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In this study, dendritic polyamine chitosan beads with and without 2-aminomethyl pyridine were facilely
prepared and characterized. Compared to CN (without the pyridine function), more adsorption active
sites, larger pores, higher nitrogen content, higher specific surface area, and higher strength could be
obtained for CNP (with the pyridine function). CNP microspheres afforded a larger adsorption capacity
than those obtained by CN for different pH values; further, the uptake amounts of Cu(i) were 0.84 and
1.12 mmol g~ for CN and CNP beads, respectively, at pH 5. The CNP microspheres could scavenge
Cu(n) from highly acidic and salty solutions: the maximum simulated uptake amount of 1.93 mmol g~ at
pH 5 could be achieved. Due to the strong bonding ability and weakly basic property of pyridine groups,
the adsorption capacity of Cu(l) at pH 1 was 0.75 mmol g~* in highly salty solutions, which was

comparative to those obtained from the commercial pyridine chelating resin M4195 (Qcyqy = 0.78 mmol
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1. Introduction

Nowadays, the threat of heavy metal ions (HMIs) has become an
urgent issue with regard to serious aqueous pollution.'
Residual HMIs can get enriched in living organisms, resulting
in organ and tissue damage.** Therefore, it is significant to
completely remove HMIs from water. However, HMIs usually
coexist with huge amounts of alkali or alkaline-earth metal salts
and high-concentration H' in the effluents from mining, elec-
troplating, and battery manufacturing industries,*” resulting in
ineffective removal by traditional technologies such as coagu-
lation, ion exchange, and so on.*™°

Recently, biomass-derived adsorbents, such as lignin, cellu-
lose, chitosan, biochar, and so on, have shown promising
potential in environmental domains mainly because of their low
cost and biodegradability.**** They usually exhibit large volume,
micropores, mesopores, large specific surface area, and abundant
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salts, such as wastewaters from electroplating liquid and battery industries.

functional groups; because of this, they have an obviously higher
surface charge and they are more conducive toward the adsorp-
tion of various pollutants in water.**'* Biomass-derived adsor-
bents can efficiently capture HMIs and organic pollutants from
wastewaters via the chelating action, hydrogen bonding, and ion
exchange.”'® In particular, chitosan—a natural polysaccharide
composed of flexible hydrophilic structures and abundant
adsorption sites—has been utilized to decontaminate hazardous
wastewaters.'””** However, depending only on the original
hydroxyl (-OH) and amino (-NH,) groups of raw chitosan mole-
cules, the adsorption capacity and selectivity toward HMIs via
complexation reactions are fairly insufficient. According to earlier
studies, adsorption capacities partly rely on the density of the
active sites as well as the structural deformation of the introduced
functional moieties.’*® Polyethylenimine (PEI), a dendritic poly-
mer possessing abundant amine groups, is an excellent grafting
group for functionalizing chitosan molecules.”**** Modification
with PEI can yield a superior structure with porous texture,
leading to favorable adsorption of HMIs via the chelating reac-
tion.>** However, PEI amines (primary, secondary, and tertiary
amine groups) are susceptible to protonation and can be occupied
by H' in acidic systems, leading to a substantial decrease in the
adsorption performance toward HMIs.*®

To extend of the sorption pH values and enhance the
adsorption ability of PEI-grafted chitosan, the introduction of
pyridine groups is a worthwhile choice.** Owing to the strong
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electron-withdrawing effect of the aromatic ring, the nitrogen
atom of the pyridine group exhibits lower pK, (pK, NH" — N < 1)
and it can coordinate with HMISs in acidic solutions.?”"?* Moreover,
additional bond strength can be obtained via 7 antibonding from
the populated d orbitals of the HMIs to the w* orbitals of the
pyridine aromatic system.* Further, it is envisioned that by the
grafting of rigid pyridine groups, the applicability and stability of
adsorbents toward HMIs can show distinct improvements.

In this study, dendritic PEI-grafted chitosan (CN) beads and
pyridine-PEI-grafted chitosan (CNP) beads were facilely prepared
and characterized. The adsorption behaviors of CNP and CN
beads toward Cu(u) were explored: microspheric CNPs exhibited
stronger bonding ability and wider sorption pH. The adsorption
mechanism was also investigated. The adsorption capacity of CNP
toward Cu(u) was comparative to that obtainable from commer-
cial pyridine chelating resins (M4195). Furthermore, the bis(2-
pyridylmethyl)amine reagent used for preparing M4195 is costly,
while 2-chloromethylpyridine hydrochloride reagent (used in CNP
production) is much cheaper.”® Therefore, this research is ex-
pected to open up newer avenues with regard to the facile prep-
aration of high-performance green adsorbents.

2. Experimental section
2.1 Materials

All the organic reagents were purchased from Shanghai Meryer
Chemical Technology Co., Ltd. (Shanghai, PR China). All the
inorganic analytical reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, PR China). All these
reagents were used as purchased without any further treatment.

2.2 Preparation of CN and CNP beads

The synthesis routes of CN and CNP beads used in this study is
outlined in Scheme 1. Firstly, the pyridine function was per-
formed by reacting PEI with 2-chloromethylpyridine
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Scheme 1 Preparation of CNP and CN beads.
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hydrochloride, yielding an orange viscous liquid. Secondly, the
above orange liquid and chitosan were preliminarily cross-
linked by dropping epichlorohydrin. After preliminary cross-
linking, the homogeneous solution was pumped into an
alkaline medium to form microspheres. Finally, to improve the
strength of the microspheres, secondary crosslinking was
carried out in a sodium hydroxide aqueous solution by slowly
dripping epoxy chloropropane. Similarly, milky white CN beads
were prepared only by omitting the process of the pyridine
function of PEI and straightforwardly mixing PEI with the chi-
tosan mother solution.*!

2.2.1 Pyridine function of PEI An ethanol solution (30 mL)
containing PEI (0.90 g), 2-chloromethylpyridine hydrochloride
(1.5 g), and sodium carbonate (1.94 g) was heated at 85 °C for
2 h. After the reaction, the solvent was evaporated in a vacuum,
and an orange viscous liquid was obtained for subsequent
crosslinking.

2.2.2 Preliminarily crosslinking and formation of micro-
spheres. Here, 0.90 g chitosan was dissolved in an acetic acid
solution (0.60 mL acetic acid in 30.00 mL distilled water) at
room temperature under continuous stirring at 780 rpm for
15 min. Under mechanical stirring, the orange viscous liquid
(PEI modified with pyridine groups) was added into the chito-
san mother solution in a three-necked flask at 60 °C. Then,
epichlorohydrin (0.30 mL) was added dropwise as a cross-
linking agent; preliminary crosslinking was accomplished after
2 h. The obtained homogeneous solution was pumped into
a medium containing anhydrous sodium sulfate (13 g), sodium
hydroxide (16 g) in 300 mL distilled water, and 2 mL ethanol;
composite microspheres were formed and filtered out.

2.2.3 Secondary crosslinking. To improve the strength of
the microspheres, secondary crosslinking was performed. The
microspheres were put in a 100 mL aqueous solution contain-
ing sodium hydroxide (pH 13), and 0.50 mL epoxy chlor-
opropane was added dropwise. The crosslinking reaction was
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heated at 60 °C for 2 h. The microspheres were separated,
extracted with ethanol, and washed with distilled water to
become neutral (pH 6-8). Finally, the prepared brownish yellow
beads (CNP) were utilized for the efficient removal of HMIs from
acidic and salty solutions.

2.3 Characterizations of CN and CNP beads

Elemental analysis (EA, Vario MICRO Analyzer, Germany) and
Fourier-transform infrared (FT-IR) spectroscopy (NEXUS 870,
America) were used to analyze the chelating functional groups
of the beads. The specific surface area and porous texture of the
adsorbents were determined from the N, isotherms data at 77 K
using the ASAP 2020 adsorption analyzer (Micromeritics
Instrument Co., USA). The surface chemical states of the beads
before and after the interaction with metal ions were further
analyzed by X-ray photoelectron spectrometry (XPS) (ESCALAB-
2, Great Britain) and by using the XPSPEAK41 software. The
zeta potential measurements were performed by using a Zeta
Plus 4 analyzer (Brookhaven Co., USA). The thermogravimetric
analysis (TGA) characterization was conducted to investigate
the thermal properties of the CN and CNP beads using
a thermal analyzer (PerkinElmer, USA).

2.4 Adsorption features of CN and CNP beads

2.4.1 Static adsorption experiments. To evaluate the effect
of solution pH on the adsorption performance, static experi-
ments were carried out in the batch mode and in triplicate by
mixing 0.025 g beads with 50 mL solution containing various
defined initial concentrations of Cu(u) at pH values of 1, 2, 3, 4,
and 5. Further, the adsorption isotherm experiments were
conducted at the best pH value with the initial concentrations of
Cu(m) within 1-5 mmol L™". In different salty systems, 0.025 g
beads were added into 50 mL solutions containing corre-
sponding metal ions in 100 mL conical flasks, and a series of
inorganic salts with various concentration ratios were intro-
duced. Then, the conical flasks were shaken in an incubator
shaker at 298 K and 120 rpm for 24 h, and the residual
concentrations of the metal ions were analyzed.

Furthermore, Langmuir and Freundlich models were
applied to describe the isotherm data in single systems with the
following forms.

C_ G 1 (1)
Qe B QO Qob
Q. = KiC.'" )

where b (L mmol ') is the affinity parameter or Langmuir
adsorption constant, which reflects the free energy of adsorption;
K¢ and n are constant isotherm parameters; and Q, (mmol g™ ) is
the capacity parameter.

2.4.2 Kinetic adsorption experiments. The kinetic adsorp-
tion experiments were conducted in a single Cu(u) system. The
concentration of each HMI was 1 mmol L™ " in all the systems.
Briefly, 500 mL solution with 0.25 g CNP was agitated at 120 rpm
and 298 K in an incubator shaker, during which they were
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sampled at predefined time intervals. The pseudo-first-order
rate equation (eqn (3)) and pseudo-second-order rate equation
(eqn (4)) expressed in the following nonlinear forms were both
used to describe the kinetic adsorption process.

k
log(0. — 0,) = log 0. — 3 ©)
_ k2Qe2t
= T hou @

where Q, is the adsorption capacity (mmol g~ ') at time ¢; k; and k,
are the rate constants of the pseudo-first-order (min~') and
pseudo-second-order (g mmol ™' min ') expressions, respectively.

3. Results and discussion
3.1 Characterizations of CN and CNP beads

As shown in Scheme 1, after grafting 2-aminomethyl pyridine
groups, the color of CNP microspheres turned to brownish
yellow. As compared to milky white CN beads, CNP micro-
spheres shrank and became smaller in size. After adding the
pyridine function, the hydrophobic-hydrophobic interactions
and steric effects increased inside the microspheres due to the
introduction of aromatic rings; expectedly, the moisture
content decreased and pore volume increased significantly. The
moisture content of the microspheres decreased from 95.10%
for CN to 91.21% for CNP beads, and the mechanical strength of
the microspheres increased after the addition of the pyridine
function. Further, the surfaces of CNP beads were rougher and
more porous relative to those of the CN beads, as confirmed by
the SEM images (Scheme 1); this facilitated the access of
adsorbates. Accordingly, the specific surface area, mean pore
size, and pore volume increased after modification with pyri-
dine (Table 1 and Fig. S17). For CNP beads, the mean pore size
was 20.1124 nm, which was larger than that of the radius of the
hydrated metal ion, allowing the efficient diffusion of hydrated
metal ions into the internal space of the microspheres. Due to
the same skeleton of microspheres, similar thermal stability
was exhibited by both CN and CNP beads; no distinct decom-
position occurred until ~310 °C (Fig. S27).

After pyridine functionalization, a new absorption peak
associated with the stretching vibration of pyridine at
~1548 cm ' was observed in the IR spectra (Fig. S37);*®
further, the nitrogen content increased significantly from
8.91% for CN to 12.70% for CNP (Table 1), indicating the
successful introduction of the pyridine functional group. As
amine groups were susceptible to protonation, the surfaces of
the microspheres were supposed to be positive.*> Corre-
spondingly, the zeta potentials of both CN and CNP beads
were largely positive at pH values between 2.0 and 10.0. The
zeta potential measurements showed that the zero electric
points of both CN and CNP beads were located at ~10
(Fig. S41). The surface chemical compositions of the CN and
CNP beads were explored by XPS analysis. The binding energy
peak of O1s at 531.90 eV was attributed to the oxygen atoms of
—-OH. The N1s core-level XPS spectra could be deconvoluted
into 4 peaks at binding energies of 398.50, 399.13, 401.05, and
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Table 1 Structural parameters of CN and CNP beads
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Adsorbents BET specific area (m”> g ) Pore volume (cm® g™ ) BJH average adsorption aperture (nm)
CN 1.2116 0.001121 —

CNP 2.043 0.011143 20.1124

Adsorbents C (%) H (%) N (%)

CN 42.265 7.759 8.905

CNP 56.568 6.108 12.774

405.87 eV, which could be attributed to the nitrogen atoms in
neutral amine (N1: C-N or -NH), pyridine (N2: C=N),
protonated amine (N3: -NH"), and nitrate ions (N4: NO3; "),
respectively (Fig. S51).2°

3.2 Effect of pH on adsorption

Solution pH is one of the most important factors for the
adsorption of HMISs, because it influences the ionization state of
the functional groups.**** The pH effect on the adsorption
behaviors of CN and CNP beads is shown in Fig. 1. Due to the
high bonding affinity of Cu(u) (intermediate partial hard acids)
with nitrogen atoms (intermediate partial hard bases), both CN
and CNP beads exhibited a large adsorption capacity to Cu(u). At
pH 5, the uptake amounts of Cu(i) were 0.84 and 1.12 mmol g~ *
for CN and CNP beads, respectively. With an increase in H"
concentration, the adsorption capacity decreased. Owing to the
protonation of nitrogen atoms, the amine groups on the CN
beads were unavailable to trap Cu(u) at pH 2.*> However, the
removal capacity of CNP beads toward Cu(n) was 0.51 mmol g~ *
at pH 1, which was comparable to M4195 (Qcyqr) = 0.78 mmol
g~ at pH 1).* It can be inferred that the introduction of pyri-
dine groups can elevate the uptake amount and improve acid
resistance. Therefore, in the subsequent investigation, the
discussion mainly focuses on CNP beads, and the adsorption of
Cu(n) in both weakly and highly acidic solutions (pH 5 and 1,
respectively) is discussed.

1.2

B cNe
BN cN

0.8+
0.6

0.4+

Q (mmol/g)

0.2

0.0 -

pH=1 pH=2 pH=3 pH=4 pH=5

Fig. 1 Effect of pH on the adsorption of CN and CNP beads.
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3.3 Adsorption isotherms

The adsorption isotherms of Cu(u) at pH 5 and 1 were described
by means of the Langmuir and Freundlich models (Fig. 2 and
Table S11); the data could be better fitted by the Langmuir
model, which yielded a higher correlation coefficient. This
indicated the presence of a monolayer adsorption process.*® The
maximum simulated adsorption capacities at pH 5 and 1 were
1.93 and 0.98 mmol g, respectively, which exceeded those of
most of the reported polyamine adsorbents (Table S2t).
Commonly, the adsorption isotherms of amine-functionalized
adsorbents toward Cu(u) were investigated in weakly acidic
solutions. At pH 4 or 5, the maximum uptake capacities of D001-
PEL* amine-functionalized SBA-15,** silica-supported 2-ami-
nomethyl pyridine adsorbent,* aminothiazole-functionalized
adsorbent,* dual-primary-amine chelating resin,* tannic-acid-
grafted PEI encapsulated in alginate beads,*" nanofibrillated
cellulose/PEI aerogels,” polyethylene polyamine@tannic acid-
encapsulated MgAl-layered double hydroxide adsorbents,*
and polystyrene-supported 2-aminomethylpyridine chelating
resin*® were 1.55 mmol g™, 0.54 mmol g *, 0.78 mmol g,
1.35 mmol g ', 1.74 mmol g ', 1.36 mmol g ', 2.74 mmol g,
0.92 mmol g~ " and 1.53 mmol g~ ', respectively. The scavenging
of Cu(u) was mainly accomplished by the formation of coordi-
nation bonds between the nitrogen atoms and Cu(u) ions.**™*°
Although some pyridine-functionalized adsorbents exhibited
removing ability toward Cu(u) at pH 1 or 2, the uptake capacity
was less than 0.3 mmol g~ ' due to the inadequate number of
pyridine groups.***

2.0
A pH=5 = pH=1
— Fitted by Langmuir model .
1 Fitted by Freundlich model A i
1.5 ‘
@
)
g
E 1.0
4
<o
0.5
T T T T
0 1 2 3 4 5

Ce (mmol/L)

Fig. 2 Adsorption isotherms of CNP at pH 5 and 1.
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Fig. 3 Kinetic adsorption behaviors of Cu() at pH 5 and 1.

3.4 Adsorption kinetics

The adsorption kinetics of Cu(u) at pH 5 and 1 are shown in
Fig. 3. Evidently, over 80% adsorption occurred within 5 h and
equilibrium was attained after 24 h. The kinetic data were
simulated by pseudo-first- and pseudo-second-order models
with the fitting data, as listed in Table S3;t the pseudo-second-
order models could more effectively describe the kinetic
adsorption process, indicating the presence of a rate-controlling
chemisorption process.**

3.5 Effect of inorganic salts on adsorption

Huge amounts of inorganic salts are present in wastewaters from
mining, electroplating, and novel materials manufacturing
industries.>>**® The copresence of salts could either consume the
active sites or inhibit the adsorption of target HMIs by changing
the form of HMIs.” For instance, Cu(u) can react with Cl™ to form
CuCl, molecules as well as CuCl;~ and CuCL,>~ anions for higher
concentrations of Cl™. In a salty solution (Cnano, = 1000 mmol
L"), the adsorption capacity of Cu(u) was 0.75 mmol g~ ' in
a highly acidic solution (pH 1) and almost approached the
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saturated adsorption capacity, demonstrating that most of the
active adsorption sites could be accessible by Cu(u) ions, yielding
abundant NaNO; (Fig. 4). In addition, the uptake amount of Cu(u)
reached 1.45 mmol g ' at pH 5. The enhancement ability of
NaNO; can be described by the promotion index K, (L g~") (eqn
(5)) as follows:*

AQ.

K, =—
P A Cnano,

(5)
where AQ, (mmol g~ ) is the increment in adsorption capacity
with an increase in the initial concentration of NaNOj3, ACano,
(mmol L ™). In an acidic solution at pH 1, in the low-salt region
(0-10 mmol L"), K, was 6.0 x 10 L g, indicating a strong
salt-promotion effect. However, this effect was obviously weak-
ened in the high-salt region (500-1000 mmol L"), as evidenced
by the Kj, value of 1.0 x 10 ° L g~ ', implying a marginal impact
of the salt-promotion effect (Fig. 4). A similar tendency for K,
was observed at pH 5.

The effect of other Na” salts on adsorption was further explored,
and all the salts exhibited a promotion effect with adsorption
amounts in the range from 0.71 to 0.76 mmol g~ ' at pH 1 and that
from 1.35 to 1.52 mmol g~ " at pH 5 due to electrostatic screening
exerted by the anions (Fig. S6T).*° Chloride ions exerted a stronger
salt-promotion effect than that by NO; ™, which could be attributed
to the complexation between Cl™ ion and Cu(u) to form negatively
charged CuCl;~ and CuCl,>~ and subsequently an ion-exchange
effect with protonated N atoms in addition to the chelating
effect.”®* Therefore, more adsorption sites were available and the
uptake amount was enhanced (Q = 0.78 mmol g~ * for pH 1; Q =
1.64 mmol g~ for pH 5; Cnano, = 500 mmol L™"). However, the
adsorption capacity decreased in solutions with higher concen-
trations of CI~ (>500 mmol L™ ') owing to the serious competition
effect from Cl~ anions. The promotion effect in SO,* -bearing
systems is slightly lower than those in NO; - and Cl -bearing
systems due to the large steric hindrance from SO,>~.%%

3.6 Regeneration and reusability

The regeneration and reusability of the adsorbent are crucially
important in wastewater treatment processes. The exhausted CNP
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Fig. 4 Adsorption amounts and K, values of Cu(i) for different concentrations of NaNOs.
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with Cu(u) was subject to regeneration with 3 M HCI (~10% HCI)
in static desorption.* The obtained result showed that preloaded
Cu(u) could be effectively extracted with desorption efficiency
higher than 98.5%. Then, the desorbed microspheres were thor-
oughly rinsed with distilled water until the effluent was neutral.
Five continuous cycles of adsorption and regeneration were per-
formed to evaluate the reusability, and the uptake amount of
Cu(u) decreased by only 5% (Fig. S77), indicating that CNP beads
could be effectively reused without any significant capacity loss.

3.7 Adsorption mechanism

The inner adsorption mechanism of CNP beads was investi-
gated by examining the FT-IR and XPS data. The FT-IR spectra of
the CNP beads before and after loading with HMIs at pH 5 are
shown in Fig. S8.1 The stretching vibrations of pyridine at
1548 cm™ ' and those of C-N at 1463 cm ™' were significantly
weakened, and they almost disappeared after adsorption,
indicating that pyridine and aliphatic amines were involved in
the chelating interaction with HMIs. In addition, the appear-
ance of new peaks at 1608 and 1384 cm ™" could be attributed to
the stretching vibrations of C=N and NO; ", respectively.?****
NO;~ anions were simultaneously adsorbed along with HMIs
for charge balance. The stretching vibration of C-O at
1070 cm ' remained unchanged, implying the absence of
oxygen atoms in the adsorption of HMIs.

To further distinguish the kinds of functional groups and
confirm the coordinating interaction between the nitrogen
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Nls
CNP

N1 (398.50 eV)

N3 (401.05eV) Ny (405.87 eV, 5.34%)

400 402 404
Binding Energy (eV)
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N s
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©

N2(399.13:€V) N4 (405.91 €V, 26.65%)

NI (398.60 V)
N3 (400.85 eV)

N5 (401.51 eV)

400

402 404

Binding Energy (eV)
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atoms and HMIs, the XPS characterizations of CNP before and
after capturing HMIs were carried out (Fig. 5). The N1s core-
level XPS spectra of CNP (pH 5) were deconvoluted into 4
peaks, namely, 398.50, 399.26, 401.05, and 405.87 eV, which
could be ascribed to the nitrogen atoms in neutral amine (N1:
C-N or -NH), pyridine (N2: C=N), protonated amine (N3:
-NH"), and nitrate ions (N4: NO; "), respectively.?®*52 After the
adsorption of Cu(u) at pH 5, it was expected that the 2 peaks
involving neutral nitrogen (N1) and pyridine nitrogen (N2)
showed obvious shifts to 398.79 and 399.62 eV, confirming the
coordination effect between the lone pair of electrons in the
nitrogen atoms and empty orbitals of Cu(u). The molar ratio of
NO; ™ significantly increased from 5.34% in CNP to 29.05% in
CNP-Cu(u), confirming the synchronous adsorption of NO;™
counterions along with Cu(u) for maintaining electric
neutrality. In addition, the binding energy of O1s remained
almost unchanged before and after adsorbing Cu(u) ions
(Fig. S91), indicating that oxygen atoms were hardly involved in
the formation of the coordination bond.

The core-level spectra of N1s of CNP and CNP-Cu at pH 1
were also investigated, and the spectra could be fitted by 5 peaks
(Fig. 5). The peak at 401.51 eV corresponded to nitrogen atoms
in protonated pyridine (N5: C=N").2%43%2 The peak of N2 was
obviously shifted to higher energies due to the formation of
a shared bond with Cu(u). The characteristic peak associated
with protonated pyridine (N5) almost disappeared after
adsorption, indicating that H' ions of protonated pyridine were
dislodged by Cu(u). Meanwhile, the peaks corresponding to N4

pH=5
() Nis
CNP-Cu(II)

N2 (399.62
B9962EV) 4 (405.94 eV, 29.05%)

N1 (398.79 €V)

N3 (401.26 €V)

400 402 404
Binding Energy (eV)

pH=1
Nls
CNP-Cu(II)

(@

N2 (399.66 eV)
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T
406
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T
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Fig. 5 XPS spectra (N1s) of CNP beads before and after adsorbing Cu(i) at pH 5 and 1.
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Fig. 6 Possible mechanism of the adsorption process.

and N3 did not exhibit any distinct shifts before and after
adsorption. Therefore, it could be inferred that only nitrogen
atoms of the pyridine groups exhibited chelating effects with
Cu(u) at pH 1, which was further verified by the FT-IR spectra
according to which the stretching vibrations of pyridine at
1523 cm™ " exhibited distinctly reduced intensity after adsorp-
tion (Fig. S87).

According to the literature, the pK, values of bis(2-
pyridylmethyl) amine in sulfate solutions were 1.5, 2.7, and
3.5; therefore, amine and pyridyl nitrogen atoms could be
protonated at pH 1.>*®%* In this case, the adsorption of HMIs in
a low-pH solution would have to cater to competition from H".
As expected, the adsorption of Cu(u) in a solution at pH 1
showed that H' ions were firstly adsorbed rapidly by the
nitrogen atoms, resulting in a slight increase in pH. Then, the
adsorbed H" was displaced by Cu(n) and dislodged into the bulk
solution. Therefore, a decline in pH would be detected during
the latter half (Fig. $S107).>

As shown in Fig. 6, the adsorbent CNP beads were capable of
capturing HMIs through a coordination effect between the
aliphatic amine, pyridine, and HMIs, while only nitrogen atoms of
pyridine participated in the chelating effect at both pH 1 and
5.2%305% This result was consistent with the reported studies
according to which the polyamine adsorbent lost its adsorption
ability below pH 3,*> but pyridine-functionalized beads could
selectively recycle HMIs at pH 1. Due to the weakly basic charac-
teristic of the aliphatic amines and pyridine rings, competitive
adsorption between the Cu(i) ions and H' could be observed even
at low pH. Therefore, the nitrogen atoms of the active adsorption
sites would be partly protonated, leading to lower adsorption
capacities. With an increase in the pH values and decrease in H"
concentration, fewer active adsorption sites could be seen in their
protonated forms, thereby exhibiting higher affinity toward Cu(u)
ions.”%**%> In salty systems, more active sites could be released
owing to the electrostatic shielding effect exerted by the abundant
anions, thereby leading to a significant promotion in the
adsorption capacity.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

In summary, dendritic polyamine chitosan beads with (CNP) and
without (CN) the grafting of pyridine groups were prepared for the
subsequent removal of Cu(u) ions. CNP beads showed better
properties in terms of mechanical strength and adsorption
behaviors relative to those of CN beads. At pH 5, the uptake
amounts of Cu(i) were 0.84 and 1.12 mmol g~ * for CN and CNP
beads, respectively. In acidic solutions (pH 1), the removal
capacity toward Cu(i) of CNP beads still remained 0.51 mmol g%,
while the adsorption of CN beads was marginal and could be
neglected. Both amine and pyridine groups contributed toward
the adsorption of HMIs at pH 5, with maximum simulated
adsorption capacities of Qcyay = 1.93 mmol g~ ! for CNP beads.
However, only pyridine groups were responsible for adsorption at
pH 1. The adsorption mechanism was verified by means of the FT-
IR and XPS spectra. In salty solutions, due to the electrostatic
shielding effect, the introduction of inorganic salts exerted
a significant positive impact on the adsorption characteristics,
and the uptake amount of Cu(u) was enhanced by 47.1% at pH 1
and 45.5% at pH 5. The exhausted CNP beads could be effectively
regenerated by 3 M HCl with the desorption efficiency higher than
98.5%, and the uptake amount of Cu(u) was decreased only by 5%
after 5 cycles of adsorption and regeneration. In brief, we provided
the preparation of low-cost, efficient, and environmentally
friendly adsorbents with potential applications in the selective
removal of HMIs from acidic and salty solutions.
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