilyl)propylamine surface
modi�ed potassium tetratitanate whisker-MIP(Guan et al.
2011)

22.11 - 6

a4-NP-MMIP(Mehdinia et al. 2013) 57.8 - 5

aFe3O4@SiO2 @4-NP-SMIP(Liang et al. 2020) 134.23 - 7

bCr-terephthalic acid(Chen et al. 2017) 19 - 6

bPolymeric calix arene-tethered silica(Dogan et al. 2020) 2.3 - 5

bPure graphene(Ismail 2015) 15.5 - 6

bMIP-macromolecule polyethyleneimine/SiO2(An et al. 2012) 155.5 - 7

bAminopropyl-modi�ed MCM-48(Gu et al. 2018) 107.53 - 6.5

bSilver(I) 3,5-diphenyltriazolate MOF(Miao et al. 2020) 48.4 - 7

bBis(dodecyldimethylammonio)-2-butane dibromide/organo-
vermiculites(Yu et al. 2018)

106.5 - 6

bMicroalgal biochars(Zheng et al. 2017) 204.8 - 7

bReduced graphene oxide hydrogel-combined-magnetic metal-
organic frameworks(Mohamed 2021)

288.36 197.28 6;
2

bMicrocrystalline cellulose/TEPAA(Xue et al. 2019) - 327 4

bAcid-activated kaolinite(Gupta 2006) - 8.0 4.6

bCopolymer-templated nitrogen-doped carbons(Song et al.
2018)

- 17.2 5

bCationic (carboxymethyl) trimethylammonium chloride
hydrazide modi�ed cellulose(Huang et al. 2020b)

- 80.5 6

bAniline-co-5-sulfo-2-anisidine/Fe3O4(Huang et al. 2020a) - 213.6 5

bAniline/Fe3O4(Huang et al. 2020a) - 136.1 5
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bMethoxyaniline/Fe3O4(Huang et al. 2020a) - 126.7 5

bChitosan/polypyrrole composite(Janmohammadi et al. 2021) - 78.61 4.2

bN-methylimidazolium function alized strongly basic anion
exchange resins in the Cl-(Lili Zhu 2009)

- 132 4.6

bN-methylimidazolium function alized strongly basic anion
exchange resins in the  (Lili Zhu 2009)

- 125 4.6

bMicro-sized goethite@activated carbon(Su et al. 2019) - 27.2 5.6

Note: a The adsorbent is selective for the contaminants; b the adsorbent is not selective for the
contaminants.

Desorption and recycling of CD-MIP

E�ciency of recycling is an important index in the economical evaluation of an adsorbent. Thus, the pot
life and cycle e�ciency of C-TEPA-MIP and C-TEPA-NIP adsorbents were evaluated. The adsorption
capacity of C-TEPA-MIP for 4-NP exhibited a slight change in the �rst six cycles (Fig. 6a), where the
adsorption e�ciency was reduced to 92.28% (Fig. 6c). In the seventh cycle, the adsorption capacity
reduced to 86.2%. In comparison to C-TEPA-MIP, the adsorption capacity and e�ciency of C-TEPA-NIP for
4-NP had a slight change in the �rst seven cycles. This might be due to (i) the detachment of MIP from
the adsorbent upon solvent washing, and (ii) the presence of non-removed 4-NP in the adsorbent that
could not elute during solvent washing. These factors may affect the next cycle of adsorption, thus
inducing a reduction in the adsorption capacity. Reductions were observed in the adsorption capacity and
e�ciency of C-TEPA-MIP for Cr(VI) [Fig. 6b, d]. One may expect that this adsorbent could not be recycled
for Cr(VI), because after the �rst cycle, the adsorption capacity was halved and the adsorption e�ciency
decreased to 58.24% in the second cycle. Nevertheless, after the second cycle up to the seventh one, the
adsorption capacity decreased slowly. The latter happened, because the adsorption of Cr(VI) on the
adsorbent is dependent on the amine group of TEPA, meaning that upon the �rst adsorption, almost all of
the amine groups were capable of making complexes with Cr(VI) or forming hydrogen bonding, thus
inducing the adsorption of Cr(VI). Because of this strong binding mode, not all Cr(VI) ions could be
removed during washing with solvent. This affected the adsorption e�ciency of the second cycle, where
a reduction of 41.76% e�ciency was observed. It is noteworthy that the adsorption e�ciency of the
seventh cycle was only 29.29% (of the �rst cycle) lower than that of the second cycle. In order to �nd out
the reason why the adsorption capacity decreased with the number of cycles, FTIR and XRD
measurements were carried out on the adsorbent before and after each recycling.

The FTIR spectra of C-TEPA-MIP exhibited little changes before and after adsorbing 4-NP and Cr(VI) (Fig.
7a). The minor changes observed concerned slight changes in the characteristic peaks of asymmetric
and symmetric nitro group (-NO2) at 1589 and 1344 cm-1, respectively, and the characteristic peak of the

aromatic ring at 753 cm-1. The latter indicated that 4-NP was adsorbed on the adsorbent. In addition, the
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characteristic IR absorption peak of potassium dichromate appeared at 884 cm-1, which indicated that
Cr(VI) was also in the adsorbent. Conversely, the XRD patterns of C-TEPA-MIPs that were subjected to
adsorption changed, which indicated changes in the crystalline structures (Fig. 7b). In addition, we
compared the IR spectra of elution after the 1st and the 7th cycles (Fig. 7c, d). Fig. 7d shows the magni�ed
spectra of the grey area in Fig. 7c. The structure of C-TEPA-MIP changed slightly after recycling. For 4-NP,
upon the 7th adsorption, the absorption peaks of N-H bond stretching vibration (1563 cm-1) and C-H bond
plane bending vibration (650 cm-1) of the eluted adsorbent subjected to the 1st adsorption disappeared
and became smaller, respectively. The absorption of C-H bond at 614 cm-1 became larger, indicating that
the number of nitrogen atoms that could form hydrogen bonding with 4-NP was reduced, thus inducing a
reduction in the adsorption performance of the adsorbent. For Cr(VI), the FTIR data revealed similarities
with that of 4-NP cycle, where the difference lied in two aspects. First, upon the 7th adsorption, the
vibration of the C-N bond at 650 cm-1 shifted to 665 cm-1. Second, the peak intensity of C-N bond
decreased. These indicated that there were fewer nitrogen atoms on the adsorbent, which resulted in
fewer lone pair electrons that could interact with Cr, thus inducing reductions in the adsorption capacity
and the cycle e�ciency of the adsorbent(Luo et al. 2020).

In order to shed light on the molecular structure of the adsorbent, as well as the characteristics of the
adsorption of 4-NP and Cr(VI) on C-TEPA-MIP, XPS analysis was carried out for the adsorbent before and
after adsorption. In the full spectrum (Fig. 8a), peaks at 532.80 eV, 285.41 eV, 400.33 eV and 577.47 eV
corresponded to O 1s, C 1s, N 1s and Cr 2p orbitals, respectively.

In Cr 2p spectrum (Fig. 8b), the adsorption of Cr(VI) on C-TEPA-MIP had two main binding forms, one was
N-Cr(III) at 576.47 eV and 585.25 eV, and the other was Cr(VI) at 578.33 eV and 587.03 eV(Guo et al.
2020). This happened, because after adsorption of Cr(VI), part of Cr(VI) was reduced to Cr(III), and
potassium dichromate was converted to  and   [Equations (10) and (11)] under acidic conditions,
meaning that   and   were the dominant ions. Because upon adsorption chromium was combined with
nitrogen, we also analyzed the N 1s of C-TEPA-MIP after adsorbing Cr(VI). In Fig. 8c, it was observed that
the two peaks of N1s of C-TEPA-MIP at 401.24 eV and 399.39 eV were N(CH3)3 and N-H, respectively.
After adsorption of Cr(VI), the peak of N(CH3)3 shifted to 400.33 eV. In addition, two new peaks of 399.36

eV (N-Cr) and 401.82 eV (-NH3
+) were observed (Fig. 8e). These further illustrate that the amine groups of

TEPA (-NH-, -N=, and -NH2) participated in the adsorption of Cr(VI) through electrostatic interactions and
coordination. Thus, they became protonated under the acidic condition to chelate with Cr(He et al.
2020) [see Eq. (2), (3), (4), (5) and (6)]. In these equations, the -NH2 group is taken as an example, and
electrostatically bind to negatively charged Cr [see Eq. (7) and (8)].
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In the adsorption of 4-NP, the only major difference observed between XPS data of the adsorbent before
the adsorption (Fig. 8d) and after the adsorption (Fig. 8e) was the addition of the 406.26 eV peak of the -
NO2 group(Shong et al. 2016). A minor difference also existed, which comprised of the observation
that the ratio of N-H bonds was 6% higher after the adsorption (Fig. 8e) compared to that observed before
the adsorption (Fig. 8d), indicating that the adsorption of 4-NP onto the adsorbent occurred through
imprinting and hydrogen bonding between N and H. The values of the parameters of speci�c surface
area, pore radius and pore volume are listed in Table S2. The values of speci�c surface areas of C-TEPA-
MIP, C-TEPA-MIP adsorbing 4-NP and C-TEPA-MIP adsorbing Cr(VI) were 118.090 m2/g, 107.711
m2/g and 171.734 m2/g. Combined analysis of data of Table S3 and Fig. S3 revealed that (i) the speci�c
surface area of C-TEPA-MIP after adsorption of 4-NP was smaller than that observed before adsorption,
whereas the speci�c surface area of the C-TEPA-MIP after adsorption of Cr(VI) was larger than that
determined before adsorption, and (ii) the radius of the pores of C-TEPA-MIP did not change before and
after adsorption of Cr(VI) and remained 1.48 nm. Thus, it is concluded that (i) upon the adsorption of 4-
NP the imprinting chambers inside the adsorbent were occupied, resulting in a smaller surface area for C-
TEPA-MIP, and (ii) the adsorption of Cr(VI) occurred on the surface of the adsorbent, which increased its
the speci�c surface area. In short, the adsorption of 4-NP occurred on the inside of the adsorbent and
relied on the internal imprinting cavity and, in part, on the hydrogen bonding capability, whereas the
adsorption of Cr(VI) mainly happened on the TEPA surface of the polymer and was dependent on
complexation of amine groups and electrostatic attraction. Thus, the two pollutants did not compete for
occupying the adsorption sites. The illustration of the adsorption process is shown in Fig. 9.

Conclusion
In this paper, a novel type of cellulose-based adsorbent with bifunctional selectivity for 4NP and Cr(VI)
was successfully synthesized. During the synthesis process, TEPA was grafted and polymerized onto the
cellulose framework and 4-NP played the role of the template. During the adsorption process, 4-NP was
adsorbed by imprinted sites and hydrogen bonding, and Cr(VI) was adsorbed by the electrostatic
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attraction and chelation between nitrogen atoms of the monomer (i.e., TEPA) and Cr(VI). The
experimental results showed that the maximum equilibrium adsorption capacity of C-TEPA-MIP for 4-NP
was 126.34 mg/g and for Cr(VI) was 136.75 mg/g. The adsorption of the two compounds on the
adsorbent followed the Langmuir isothermal model and the pseudo-second-order kinetic model. The
competitive adsorption also showed high selectivity for 4-NP and Cr(VI). It was noteworthy that the
adsorption e�ciency of 4-NP on the adsorbent was still above 90% after six cycles of adsorption-
desorption.
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Scheme
Please see the Supplementary Files for the Scheme 1.

Figures

Figure 1

In�uence of the molar ratio of (a) TEPA/EGDMA and (b) TEPA/4-NP on the adsorption capacity of C-
TEPA-MIP.
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Figure 2

SEM and TEM micrographs of (a, e) cellulose, (b, f) cellulose-Br, (c, g) C-TEPA-MIP, and (d, h) C-TEPA-NIP;
(i) FT-IR spectrum of the material; (j) XRD patterns of cellulose, C-TEPA-MIP and C-TEPA-MIP; (k) TG and
(l) DTG patterns of cellulose, C-TEPA-MIP and C-TEPA-MIP; The effect of pH variation on the equilibrium
adsorption capacity (Qe) of C-TEPA-MIP and C-TEPA-NIP for (m) 4-NP and (n) Cr(VI).
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Figure 3

Zeta potential of the C-TEPA-MIP as a function of pH.
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Figure 4

Adsorption capacity of C-TEPA-MIP and C-TEPA-NIP in single component solutions of (a) different
phenols, and (b) different metal ions, and in binary solutions containing (c) 4-nitrophenol and Cr(VI) [Qe
for both 4-NP and Cr(VI)], (d) Cr(VI) and other metal ions [Qe for Cr(VI)], (e) 4-NP and other phenols (Qe for
4-NP), (f) 4-NP and other phenols (Qe for other phenols).
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Figure 5

The Kd values of C-TEPA-MIP and C-TEPA-NIP for phenols in (a) unitary and (b) binary systems; The Kd
values of C-TEPA-MIP and C-TEPA-NIP for heavy metal ions in (c) unitary and (d) binary system.
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Figure 6

Adsorption capacity after each recycling for (a) 4-NP and (b) Cr(VI); Adsorption e�ciency after each
recycling for (c) 4-NP and (d) Cr(VI).
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Figure 7

(a) Infrared diagram of C-TEPA-MIP, K2Cr2O7, 4-NP, adsorbed 4-NP and C-TEPA-MIP adsorb Cr(VI); (b)
XRD pattern of C-TEPA-MIP, K2Cr2O7, 4-NP, 4-NP adsorbed and C-TEPA-MIP adsorb Cr(VI); (c) Infrared
patterns of eluted C-TEPA-MIP subjected to the 1st and the 7th adsorptions of 4-NP and Cr(VI); (d) is an
enlargement of c.
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Figure 8

(a) XPS spectra of 4-NP and Cr(VI) adsorbed on C-TEPA-MIP; (b) Cr 2p spectrum of C-TEPA-MIP after
adsorbing Cr(VI); (c) N1s spectrum of C-TEPA-MIP; (d) N1s spectrum of 4-NP adsorbed on C-TEPA-MIP; (e)
N1s spectra of Cr(VI) adsorbed on C-TEPA-MIP.
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Figure 9

Illustration of the adsorption process of 4-NP and Cr(VI) on C-TEPA-MIP.
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