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Schiff base functionalized polyamidoamine (PAMAM) dendrimer/silica were prepared for the adsorption
of aqueous Mn(II) and Co(II). The effects that influence the adsorption were investigated systematically
and the adsorption mechanism was illustrated by theoretical calculation. The optimum adsorption pH
are 4 and 6 for Mn(Il) and Co(II). Adsorption kinetics follow pseudo-second-order model and the rate-
controlling step is film diffusion process. Adsorption isotherm shows that high initial metal ion
concentration facilitates the uptake of metal ions. The adsorption capacity increases first and then

ﬁgﬁ‘ggﬁiﬂ decreases in the temperature range of 15-35°C. Density functional theory (DFT) calculation
Schiff base demonstrates that Schiff base functionalized PAMAM dendrimer tends to coordinate Mn(Il) and

Co(II) with the oxygen atoms of hydroxyl and carbonyl groups, nitrogen of tertiary amine and imino
groups. The imino and tertiary amine groups mainly dominate the adsorption. The reproducibility of the
adsorbents indicates they can be regenerated by 5% thiourea and 0.5 mol/L HNOs solution efficiently.
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Water pollution caused by heavy metal ions has become a
serious problem. These toxic ions pose severe threat to ecological
system and human health due to the non-biodegradable charac-
teristic [1]. Among these ions, Mn(Il) and Co(Il) are usually
discharged from battery, alloy, and metallurgical industries [2,3].
And they are usually presented together in the wastewater of
lithium battery industry for the production cathode material. The
uptake of Mn(II) may cause hallucinations, psychiatric abnormali-
ties and violent acts [4]. And the ingestion of Co(Il) can cause
paralysis, lung irritation, and diarrhea [3]. Hence, the elimination
of aqueous Mn(Il) and Co(ll) is of great significance for the
remediation of environmental pollution.

Various methods have been used to decontaminate heavy metal
ions, such as ion exchange, membrane separation, adsorption, and
chemical precipitation [5]. Adsorption is considered as an effective
and economical technique because of its low cost, simplicity, high
efficiency, and regeneration of the adsorbents [6]. In the past few
years, adsorbents such as chitosan [7], silica [4], magnetic
composite [8], metal-organic framework materials [9], and
activate carbon [10] were employed to adsorb Mn(II) and Co(II).
Therefore, the design of effective adsorbents is still of urgent.
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PAMAM dendrimers represent a class of fascinating functional
groups [11]. The presence of abundant oxygen and nitrogen
endows them remarkable binding affinity to heavy metal ions [12].
However, both PAMAM dendrimer and its metal ion complex are
generally soluble in aqueous solution, which makes it hard for the
separation after adsorption. Therefore, PAMAM dendrimers are
usually immobilized on the support materials such as magnetic
nanoparticles, silica, chitosan, polystyrene, and graphene oxide
[11]. Among these support materials, silica has been widely used
due to the advantages of the large surface area, outstanding
thermal and chemical stability, easy functionalization, and high
porosity [13,14]. The incorporation of silica would facilitate the
separation by filtration after adsorption and the regeneration of
the adsorbent. For example, Wu et al. prepared PAMAM dendrimer
functionalized silica to separate Pd(II) from aqueous solution [15].
Gao et al. synthesized EDTA-terminated PAMAM dendrimer/silica
composites for the selective adsorption of Zn(II), Pb(Il) and Cr(III)
[16]. Our group also synthesized a series of ester- and amino-
terminated PAMAM dendrimer modified silica for the adsorption
of Pb(Il) and Hg(Il) [17]. Results indicate the terminal groups of
PAMAM dendrimer greatly affect the adsorption performance.
Schiff base functional group which is formed via the reaction of
amino and carbonyl groups has been demonstrated to exhibit
marked binding affinity for metal ions [5]. Hence, it can be
reasonable concluded that the incorporation of Schiff base
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functional group to the periphery of PAMAM dendrimer would
improve the adsorption property of the adsorbent. Hence, Schiff
base functionalized PAMAM dendrimer/silica (SiO,-GO0-SA, SiO»-
G1.0-SA, and SiO,-G2.0-SA, Scheme S1 in Supporting information)
were synthesized for the removal of aqueous Mn(Il) and Co(II). The
adsorption performance and mechanism was illustrated based on
experimental and theoretical results. The reproducibility of the
adsorbents was also determined.

First, y-aminopropyltriethoxysilane was used for the surface
modification of silica (100-200 mesh) to introduce amino groups
(Si0,-GO0). Then, the first and second generations PAMAM
dendrimer were grafted onto silica (SiO,-G1.0 and SiO,-G2.0) by
the interactive Mikael addition of methyl acrylate with amino
group and the subsequent amidation of ester group with ethyl-
enediamine. Finally, SiO,-G0-SA, SiO,-G1.0-SA, and SiO,-G2.0-SA
were achieved by the decoration of SiO,-GO, SiO,-G1.0 and SiO,-
G2.0 by salicylaldehyde [18]. The detail synthesis procedures are
provided in Text S1 (Supporting information).

The adsorption performance of the as-synthesized adsorbents
for Mn(II) and Co(II) was evaluated by considering the adsorption
capacity, effect of solution pH, adsorption isotherm and kinetic.
The detailed adsorption procedures and analytical methods were
introduced in Text S2 (Supporting information). The adsorption
capacity for Mn(II) and Co(Il) are presented in Fig. 1. The adsorption
capacity for Mn(Il) follows the trend of SiO,-GO-SA < SiO»-G1.0-
SA < Si0,-G2.0-SA, suggesting the adsorption capacity for Mn(II)
increases with the increase of dendrimer generation. The favorable
adsorption of Mn(II) by high generation Schiff base functionalized
PAMAM dendrimer is owed to the high content of nitrogen and
oxygen functional group [18]. Unlike Mn(Il), the adsorption
amount for Co(Il) increases first and then decreases by following
the trend of SiO,-GO-SA < Si02-G2.0-SA < Si0,-G1.0-SA. The pos-
sible reason for this phenomenon is due to the higher binding
ability of peripheral Schiff base functional groups for Co(Il) as
compared with Mn(II). During the initial adsorption process, Co(II)
is preferred to be captured by the surface functional group first and
surface network would be formed due to the coordination. As the
content of surface functional group of SiO,-G2.0-SA is higher than
Si0,-G1.0-SA, the steric hindrance of Si0,-G2.0-SA that caused by
the network structure is also higher than SiO,-G1.0-SA, which
blocks the diffusing the Co(Il) into the interior structure of the
dendrimer, resulting in the decrease of the adsorption capacity for
Si0,-G2.0-SA. Similar results was also observed for Co(II) and Pb(II)
adsorption by PAMAM dendrimer functionalized silica in previous
reports [17,19].

The effect of solution pH on the adsorption of Mn(II) and Co(II)
are presented in Fig. S1 (Supporting information). The adsorption
capacity for Mn(II) increases with the solution pH raise from 1 to 4,
and then decreases in the pH range of 4—6. The functional groups
of Schiff base functionalized PAMAM dendrimer such as —OH and
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Fig. 1. The adsorption capacity for Mn(II) and Co(Il) (T=25 °C, C=0.005 mol/L).

—~NH- are protonated into the form of —OH," and -NH,"- at low
pH, leading to the loss of binding ability for Mn(Il) [4].
Furthermore, the strong electrical repulsion between the positive-
ly charged surface and Mn(II) also prevents Mn(II) from contacting
with the adsorbent. The functional groups are deprotonated
gradually with the pH increases, leading to the recovery of binding
ability of the adsorbent. Thus, the adsorption capacity increases
accordingly with the solution pH increases. When the pH continue
increasing, Mn(II) will be hydrolyzed and presented in the forms of
MnOH" and Mn(OH),, which would cause invalid adsorption for
Mn(Il) [21]. Similar phenomena were also reported for the
adsorption of Mn(Il) by Na-Clinoptilolite [22] and Spirodela
polyrhiza (L.) Schleiden biomass adsorbent [23]. For Co(lIl), the
adsorption capacity increases in the pH range of 1-6 and achieves
the optimum adsorption at pH 6. The low adsorption capacity for
Co(II) at low solution pH is similar to that of Mn(II).

The adsorption kinetic plots for Mn(II) and Co(lII) are illustrated
in Fig. 2. The adsorption is very rapid in the first 80 and 50 min for
Mn(Il) and Co(ll), respectively. Then, it gradually retards until
approaches equilibrium at 105 min for both Mn(Il) and Co(II). The
rapid uptake of metal ion at the initial stage is mainly ascribed to
the existence of plenty binding sites of the adsorbent and high
metal ion concentration, which facilitates the capture of metal ion
by the adsorbent. With the proceeding of the adsorption, both the
metal ion concentration and binding sites decrease, resulting in
the slowdown of the adsorption. Moreover, the adsorbed Mn(II)
and Co(II) could form chelate with the surface functional group of
Schiff base functionalized PAMAM dendrimer, which also hinders
the diffusion of metal ion into the interior of the adsorbents and
decrease the adsorption rate [19].

Pseudo-first-order and pseudo-second-order kinetic models in
Text S2 were adopted to reveal the adsorption kinetic mechanism
[24]. The fitting plots of pseudo-second-order kinetic models and
the corresponding parameters of the two models are collected in
Fig. S2 and Table S1 (Supporting information). According to Fig. S2
and Table S1, the adsorption kinetic for both Mn(Il) and Co(II)
can be depicted by pseudo-second-order kinetic model due to
the relative high correlation coefficients (R,?). Furthermore, the
calculated adsorption capacity (geq) from pseudo-second-order
model is close to the experimental data (qe,exp), further demon-
strating it is more suitable to describe the adsorption kinetic
process of Mn(Il) and Co(II) by pseudo-second-order model. Similar
results were also indicated for the removal of Mn(II) and Co(II) by
Fe;0,4 nanoparticles [25], Mg-Zn-Al LDH/montmorillonite [26],
and rice husk [27].

Boyed film diffusion model in Text S2 was employed to
determine whether the rate-controlling step is film diffusion or
intraparticle diffusion [28]. The fitting result is presented in
Table S2 (Supporting information), the result indicates the
adsorption of Mn(Il) and Co(Il) is dominated by film diffusion
process as the fitting plots of Bt versus t display excellent linearity
without passing through the origin [29].

Adsorption isotherm can be used to depict the interactive
behavior between adsorbent and adsorbate. The adsorption
isotherm curves for Mn(Il) and Co(Il) are showed in Fig. 3. With
the increase of initial metal ion concentration, the adsorption
increases accordingly due to the presence of higher driving force
under high concentration. The diffusion of metal ion would be
promoted by the higher driving force and the adsorption would be
enhanced. It can be also found temperature has a remarkable effect
on the adsorption capacity. The adsorption capacity for Mn(II) and
Co(Il) increase first in the range of 15-25°C, and then decrease
when the temperature rises to 35 °C. In the temperature ranges of
15-25 °C, the molecular motion degree of PAMAM dendrimer and
metal ion increases, which facilitate the capture of metal ion by
the adsorbents. With the temperature gradually rises to 35 °C, the
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Fig. 2. Adsorption kinetic curves of Mn(Il) and Co(II) (T=25 °C, Cynay=0.003 mol/L, pH 4, Ccoqry = 0.002 mol/L, pH 6).
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Fig. 3. The adsorption isotherms for Mn(II) and Co(II) (C = 0.001-0.006 mol/L, pHwnary 4, PHcon 6)-

degree of molecular motion continue increasing. Therefore, the
force of molecular movement may exceed the binding affinity of
the adsorbent for metal ion, resulting in the escape of metal ion
from the chelating of the adsorbent [16]. Hence, the adsorption
capacity decrease with the temperature increase from 25°C to
35°C. Similar phenomena were also observed for the uptake of
Co(II), Hg(Il), and Cr(VI) by silica supported PAMAM dendrimer,
mercapto-functionalized silica, and chitosan, etc. [19,30,31].
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) mod-
els in Text S2 were adopted to evaluate the adsorption isotherm
mechanism [4,32]. The fitting plots of Langmuir model are
illustrated in Fig. S3 (Supporting information) and the calculated
parameters of Freundlich and Langmuir models are reported in
Table S3 (Supporting information), Langmuir model provides more
accurate description for Mn(Il) and Co(Il) adsorption than
Freundlich model due to the higher correlation coefficients (R.?).
The maximum adsorption capacity (q,,) obtained from Langmuir
model is closer to the experiment data, further suggesting
Langmuir model is appropriate to describe the adsorption process.
These results demonstrate the uptake of Mn(Il) and Co(ll) is
proceeded by monolayer adsorption behavior. The comparison of
the g, of the as-prepared adsorbents for Mn(Il) and Co(Il) with
other reported adsorbents is provided in Table S4 (Supporting
information). It shows that the as-prepared adsorbents show

relative high adsorption capacity than most of the reported
adsorbents, indicating the adsorbents have competitive adsorption
performance. Especially, the as-prepared adsorbents exhibit
higher adsorption capacity toward Mn(Il) and Co(Il) than the
corresponding PAMAM dendrimer/silica adsorbent [19,33]. Take
Si0,-G2.0-SA for example, the g, for Mn(II) is 0.92 mmol/g, which
is higher than the corresponding PAMAM dendrimer/silica
(Si0,-G2.0-SA) by 0.32 mmol/g. The result indicates the adsorption
capacity of SiO,-G2.0-SA was enhanced by 53.33% after modifica-
tion with Schiff base functional group. Thus, they can be used
potentially for the removal of aqueous Mn(II) and Co(II) as efficient
adsorbents.

D-R model is used to confirm whether the adsorption is physical
or chemical. The mean free energy (E, kJ/mol) obtained from D-R
model can be employed as the criterion to judge the nature of the
adsorption. If the value of E lies in the range of 8—16 kJ/mol, the
adsorption is belonged to chemical adsorption. When the E value is
lower than 8KkJ/mol, the adsorption is mainly dominated by
physical adsorption [5]. The fitting results of D-R model are listed
in Table S5 (Supporting information). Except the adsorption of
Si0,-GO0-SA for Mn(lII), Si0,-G1.0-SA and SiO,-G2.0-SA for Co(II) at
15 °C, the E values for Mn(II) and Co(II) by the adsorbents are all in
the range of 8—16 kJ/mol, suggesting the adsorption of Mn(II) and
Co(II) are mainly attributed to the chemical adsorption.
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G1.0-SA-Mn(IT) complex

G1.0-SA-Co(II) complex

Fig. 4. The optimized geometry of G1.0-SA-Mn(Il) and G1.0-SA-Co(Il) complexes(B3LYP/6-31 + G(d) for C, H, N, O, and LAN2DZ for Mn(II) and Co(II)).

The adsorption mechanism of the adsorbents for Mn(II) and
Co(Il) was demonstrated by density functional theory (DFT)
calculation. The branching unit of Si0,-G1.0-SA was chosen as
computing model (SiO,-G1.0-SA) due to the high geometric
asymmetry of dendrimer structure. The optimized geometry of
the complexes that formed by G1.0-SA with Mn(II) or Co(Il) are
illustrated in Fig. 4 and the corresponding bond lengths are
presented in Table S6 (Supporting information). G1.0-SA chelates
with Mn(II) or Co(Il) with two hydroxyl O atoms (O1 and 02), two
carbonyl O atoms (03 and O4), one tertiary amine N atom (N1), and
two imino N atoms (N2 and N3) to heptacoordinated complexes.
The bond lengths that formed by Mn(II) and carbonyl O atoms are
2.33 and 3.24 A, while that of Mn(Il) with hydroxyl O atoms are 1.85
and 2.35A. The result suggests that the interaction between
hydroxyl O atoms and Mn(Il) is higher than that of carbonyl O
atoms. The bond lengths of Mn-N formed by imino N atoms are
1.97 and 2.08 A, whereas that of Mn-N with tertiary amine N atom
is 2.41 A. The difference of the Mn-N bond lengths indicates the
binding affinity of imino N atoms is superior than that of tertiary
amine N atom. For G1.0-SA-Co(Il) complex, the Co-O bond lengths
that formed by carbonyl O atoms are 2.03 and 3.44 A, and that of
Co-0 with hydroxyl O atoms are 2.03 and 2.47 A. The bond lengths
of Co-N are 2.12 and 2.98 A, as well as 2.17 A for imino N and
tertiary amine N atoms, respectively.

On the basis of geometry optimization, the interaction
mechanism between G1.0-SA with Mn(II) and Co(Il) was demon-
strated by natural bond orbital (NBO) analysis. The NBO partial
charges of Mn(II) and Co(II) in the complexes of G1.0-SA-Mn(II) and
G1.0-SA-Co(II) are 1.11 and 1.16, which are lower than the charge of
bare Mn(II) and Co(Il). The fact suggests the existence of charge
transfer from G1.0-SA to metal ion during the adsorption. Second-
order perturbation theory analysis is an efficient tool to evaluate
the interaction between functional group and metal ion. The
stabilization energy (E(2)) obtained from second-order perturba-
tion theory analysis can be used to determine the strength of the
interaction [20]. Take G1.0-SA-Mn(II) complex for example, the E
(2) values are presented in Table S7 (Supporting information). The
E(2) values of charge transfer from hydroxyl O atoms to Mn(II) are
9.59 and 11.90 kcal/mol, while that of charge transfer from
carbonyl O atoms to Mn(Il) are 1.86 and 4.71 kcal/mol. The
comparison of the E(2) values further suggests that the interaction
between hydroxyl O atoms and Mn(Il) is stronger than that of
carbonyl O atoms. For N atoms, the E(2) values of charge transfer
from imino N atoms to Mn(Il) are 13.58 and 27.05 kcal/mol,
whereas that of charge transfer from tertiary amine N atom to

Mn(II) is 11.10 kcal/mol. The difference between the E(2) value of
imino N and tertiary amine N atom demonstrates the binding
ability of imino N atoms is superior to that of tertiary amine N atom
for Mn(II). Furthermore, the E(2) values of charge transfer from N
atoms to Mn(Il) are higher than that of O atoms to Mn(II),
suggesting imino N and tertiary amine N atoms are the main
contributor during the adsorption.

The reproducibility of the adsorbents was determined by using
5% thiourea-0.5 mol/L HNOs3 solution as eluent and the result is
shown in Fig. S4 (Supporting information). It can be seen that the
adsorbents can be efficiently regenerated by the selected eluent.
The regeneration rates of SiO,-G0-SA, SiO,-G1.0-SA and Si0,-G2.0-
SA after adsorption of Mn(II) are 98.65%, 97.34%, and 98.32%, while
for Co(II) are 97.89%, 96.52%, and 97.20%, respectively. The result
indicates that the adsorbents can be reused with practical value.

In summary, Schiff base functionalized PAMAM dendrimer/
silica were synthesized and used for the removal of Mn(Il) and
Co(II). The optimum adsorption pH for Mn(II) and Co(II) are 4 and 6.
Adsorption kinetic indicates the adsorption equilibrium time for
both metal ions is 120 min. The as-prepared adsorbents exhibit
competitive adsorption performance and the maximum adsorp-
tion capacity for Mn(Il) and Co(II) are 0.92 and 0.94 mmol/g. The
adsorbents can be efficiently regenerated using 5% thiourea-
0.5mol/L HNO;5 solution as eluent. The excellent adsorption
performance enables them to be efficient adsorbents for the
potentially decontamination of aqueous Mn(II) and Co(II).
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