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H I G H L I G H T S

• Poly(pyrrole methane)s differing in
substituent positions of –OH were
synthesized.

• Poly(pyrrole methane)s exhibit ex-
cellent selective adsorption for Pb2+.

• Different Pb2+ adsorptions on poly
(pyrrole methane)s result from steric
hindrance.

• The influence of other metal ions on
Pb2+ adsorption was supported by
HSAB theory.
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A B S T R A C T

Two poly(pyrrole methane)s (PPD2HBA and PPD3HBA) were successfully synthesized, with focusing on the
effect of steric hindrance on the selective adsorption of heavy metal ions. The structure and morphology of
PPD2HBA and PPD3HBA were characterized by FT-IR, UV–Vis, 1H NMR, BET, SEM, XPS and Zeta potential. The
influencing factors of the Pb2+-adsorption onto the two adsorbents were systematically studied, including
various solution conditions and co-existing metal ions effect. These results demonstrated that the two adsorbents
showed slightly different adsorption behaviors. The maximum adsorption capacities of Pb2+ onto PPD2HBA and
PPD3HBA were 41.35 and 32.10mg·g−1 at pH=6.0 and 318 K, respectively. The crucial steric hindrance
verified by FT-IR and XPS before and after Pb2+ adsorption, showed better consistence in PPD2HBA with the size
and shape of the hydrated Pb2+ than that in PPD3HBA, which can be further supported by the adsorption
property of PPD4HBA. In addition, the effect of the co-existing metal ions of Pb2+ onto PPD2HBA and PPD3HBA
could be testified by the HSBA theory. The proposed adsorption mechanism in this paper was of remarkable
potential for the design of new adsorbent to selectively adsorb heavy metal ions from wastewater.

1. Introduction

Heavy metal pollution in wastewater has become a worldwide en-
vironmental concern, with its high toxicity to biological system even
with trace amount [1]. Many methods have been commonly used to

removal the heavy metal ions from industrial effluents, including che-
mical precipitation, ion exchange, membrane filtration, adsorption, etc
[2–4]. Among these methods, adsorption is generally regarded as the
most effective technology with advantages of low cost and simple
process [5,6].
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Recently, more and more materials were employed as adsorbent to
removal heavy metal ions, including mainly zeolite [7], clay [8],
polymer [9] and activated carbon [10]. However, many researchers
paid attention to the adsorption capacity, but not the selectivity ad-
sorption to different heavy metal ions. What is more, as a kind of im-
portant and non-renewable resource, heavy metals have high market
value and strategic significance. Therefore, developing the selectivity of
adsorbents to different heavy metals is of long-term prospects.

Nowadays, selective adsorption of heavy metal ions mainly includes
two main mechanisms: Firstly, when the adsorbent modified with
specific functional groups (–NH2, –COOH, –SH, etc.), some or certain
types of heavy metal ions could be preferentially adsorbed through
complexation or chelation interaction according to the hard and soft
acids and bases theory (HSAB) [11,12]. Wang et al. [13] used the
aqueous sodium alginate solution for direct gelation with metal ion.
–COO− and –OH groups on alginates exhibited higher affinities toward
Pb2+ than Cu2+ and Cd2+. Cui et al. [14] synthesized the magnetic
graphene oxide with EDTA functionalized to adsorb Pb2+, and FT-IR
analysis indicated that both –COOH and –OH groups were involved in
the binding process with Pb2+; Secondly, based on the ion imprinting
technology, the polymerization of functional monomers can use specific
metal ions as templates. Then, after removing the template ions, the
well-order functional groups and the cavity with fixed size and shape
show excellent selective adsorption for metal ions [15,16]. Ge et al.
[17] designed the glutaraldehyde-crosslinked chitosan with acrylic acid
grafted by using Pb2+ as template, and this adsorbent had good se-
lective adsorption capacity for Pb2+. Esen et al. [18] prepared the
material which used N-methacryloyl-(L)-cysteine as functional
monomer and Pb2+ as template, and this adsorbent had good ions re-
cognition of Pb2+ for well steric hindrance. However, the ion im-
printing technology has to remove the template ions by using acid li-
quor, which will raise the cost of the adsorbent and bring further
pollutions. Hence, it could be possible to prepare new adsorbent com-
bined the ion imprinting technology and the affinity between metal ions
and functional groups, thus can inhabit the defect of ion imprinting
technology.

Poly(pyrrole methane), similar to ring-opening porphyrin, is a kind
of π-conjugated polymer which is synthesized with pyrrole and alde-
hyde in acidic conditions [19]. Poly(pyrrole methane) is the precursor
of poly(pyrrole methine), therefore, it has been paid great attention in
many fields including photoluminescence, photovoltaic cell, optical
nonlinearity, etc [20–22]. Meanwhile it’s expected to be used as a new
blue luminescent material due to its blue fluorescent property [23,24].
The chemical structure of poly(pyrrole methane) can be different ad-
justable by changing the type of aldehyde. When aromatic aldehyde
with functional groups is used to synthesize the poly(pyrrole methane),
the steric hindrance, namely the interspace between functional groups
and imine of pyrrole ring, could be formed. Hence, the poly(pyrrole
methane) with different steric hindrance could be synthesized to se-
lectively adsorb metal ions. So far, the adsorption capability especially
the selective adsorption of poly(pyrrole methane) is rarely reported in
the literatures. Therefore, the selective removal of heavy metal ions by
poly(pyrrole methane) is of great potential.

In this study, we fabricated two poly(pyrrole methane)s, poly[pyr-
role-2, 5-diyl (2-hydroxybenzylidane)] (PPD2HBA) and poly[pyrrole-2,
5-diyl (3-hydroxybenzylidane)] (PPD3HBA), and their selective ad-
sorption behaviors were also systematically studied. Through changing
the substituent position of hydroxyl in benzene ring, we attempted to
provide the theory of the relationship between the selective adsorption
of metal ions and the steric hindrance.

2. Materials and methods

2.1. Chemicals

Pyrrole (98%, Sinopharm Chemical Reagent Co., Ltd, Shanghai,

China) was freshly distilled, and then stored under the aerated nitrogen
condition in a refrigerator (0 °C) before used. Analytical grade reagents
of 3-hydroxybenzaldehyde, 2-hydroxybenzaldehyde, dimethyl sulf-
oxide (DMSO), tetrahydrofuran (THF), n-hexane , PbCl2, CdCl2 and
NiCl2were also purchased from Sinopharm Chemical Reagent Co., Ltd,
(Shanghai, China). All other chemicals were of analytical grade without
further purification and distilled water was used in the preparation of
all solutions.

2.2. Synthesis of two poly(pyrrole methane)s

The two poly(pyrrole methane)s were synthesized by copolymer-
izing pyrrole and corresponding aromatic aldehydes in acidic condi-
tions. In a typical experiment, 1.0 mmol aromatic aldehyde was dis-
solved into the 50mL DMSO solution containing 9.70mL HCl under N2

atmosphere. And 50mL DMSO solution including 1.0mmol pyrrole
monomer was dropped slowly in above solution, and stirred for 24 h at
room temperature. After that, the mixture solution was continued to
react under vacuum atmosphere at 60 °C for another 2 h. Then, the
mixture was poured into 2mol·L−1 ammonia solution. The deposited
solid was alternatively centrifuged and washed with deionized water
until pH reached neutral. The above solid was dissolved into 100mL
THF, and then the mixture was poured into the 1000mL n-hexane.
Finally, the deposited matter was filtrated and washed with deionized
water to remove residual DMSO solution, and dried overnight in va-
cuum drying oven at 50 °C; The sample composited of 2-hydro-
xybenzaldehyde was named as PPD2HBA. 1H NMR (500MHz, DMSO-
d6, δ): 9.46–9.00 (broad, 1H, NH), 7.57–6.41 (m, 6H, Pyr-H Ar-H and
OH), 5.31 (s, 1H, (Pyr)2-CH-Ar) (Fig. S1a); The 3-hydroxybenzaldehyde
was for PPD3HBA. 1H NMR (500MHz, DMSO-d6, δ): 9.35–8.98 (broad,
1H, NH), 7.68–6.28 (m, 6H, Pyr-H Ar-H and OH), 5.47 (s, 1H, (Pyr)2-
CH-Ar) (Fig. S1b) [24]. The synthetic reaction to PPD2HBA and
PPD3HBA were outlined in reaction (1) and (2), respectively.
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2.3. Characterizations

The flourier transformation infrared spectroscopy (FT-IR) spectrums
of samples were recorded on a Bruker TENSOR 37 FT-IR spectro-
photometer in the region from 400 to 4000 cm−1 by the KBr pellet
method. The X-ray photoelectron spectroscopy (XPS) spectrums of
samples were performed on Thermo Scientific EscaLab 250Xi with an Al
monochromatic X-ray source (1486.6 eV), and all binding energies
(BEs) were referenced to the C 1 s hydrocarbon peak at 284.8 eV. The
morphology of samples were investigated by scanning electron micro-
scope (SEM Zeiss Gemini SEM 500). The Barrett-Emmett-Teller specific
surface area (SBET), total pore volume (V), and average pore radius (R)
were performed by the Builder SSA-4200 (Beijing, China) at 77 K using
the Barrett-Joyner-Halenda (BJH) method. The chemical structural
formulas of samples were confirmed by the 1H NMR spectrum (Bruker
III HD 400M) and UV–vis absorption spectrum (Agilent 8453). The Zeta
potentials of the samples were measured by Nanobrook-Omni, through
adding 3mg sample in 10mL NaCl solution (10−3 mol·L−1) with dif-
ferent pH values (pH=1–12, adjusted by 0.1mol·L−1 HNO3 or NaOH
solution).
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2.4. Adsorption experiments

All adsorption experiments were placed into centrifuge tubes which
contained 40mg absorbent and 20mL 100mg·g−1 Pb2+ solutions at pH
6, and were fixed in the temperature controlled shaker with the agita-
tion of 220 rpm for 24 h at 298 K. After that, the mixture were filtered
with 0.22-μm membrane. The concentrations of heavy metal ions in the
original and such collected solutions were measured by inductively
coupled plasma emission spectrometer (ICPE-9000, Japan). The ad-
sorption capacity (mg·g−1) of metal ions onto the sample was calcu-
lated according to the formula (1) as follow:

=
−q C C V
m

( )
e

e0
(1)

where qe is the equilibrium adsorption capacity of the adsorbent
(mg·g−1), C0 (mg·L−1) and Ce (mg·L−1) are initial and equilibrium
concentration of metal ions, respectively. V (L) is the solution volume,
and m (g) is the weight of adsorbent used.

To study the effect of solution pH values, the solution pH values
were adjusted ranging from 1 to 6 (regulating with 0.1mol·L−1 HCl/
NaOH); The equilibrium isotherm studies were conducted with Pb2+

solutions ranging from 50 to 600mg·g−1 at 298, 308 and 318 K, re-
spectively; In the adsorption kinetics studies, the suspension which
derived in three kinds of Pb2+ solutions (50, 100 and 150mg·g−1), was
sampled at regular intervals; In order to study the effect of co-existing
metal ions, the binary solutions which contained 100mg·L−1 Pb2+ and
100mg·L−1 other cation (Cd2+ and Ni2+) were employed. Meanwhile,
according to the data of competitive adsorption in binary solution, the
selectivity of the two adsorbents for Pb2+ were evaluated by the se-
lectivity coefficient (βPb2+/Mn+), and comparing with other metal ions
(Cd2+ and Ni2+). The higher the β value shows better the selective
adsorption performance of the adsorbent. The selectivity coefficient is
defined as formula (2) [25]:
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where DPb
2+ and DM

n+ are distribution ratios of Pb2+ and other co-
existent metal ions in mixed solution, respectively. The distribution
ratio (D) was calculated by formula (3):

=
−

×D C C
C

V
m
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where C0 (mg·L−1) and Ce (mg·L−1) are initial and equilibrium con-
centration of metal ions, respectively. V (L) is the solution volume, and
m (g) is the weight of adsorbent used.

In order to testify the relationship between the selectivity adsorp-
tion of metal ions and the different steric hindrances, poly[pyrrole-2, 5-
diyl (4-Hydroxybenzylidane)] (PPD4HBA) was also synthesized by
using same method with PPD2HBA and PPD3HBA, and was carried in
adsorption experiments.

3. Results and discussions

3.1. Structural characterization of the as-prepared samples

The FT-IR spectra of PPD2HBA and PPD3HBA are shown in Fig. 1.
The major characteristic bands of PPD2HBA could be assigned as fol-
lows: 3405 cm−1 (N–H stretch of pyrrole ring), 3217 cm−1 (–OH stretch
of benzene ring), 2820 cm−1 (C–H stretch of backbone), 1696 cm−1

(C]C stretch of quinoid pyrrole ring), 1595 cm−1 (C]C stretch of
benzene ring), 760 cm−1 (C–H out-of-plane blend of the a-linkage in
pyrrole ring) [26–28]. For PPD3HBA, its FT-IR spectrum is almost si-
milar to PPD2HBA, which is slightly different in 1750–1950 cm−1 due
to the different substituent position of –OH. These peaks of the two poly
(pyrrole methane)s indicate that the pyrrole are polymerized success-
fully with corresponding aromatic aldehyde in this work.

The UV–Vis absorption spectra of PPD2HBA and PPD3HBA are de-
picted in Fig. 2. It is found that PPD2HBA and PPD3HBA have sig-
nificant optical absorptions in the visible light range of 400–450 nm
with obvious adsorption peaks at 416 and 410 nm, respectively. As the
existence to the π-π* transition of the π-conjugated electron of poly
(pyrrole methane) [19], it confirmed that the incomplete p-conjugated
backbone of them [29]. This result also proved their molecular formula.

SEM images of PPD2HBA and PPD3HBA are shown in Fig. 3. It is
obvious that both of them are coralloid-like aggregate with porous
surface. PPD2HBA has more flourishing pores compared with that of
PPD3HBA. The textural properties of the samples are listed in Table 1. It
can be seen that the SBET and V of PPD2HBA could attain 70.42m2·g−1

and 0.062 cm3·g−1 (Fig. S2a), which are more than that of PPD3HBA
(49.11 m2·g−1, 0.046 cm3·g−1) (Fig. S2b). This result could also back up
the observation of SEM images.

Considering the important electrostatic attraction effect between
the adsorbents and ions, the surface potential values of the adsorbent at
different pH act as important factor to reflect the adsorption properties
[30]. According to Fig. 4, it is observed that the potentials of PPD2HBA
and PPD3HBA decrease with the increase of the solution pH, and pHzpc

of them is about 3.98 and 4.36, respectively. When the solution pH is
below the pHzpc, the negatively charged poly(pyrrole methane)s can
greatly attract positive metal cations. While similarly at pH above their
pHzpc, the generated electrostatic repulsion will decrease the adsorption

Fig. 1. FTIR spectra of PPD2HBA and PPD3HBA.

Fig. 2. UV–Vis absorption spectra of PPD2HBA and PPD3HBA.
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capacity.

3.2. Adsorption of the two poly(pyrrole methane)s for Pb2+ ions

3.2.1. Effect of pH
Fig. 5 exhibits the effect of initial pH value of Pb2+ solution on the

adsorption capacity of the two poly(pyrrole methane)s. It can be ob-
served that the adsorption capacities of the two adsorbents are posi-
tively affected by the solution pH, and increased with pH increasing
from 2 to 6. The maximum adsorption capacities of PPD2HBA and
PPD3HBA for Pb2+ are 29.1 and 24.9 mg·g−1 at pH 6, respectively.
Combining the results of Zeta potentials, it is because the two ad-
sorbents have both the imine of pyrrole ring and hydroxyl of benzene
ring. When the solution pH is at low value, the low adsorption capacity
of Pb2+ can be attributed to the fact that the surfaces of the two ad-
sorbents become highly protonated and positively changed. A similar
effect of pH on the polymer adsorbents is also observed [31,32].
Meanwhile, with the increase of the solution pH, the protonation of
functional groups and its resulted electrostatic repulsion weakened,
while the concentration of OH– around the adsorbent increase, which
promotes the chelation between metal ions and adsorbents. Therefore,

the optimal pH is chosen at pH 6 in the following experiments, with
another note for avoiding the sediment of Pb2+ at higher pH.

3.2.2. Adsorption kinetics
The influence of the contact time for adsorption capacity of Pb2+

onto PPD2HBA and PPD3HBA with different initial concentrations (50,
100, 150mg·L−1) are shown in Fig. 6. Evidently, a fast adsorption of
Pb2+ is observed onto the adsorbents during the first 50min, and
gradually reaches the adsorption equilibrium after 150min at three
Pb2+ solution concentration. The initial adsorption rate of PPD2HBA is
higher than that of PPD3HBA, which could be ascribed to the better
affinity between PPD2HBA and Pb2+ due to the different substituent
positions of the hydroxide groups.

The adsorption kinetics of Pb2+ onto the two adsorbents are ana-
lyzed under two kinetic models, namely pseudo-first-order (4) and
pseudo-second-order models (5), respectively [14,33]. The two kinetics
models are used in Fig. 6.

= −
−Q Q e(1 )t e

k t1 (4)

=

+

Q
k Q t

k Q t1t
e

e

2
2

2 (5)

where k1 (min−1) and k2 (g·mg−1·min−1) are successively the rate
constants for the pseudo-first-order and pseudo-second-order; Qt

(mg·g−1) is the amount adsorbed at time t (min), and Qe (mg·g−1) is the
equilibrium adsorption capacity.

The relevant parameters of the two kinetics are calculated and listed
in Table 2. It can be observed that the correlation coefficients of the

Fig. 3. SEM images of PPD2HBA (a) and PPD3HBA (b).

Table 1
Tissure properties of PPD2HBA and PPD3HBA.

Sample SBET
(m2·g−1)

V
(cm3·g−1)

R
(nm)

PPD2HBA 70.42 0.62 17.8
PPD3HBA 49.11 0.46 18.8

Fig. 4. Zeta potentials of the samples.

Fig. 5. Effect of solution pH on the adsorption capacity of Pb2+ onto the two
adsorbents.
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pseudo-first-order model (R2=0.9933–0.9994) are more appropriate
to describe the adsorption kinetics of PPD3HBA for Pb2+ than the
pseudo-second-order model (R2=0.9836–0.9930). However, for the
adsorption kinetics of PPD3HBA for Pb2+, the correlation coefficients
of the pseudo-second-order model (R2=0.9908–0.9997) are higher
than the pseudo-first-order model (R2=0.9817–0.9895). Moreover,
the values of qe calculated from the adsorption kinetics model whose R2

is relatively high, agreed well with the experimental consequences.
Therefore, these data show the adsorption of Pb2+ onto PPD2HBA
preferably followed the pseudo-second-order model, which indicates
that the adsorption process of Pb2+ onto PPD2HBA is mainly mono-
layer and chemical adsorption. Nonetheless, the adsorption of Pb2+

with PPD3HBA is agreed well with pseudo-first-order model, which
indicates that the adsorption process of Pb2+ onto PPD2HBA appears to
be controlled by the diffusion process [27,31]. The difference of ad-
sorption processes between PPD2HBA and PPD3HBA could be gener-
ated from different positions of the hydroxide groups.

3.2.3. Adsorption isotherm
Adsorption isotherm is critical in optimizing the use of adsorbent,

because it can be used to not only evaluate the adsorption capacities of
adsorbents, but also describe the interaction between adsorbates and
adsorbents. There are two typical adsorption isotherm models,
Langmuir (6) and Freundlich (7) isotherms, to be used to analyze the
equilibrium data. Their non-linear formula are expressed as follows
[34]:

=

+

q
q K C

K C1e
L e

L e

max

(6)

=q K Ce f e
n1/ (7)

where Ce (mol·L−1) is the equilibrium concentration of adsorbate; qe
(mg·g−1) is equilibrium adsorption capacity and qmax is the maximum
adsorption capacity (mg·g−1); KL (L·mol−1) is the Langmuir constant
which is related to the affinity of adsorbate and the binding sites; Kf

(L·mg−1)1/n is the Freundlich constant indicated the relative adsorption
capacity of the adsorbent; n is constant representing the adsorption
intensity.

Pb2+ adsorption equilibrium isotherms onto the PPD2HBA and
PPD3HBA at different temperatures are depicted in Fig. 7, and the re-
levant parameters and the correlation coefficient (R2) are shown in
Table 3. It can be seen that the adsorption isotherms are agreed better
with the Langmuir model than the Freundlich model for adsorption of
Pb2+ onto the two adsorbents at different temperatures, which in-
dicates that their adsorption process is a monolayer adsorption [35,36].
The maximum adsorption capacity (qmax) of Pb2+ onto PPD2HBA and
PPD3HBA are 41.35 and 32.10mg·g−1 at 318 K, respectively. Ob-
viously, for the two adsorbents with similar chemical structures, the
difference in the substituent positions of hydroxy groups cause a dis-
crepancy in the maximum adsorption capacity of Pb2+ between the two
adsorbents.

Meanwhile, a dimensionless constant (RL), which is used to find out
the applicability of Langmuir model, is expressed in the following
equations [37]:

=

+

R
K C
1

1L
L 0 (8)

where, C0 is the initial concentration of Pb2+, and KL is Langmuir
constant. The value of RL indicates irreversible equilibrium when
RL=0, favorable equilibrium when 0 < RL < 1, linear case when
RL=1 or unfavorable equilibrium when RL > 1 [38]. According to the
experimental data, the values of RL are calculated as 0.005, 0.008 and

Fig. 6. Adsorption kinetics plots of Pb2+ onto PPD2HBA (a) and PPD3HBA (b) at different initial concentrations.

Table 2
Parameters of kinetics models for Pb2+ onto PPD2HBA and PPD3HBA.

Sample Co

/mg·L−1
Pseudo first order model Pseudo second order model

k1
/1·min−1

qe
/mg·g−1

R2 k2
/g·min·mg−1

qe
/mg·g−1

R2

PPD2HBA 50 0.105 18.57 0.9886 0.008 19.87 0.9908
100 0.159 28.18 0.9817 0.007 29.54 0.9912
150 0.129 36.10 0.9895 0.005 37.84 0.9977

PPD3HBA 50 0.047 16.33 0.9994 0.003 18.01 0.9836
100 0.099 24.72 0.9933 0.006 26.16 0.9930
150 0.047 32.34 0.9975 0.002 35.26 0.9864
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0.007 at the temperature of 293 K, 303 K, 318 K for PPD3HBA, re-
spectively. Meanwhile, the values of RL are calculated as 0.014, 0.025
and 0.020 at 293 K, 303 K, 318 K for PPD2HBA, respectively. These
dates suggest the adsorption process is favorable at operated conditions.

3.2.4. Thermodynamics study
The values of thermodynamic parameters, including the Gibb’s free

energy change (ΔG), enthalpy change (ΔH) and entropy change (ΔS),
can be calculated from the following Eqs. (9) and (10) [39,40]:

= −G RT KΔ ln L (9)

= −K S
R

H
RT

ln Δ Δ
(10)

where ΔG (kJ·mol−1) is the Gibb’s free energy change of adsorption, KL

is the Langmuir constant, R (8.314 J·mol−1·K−1) is the universal gas
constant, T is the temperature in K, ΔS is entropy change (J·mol−1·K−1)
and ΔH is the enthalpy change (kJ·mol−1). The ΔH and ΔS values can be
calculated from the slope and intercept of a linear plot of lnK versus 1/
T. The obtained values of ΔG, ΔH and ΔS which indicate the adsorption

of Pb2+ onto PPD2HBA and PPD3HBA under different temperatures are
listed in Table 4.

The positive values of ΔH confirm the endothermic nature of ad-
sorption process of Pb2+ onto the two adsorbents. The positive values
of ΔS reveal that the possibility of increasing randomness at the solid
liquid interface occurs in the adsorption of Pb2+ onto the two ad-
sorbents. The negative values of ΔG indicate that their adsorptions are
the spontaneous and feasible process. Furthermore, the values of ΔG of

Fig. 7. Adsorption isotherm for the adsorption of Pb2+ onto PPD2HBA (a) and PPD3HBA (b).

Table 3
Isotherms parameters for the adsorption of Pb2+ onto PPD2HBA and PPD3HBA.

Sample Temperature
(K)

Langmuir isotherm Freundlich isotherm

qmax

/mg·g−1
KL

/L·mg−1
R2 RL KF

/(mg/g)/(L/mg)
n R2

PPD2HBA 298 34.12 0.1461 0.9949 0.014 15.80 7.4382 0.9041
308 38.02 0.0784 0.9939 0.025 14.76 6.2578 0.8302
318 41.35 0.0979 0.9954 0.020 16.59 6.3686 0.8779

PPD3HBA 298 28.48 0.3713 0.9902 0.005 17.62 11.6333 0.9561
308 30.55 0.2329 0.9945 0.008 17.68 10.3906 0.9462
318 32.10 0.2856 0.9958 0.007 18.57 10.2207 0.9519

Table 4
Thermodynamic parameters for the adsorption of Pb2+ onto two adsorbents.

Sample △H/kJ·mol−1 △S/J·K−1·mol−1 △G/kJ·mol−1

PPD2HBA 19.09 59.074 25 °C −17.585
35 °C −18.175
45 °C −18.766

PPD3HBA 10.57 29.281 25 °C −8.715
35 °C −9.008
45 °C −9.301

Fig. 8. Adsorption capacity of Ni2+, Cd2+ and Pb2+ from binary mixtures
(each metal concentration: 100mg/L, adsorbents: 2 g/L, temperature: 25 °C,
pH: 6 and contact time: 2 h).
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the two adsorbents are becoming more and more negative with the
increase of temperature, which suggest that the higher temperature
may facilitate the adsorption of Pb2+ onto PPD2HBA and PPD3HBA.

3.3. Mechanism of the Pb2+ adsorption onto the as-prepared adsorbents

3.3.1. Effect of the co-existing metal ions on Pb2+ adsorption
The presence of the other metal ions in aqueous solution could af-

fect the adsorption capacity of Pb2+ onto the adsorbents. Therefore, it’s
necessary to investigate the influence of coexisting ions (Cd2+ and
Ni2+) during the adsorption process of Pb2+. As shown in Fig. 8, all of
coexisting ions have no significant competitive influence on the ad-
sorption of Pb2+ onto the PPD2HBA and PPD3HBA. The results show
better affinity of the two adsorbents with Pb2+ than the other two
heavy metal ions, and it can be supposed that the combination strength
between the two adsorbents and heavy metal ions are different. Ac-
cording to HSAB theory, Pb2+ is categorized as the intermediate acid
while Cd2+ and Ni2+ is regarded as soft acid. On the other hand, the
–OH and –NH- in the two adsorbents can be considered as the hard base
[12,41]. Generally, hard base prefers to bond with hard acid while soft
base with soft acid, and intermediate acid can bond with hard base and
soft base [42]. Hence, the affinity between Pb2+ and –OH/–NH- of the
two adsorbents are stronger than that of the other metal ions. This re-
sult demonstrates the selective adsorption of heavy metal ions are
controlled by HASB theory to a certain extend. Meanwhile, in order to
compare with the selective adsorption capacity of other common ma-
terial, the selectivity coefficient (βPb2+/Cd2+ and βPb2+/Ni2+) of the two
adsorbents are also calculated (Table 5). The βPb2+/Cd2+ and βPb2+/Ni2+ for
PPD2HBA are 4.48 and 47.41, respectively. As to PPD3HBA, the se-
lective coefficient of βPb2+/Cd2+ and βPb2+/Ni2+ are 6.68 and 24.70,

Table 5
Adsorption Selectivity coefficient of some adsorbents for Pb(II) adsorption.

Adsorbent Selectivity coefficient
βPb2+/Cd2+

Selectivity coefficient
βPb2+/Ni2+

Ref.

Ion imprinting material (Pb–ITMCB) 3.62 3.00 [43]
Xanthate-modified chitosan 2.1 2.57 [44]
Poly ethylene oxide (PEO)/Chitosan nanofiber membrane 0.93 0.64 [45]
Shells of hazelnut 1.72 2.13 [46]
Egyptian Na-activated bentonite 1.78 2.04 [47]
Nano-zirconium silicate 0.71 1.32 [48]
Sodium trititanate whisker/chitosan polymer 3.77 12.25 [49]
PPD2HBA 4.48 47.41 This work
PPD3HBA 6.86 24.70 This work

Fig. 9. The chemical structure of the three ploy(pyrrole methane)s.

Table 6
Adsorption capacity of Pb2+ onto three kinds of
adsorbents (the concentration of Pb2+:
100mg·L−1, adsorbents: 2 g·L−1, temperature:
25 °C, pH: 6 and contact time: 24 h).

Sample qe/mg·g−1

PPD2HBA 29.1
PPD3HBA 24.9
PPD4HBA 24.4

Fig. 10. FT-IR spectra of the adsorbents before and after adsorption: (a) PPD2HBA and PPD2HBA-Pb; (a) PPD3HBA and PPD3HBA-Pb.
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respectively. Obviously, it can be seen that these selective coefficient
values of PPD2HBA and PPD3HBA are greater than these of other
common adsorbents, which indicate that PPD2HBA and PPD3HBA have
relatively good adsorption selectivity to Pb2+ ions in complex solution
containing many other metal ions.

3.3.2. Effect of the steric hindrance on the selective adsorption of Pb2+

Heavy metal ions dissolve into solution in the form of hydrated ions,
which have different hydrated ions radius [50]. Thus, the specific metal
ions can be selectively adsorbed by the adsorbent which has be de-
signed with suitable steric hindrance. In order to testify the influence of
steric hindrance on the selective adsorption of Pb2+, the substituent
position of hydroxyl onto poly(pyrrole methane) is changed sequen-
tially, which could be proved by 1H NMR (Fig. S3), FT-IR (Fig. S4) and
UV–Vis absorption (Fig. S5). Thus, PPD4HBA is synthesized and

subsequently used to adsorb Pb2+ in the same condition. The chemical
structures of the three poly(pyrrole methane)s are shown in Fig. 9,
Observed from Table 6, the adsorption capacities of Pb2+ onto the three
kinds of adsorbents are different. The adsorption capacity of Pb2+ onto
PPD2HBA is higher than that of PPD3HBA and PPD4HBA, while the
values of PPD3HBA and PPD4HBA are nearly identical. The chemical
structures of the three adsorbents are almost similar except the sub-
stituent positions of hydroxyl groups. So the Pb2+ adsorption capacity
maybe be intensively influenced by the steric hindrance, which are
generated by the distinct substituent positions of hydroxyl groups. Si-
milar phenomena of steric hindrance on the adsorption process have
also been observed [51,52]. The results indicate that the size and shape
of Pb2+ agree with PPD2HBA’s steric hindrance more than that of
PPD3HBA and PPD4HBA.

Fig. 11. Full scan survey XPS spectra: (a) PPD2HBA and (b) PPD3HBA, High resolution spectra of (c) O 1 s (d) N 1 s and (e) Pb 4f of PPD2HBA, (f) O 1 s (g) N 1 s and
(h) Pb 4f of PPD3HBA (i) before and (ii) after Pb2+ adsorption.
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3.3.3. The plausible adsorption mechanism
FT-IR is used to analyze the change of the adsorbents before and

after adsorption by identifying the main groups bonding with the Pb2+,
which could testify the steric hindrance effect in the adsorption process.
As shown in Fig. 10a, the stretching vibrations of functional group
(–NH-) in PPD2HBA form a peak at 3405 cm−1 which shifts to
3425 cm−1 after adsorbing Pb2+. Meanwhile, the –OH peak of
PPD2HBA shifts from 3217 cm−1 to 3251 cm−1. The shift of the two
peaks could be related to the combination between the two functional
groups and Pb2+. FTIR spectra of PPD3HBA before and after adsorption
of Pb2+ are shown in Fig. 10b. It could be observed that only stretching
vibrations of –OH shifted from 3224 to 3264 cm−1, but the obvious
change of –NH- don’t occur at the same time. This phenomenon can
indicate that the combination between PPD3HBA and Pb2+ ions only
happy to –OH, not –NH-.

XPS technique is also employed to further investigate the me-
chanism for the adsorption of Pb2+ onto poly(pyrrole methane)s. The
XPS spectra of the two adsorbents (PPD2HBA and PPD3HBA) before
and after the adsorption of Pb2+ are showed in Fig. 11. After adsorbing
Pb2+, the new Pb peaks are observed in the survey spectra of two ad-
sorbents (Fig. 11a and b). In Fig. 11e and h, the detail XPS spectra
exhibit doublets characteristic of Pb 4f appeared at 138.7 eV and
143.6 eV for Pb 4f7/2 and Pb 4f5/2 after the adsorption of Pb2+, re-
spectively [53]. The result further confirms that the adsorption of Pb2+

onto adsorbents. Fig. 11c is the high resolution of O1s peak of
PPD2HBA before and after Pb2+ adsorption. A dominant peak at
533.0 eV and a shoulder peak at 531.5 eV are appeared after curve
fitting, which are assigned to the oxygen-containing functional groups,
–C–O and O–H, respectively [54,55]. After the adsorption of Pb2+, the
shoulder peak representing O–H shift from 531.5 eV to 532.0 eV. A new
peak at 531.4 eV is observed in Fig. 11c (ii), which is contributed to the
oxygen atom in Pb-O-. It also could be found that the area of O–H peak
is decreased. These results prove the strong interaction between Pb2+

and –OH, which could also be obtained in Fig. 11h, representing the
adsorption of Pb2+ onto PPD3HBA. In Fig. 11d (i), the binding energy
bands of PPD2HBA at 398.5, 400.0 and 401.4 eV are assigned to ]N–,
–NH– and –N+–, respectively [56,57]. After the adsorption of Pb2+

onto PPD2HBA, the three energy bands (]N–, –NH– and –N+–) appear
at 399.2 400.3 and 401.4 eV, respectively, and a new peak at 399.8 eV
is observed in Fig. 11d (ii). These results indicate the nitrogen atom in
Pb-N– is formed. However, the three energy bands (]N–, –NH– and
–N+–) have no changed and no new peak appears before and after Pb2+

adsorption onto PPD3HBA (Fig. 11g). These results certify that Pb2+

have no coupling with the nitrogen-containing functional groups of
PPD3HBA. Based on the above XPS results, it can be assumed that –OH
and –NH– containing oxygen and nitrogen of PPD2HBA play important
roles to bind with Pb2+. Meanwhile, it is obvious that Pb2+ can only

cooperated with –OH of PPD3HBA. The observation are consistent with
the FT-IR results.

Based on the above results, the adsorption mechanism of heavy
metal ions about the steric hindrance effect could been obtained in this
study (Fig. 12). In the adsorption process, the functional groups (–OH
and –NH–) in the as-prepared adsorbents could combine with Pb2+.
Because the hydrated ionic radius of Pb2+ matches well with the space
size between –OH and –NH– in PPD2HBA molecules, they further form
a stable chemical structure which results in the selective adsorption.
Meanwhile, for the adsorption of Pb2+ onto PPD3HBA, the chemical
bonds form between Pb2+ and –OH due to the greater space size of –OH
and –NH– in PPD3HBA molecules, which leads to an unstable and weak
selective adsorption process. Therefore, the adsorption capacity and
selectivity of PPD2HBA for Pb2+ is higher than that of PPD3HBA.

4. Conclusion

In this study, the adsorption behaviors of PPD2HBA and PPD3HBA
for Pb2+ are studied to research the relationship between the selective
adsorption of metal ions and the steric hindrance. The characterization
of FT-IR, 1H NMR, UV–Vis and XPS testify the successful synthesis of
PPD2HBA and PPD3HBA. The test of SEM, BET and Zeta potential re-
veal the different physicochemical properties of the as-prepared ad-
sorbents. The maximum adsorption capacities of Pb2+ onto PPD2HBA
and PPD3HBA are 41.35 and 32.10mg·g−1 at pH 6.0 and 318 K, re-
spectively, resulted from the steric hindrance of PPD2HBA and
PPD3HBA. The adsorption site of PPD2HBA for Pb2+ matches better
with the size and shape of hydrated Pb2+ than that of PPD3HBA, which
are confirmed by the FT-IR and XPS spectra of the two absorbents be-
fore and after Pb2+ adsorption. Meanwhile, the effect of the co-existing
metal ions on Pb2+ adsorption and the adsorption capacity of Pb2+

onto PPD4HBA also certify the effect of the HASB theory and the steric
hindrance. Therefore, this work has a further implication for the de-
velopment in new economically selective adsorbent which can selec-
tively capture the heavy metal ions in wastewater.
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