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A series of zwitterionic hybrid adsorbents were prepared via the ring-opening polymerization of pyromel-
litic acid dianhydride (PMDA) and N-[3-(trimethoxysilyl)propyl] ethylene diamine (TMSPEDA), and a
subsequent zwitterionic process as well as sol–gel reaction. Their applications for Cu2+ removal by
adsorption were performed. FTIR spectra confirmed the step products. TGA revealed that the initial
decomposition temperature (IDT) of these zwitterionic hybrid adsorbents could arrive at near 150 ◦C.
DSC showed that Tg values decreased with an increase in PMDA content in the hybrid matrix. Ion-change
witterionic hybrids
u2+ removal
inetics
witterionic process
dsorption

capacity (IEC) revealed that the cation-exchange capacities (CIECs) and anion-exchange capacities (AIECs)
of these hybrid adsorbents were within the range of 9.13–11.49 and 4.97–6.28 mmol g−1, respectively.
Meanwhile, the CIECs and AIECs exhibit an opposite change trend as PMDA content increases. Adsorp-
tion experiment indicated that their adsorptions for Cu2+ ions followed Lagergren second-order kinetic
model, surface adsorption and intraparticle diffusion mechanisms might be the major process. These
findings demonstrated that they are promising absorbents for the separation and recovery of Cu2+ ions

r.
from contaminated wate

. Introduction

Inorganic–organic hybrid polymeric materials or membranes
ontaining functionalized ionic groups have become more and
ore attractive because of their structural flexibility, mechanical

tability, functional group performances and potential applica-
ions in some harsh environments, such as high temperature and
trongly oxidizing atmosphere [1–3]. For preparing these hybrid
olymers, silane-coupling agent (or alkoxyorganosilane) is usually
irectly used as hybrid precursor for sol–gel process to obtain the

norganic moiety in the hybrid matrix [4]. However, these silicones
an also be incorporated into the hybrid matrix via the polymer-
zation of alkoxysilane with reactive organic monomer [5,6].

Presently, various innovative approaches are designed to
ynthesize the functionalized hybrid polymeric materials or mem-
ranes. Among these, zwitterionic hybrid polymer or material has
een deserved increasing attention [7,8]. This is because such type
f hybrid polymer has an advantage over the pure organic or

norganic materials not only in molecular structure, but also in
erformance characteristics. Especially, its unique pendant-side
tructure of opposite ionic groups arranged on the molecular chains
ill permit its application in the removal of heavy metal ions
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E-mail addresses: jsliu@hfuu.edu.cn (J. Liu), sgq@hfuu.edu.cn (G. Shao).
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from water via electrostatic effect, indicating promising applica-
tion prospects in wastewater treatment and heavy metal recovery
[9,10].

Recently, an effort was made to prepare and characterize zwit-
terionic hybrid polymer and membranes, several novel routes
to these zwitterionic hybrids were proposed in our laboratory
[10–12]. One route was initiated via sol–gel process of hybrid pre-
cursor [10], in which the ionic groups (–COOH) were created by
the ring-opening of 1,4-butyrolactone. Another route based on the
effect of steric hindrance of phenyl groups and sol–gel process was
designed and developed [11], in which the silicone was incorpo-
rated into the hybrid matrix via the ring-opening polymerization
of pyromellitic acid dianhydride (PMDA) and phenylaminomethyl
trimethoxysilane (PAMTMS); and the –COOH groups were fabri-
cated through preventing the cyclodehydration of –N– and –COOH
groups in the adjacent polymer chains. Meanwhile, the adsorption
and desorption behaviors of these zwitterionic hybrid polymers
for Cu2+ and Pb2+ were evaluated for the recovery of heavy metal
ions from aqueous solution [12], confirming their promising appli-
cations in the removal and recovery of heavy metal ions from
wastewater. Our continuing interest in such zwitterionic hybrids

stimulates us to make further effort.

To develop new approach to zwitterionic hybrid polymer used
as an adsorbent and investigate its application for the removal
of heavy metal ions, herein, a novel route to synthesize zwitteri-
onic hybrid adsorbents was designed. Compared with the previous

dx.doi.org/10.1016/j.jhazmat.2010.12.012
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Composition of the prepared zwitterionic hybrid adsorbents.

Sample PMDA (mol) TMSPEDA (mol) BL (mol)

A 0.1 0.1 0.01
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B 0.2 0.1 0.01
C 0.3 0.1 0.01
D 0.4 0.1 0.01

rticles [10,11], the particularity of this new route is that: (1) the
ilicone was incorporated into the hybrid matrix via ring-opening
olymerization of PMDA and N-[3-(trimethoxysilyl)propyl] ethy-

ene diamine (TMSPEDA), (2) the ion pairs (i.e. anion- and
ation-exchange groups) produced by the ring-opening of 1,4-
utyrolactone with secondary amine groups were arrayed on both
ides of the polymer chains, establishing a pendant-side structure.
oreover, their adsorptions for Cu2+ ions will be evaluated as a
odel for the separation and recovery of heavy metal ions from

ontaminated water.

. Experimental

.1. Materials

N-[3-(trimethoxysilyl)propyl] ethylene diamine (TMSPEDA,
urity: ≥95.0%) was purchased from Silicone New Material Co. Ltd.
f Wuhan University (Wuhan, China) and used without further
urification. Pyromellitic acid dianhydride (PMDA, purity: ≥99.5%)
nd 1,4-butyrolactone (BL, purity: ≥97.0%) were purchased from
ational Pharmaceutical Group Corp. of China (Shanghai, China)
nd used as received. Other reagents were of analytical grade.

.2. Synthesis of zwitterionic hybrid adsorbents

The zwitterionic hybrid adsorbents were synthesized by react-
ng proper PMDA with TMSPEDA at room temperature in DMF
olution (the composition of zwitterionic hybrid adsorbents was
isted in Table 1). The procedure can be briefly described as follows.

Firstly, stipulated PMDA was dissolved in proper DMF solu-
ion and stirred vigorously for 1 h at room temperature; and then
toichiometric TMSPEDA solution was added dropwise into the
bove-prepared DMF mixed solution within 1 h. Subsequently, the
MF mixed solution was stirred vigorously for additional 30 min

o conduct ring-opening polymerization of PMDA and TMSPEDA.
fter that, a homogeneous sol, i.e. hybrid precursor, could be
btained. Thirdly, the zwitterionic process of ring-opening of a
actone reagent with the secondary amine groups situated on the
olymer chains was carried out by adding stipulated amount of 1,4-
utyrolactone (BL) to the above-prepared hybrid precursor for 24 h
o create ion pairs (i.e. anion- and cation-exchange groups). During
his process, sol–gel reaction occurs between Si and O to produce
he Si–O–Si bonds in the hybrid precursor. Finally, the obtained
roduct was washed and dried at 70 ◦C for 12 h to obtain the final
witterionic hybrid adsorbent.

.3. Sample characterizations

FTIR spectra of products were obtained using a Shimadzu FTIR-
400S Fourier transform infrared spectrometer in the region of
000–400 cm−1 at a resolution of 0.85 cm−1.

TGA and DSC thermal degradation process of the prepared

amples was investigated using a Netzsch STA 409 PC/PG thermo-
ravimetry analyzer, under nitrogen flow using a heating rate of
0 K/min from 10 to 400 ◦C.

Ion-exchange capacity (IEC) of the above-prepared zwitteri-
nic hybrid adsorbents was determined using a Shenghan CIC-200
aterials 186 (2011) 1335–1342

ion chromatography (Qingdao, China) operated at a flow-rate of
0.3 mL/min for anions, equipped with a self-regenerating anion
micromembrane suppressor; and 0.7 mL/min for cations. The pro-
cedure is as follows: 1.0 g powder sample was immersed in a large
amount of deionized water for 24 h and washed several times to
remove the impurity. Subsequently, the polymer was converted to
Cl− and Na+ ionic form by immersing it in an aqueous NaCl solu-
tion (20 mL, 0.1 mol dm−3) for 24 h. Both anion-exchange capacities
(AIECs) and cation-exchange capacities (CIECs) values could thus
be calculated from the difference of ionic concentration before and
after ion substitute. To reduce the experimental errors, the exper-
iment was carried out in triplicate and the mean values of thrice
testing from these independent experiments were selected as the
final results. The measuring error is estimated to be within 5%.

2.4. Adsorption experiment

The adsorption experiment of zwitterionic hybrid adsorbents
for Cu2+ ions was conducted in similar way as described in
the previous articles [11,12]. The procedure can be described
briefly as follows: about 1.0 g of particle sample was immersed
in 0.01 mol dm−3 Cu(NO3)2 for 24 h at pH 4, and then taken out
and washed by deionized water. In the remaining solution, 10% KI
solution was added; subsequently, an aqueous Na2S2O3 solution
(0.05 mol dm−3) was used to titrate iodine so that the residual Cu2+

ions can be measured.
The adsorption capacity (qCu2+ ) of Cu2+ ions is calculated as fol-

lows:

qCu2+ = (C0 − CR)V
W

(1)

where V is the volume of aqueous Cu(NO3)2 solution (mL), C0 and CR
are the concentrations of initial and remaining Cu(NO3)2, respec-
tively (mol dm−3), W is the weight of hybrid adsorbent (g).

The effect of solution temperature on the adsorption of Cu2+

ions was performed to determine optimal temperature condition.
For adsorption kinetic studies, the prepared sample was immersed
in 0.01 mol dm−3 aqueous Cu(NO3)2 solution for different adsorp-
tion times at 45 ◦C and pH 4. The adsorption data were analyzed
using Lagergren first-order, Lagergren second-order kinetic and
intraparticle diffusion models. Meanwhile, error analysis was con-
ducted and the standard deviation is indicated in the parameter
calculation.

3. Results and discussion

3.1. Synthesis of zwitterionic hybrid adsorbents

As mentioned in the experimental section, the zwitterionic
hybrid adsorbents were synthesized via the ring-opening polymer-
ization of PMDA and TMSPEDA to incorporate inorganic Si into
the hybrid matrix. Subsequently, ion pairs located on the polymer
chains were produced by the ring-opening of BL with secondary
amine groups in the hybrid precursor. Since PMDA is an acid
anhydride and TMSPEDA is a primary amine, ring-opening poly-
merization between them is easily conducted. Scheme 1 presents
the reaction steps.

As shown in Scheme 1, three reaction steps were involved: step
1 was the ring-opening polymerization of PMDA and TMSPEDA, and
the step product was the hybrid precursor. The main product of this
step was determined by the molar ratio of PMDA and TMSPEDA.

Step 2 was the zwitterionic process of ring-opening of BL with the
secondary amine groups in the hybrid precursor to produce the ion
pairs. Step 3 was the hydrolysis and condensation of alkoxysilane to
create the hybrid network. In this step, the alkoxysilane hydrolyzed
and condensed, and produced the Si–O–Si bonds through sol–gel
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gated samples increases, revealing an increasing content of organic
ingredient. Moreover, it can also be found that the band at 1860
and 1774 cm−1, which should be ascribed to the stretching vibra-
tion of C O in acid anhydride [15], appeared in curves (c) and (d),
cheme 1. The preparing route of zwitterionic hybrid adsorbents, step 1 is the rin
is the zwitterionic process of 1,4-butyrolactone with amine groups to create ion

ol–gel reaction.

eaction. In addition, taking the structure of ionic groups into
ccount, it can be seen that the above-prepared hybrid adsorbents
ontains both anion- and cation-exchange groups, while these ionic
roups are arranged on the pendant-side chains; consequently, it
s a zwitterionic one.

Note that, the hydrolysis and condensation of alkoxysilane in
tep 3 possibly occurred ahead of Step 2 or both steps might occur
imultaneously during the synthesis of hybrid adsorbents. How-
ver, it is less important in this case because such behavior does
ot affect any of the final product and its property. In the synthesis
f zwitterionic hybrid adsorbents, our major concern is the creation
f Si–O–Si and Si–O–C bonds in the hybrid matrix via hydrolysis and
ondensation of alkoxysilane rather than the formation sequence
f step products.

.2. FTIR spectra and the confirmation of step products

To confirm the step reactions described in Scheme 1, FTIR spec-
roscopy of samples A–D was performed and presented in Fig. 1.

As shown in Fig. 1, it can be noted that curves (a)–(d) have
imilar change trends except the intensity of peaks. The strong
bsorption peak at near 1720 cm−1 was the stretching vibration
f C O in –COOH groups. The band at 3400 cm−1 was the stretch-
ng vibration of –OH groups. The absorption peaks at 2950 cm−1
ould be ascribed to the C–H stretching of CH3 and CH2 groups.
he peak around 1100 cm−1 was the overlapping of asymmetric
tretching vibration of Si–O–Si, Si–O–C and C–O–C bonds from
lkoxysilane [4,13]. The band near 1260 cm−1 was the stretching
ibration of C–N in the samples. Meanwhile, the peaks at 1400
ing polymerization of PMDA and TMSPEDA to produce the hybrid precursor, step
n the polymer chains, step 3 is the hydrolysis and condensation of alkoxysilane by

and 1608 cm−1 were, respectively, in the range of 1300–1430 cm−1

and 1550–1610 cm−1, which should be ascribed to the stretching
vibration of COO− groups [14].

Comparing the curves (a)–(d) in Fig. 1, it can be found that
the intensity of the band at 1100 cm−1 for the C–O–C stretching
vibration increases a little as the PMDA content in the investi-
Fig. 1. FTIR spectra of (a–d) denoted the samples A–D, respectively.
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Fig. 2. TGA curves of samples A–D.

uggesting that there exists excess amount of PMDA in the pre-
ared samples and the ring-opening polymerization of PMDA and
MSPEDA was unfulfilled. Based on these findings, it can be con-
luded that the ring-opening polymerization had occurred during
he synthesis of hybrid adsorbents, further corroborating the reac-
ions illustrated in Scheme 1.

.3. TGA analysis

Thermal stability is a major concern for hybrid polymeric mate-
ials. To have an insight into the thermal degradation behaviors of
he prepared zwitterionic hybrid adsorbents, TGA thermal analy-
is was carried out and shown in Fig. 2. Meanwhile, the thermal
nalysis data in TGA curves are listed in Table 2.

As shown in Fig. 2, for samples A–D, their change trends in
eight loss are similar and three degradation steps can be clearly

ound. However, the initial decomposition temperature (IDT) [16]
i.e. tangent rule, only two IDT points were labeled in TGA curves
ecause of the overlapping and crossing of tangential lines) and
hermal degradation temperature at 5 and 10% weight loss (T5 and
10) indicated different change trends. For example, for individ-
al sample, T5 and T10 improved with an increase in the weight

oss. Whereas, for different samples, the IDT value decreases from
amples A to C and then increases for sample D, which is clearly
pposite the change trend in T5. In contrast, T10 exhibits a down-
ard trend, (i.e. it decreases from 198.4, 192.6, 189.3 to 183.6 ◦C for

amples A–D, respectively), demonstrating that the thermal stabil-
ty of these samples decreases with an increase in the incorporation
f organic PMDA into the hybrid matrix (Table 2). In addition, it
an be seen that the weight loss of these samples increases rapidly
hen the degradation temperature exceeds T10, suggesting that the
ecomposition has been accelerated. Moreover, it can be observed

◦
hat the residual SiO2 weight at 400 C (R400) are 63.5, 50.8, 38.3
nd 33.9% for samples A–D, respectively (cf. Table 2), implying a
ecrease of inorganic ingredients in these samples. This finding is
greement with the theoretical expectation (i.e. the residual weight
ecreases with an increase in the organic ingredient of a polymer).

able 2
hermal analysis data of samples obtained from TGA curves.

Sample IDT (◦C)a T5 (◦C)b T10 (◦C)b R400 (wt%)c

A 183.6 129.8 198.4 63.5
B 157.1 147.8 192.6 50.8
C 149.7 151.4 189.3 38.3
D 172.3 134.4 183.6 33.9

a Initial decomposition temperature.
b Thermal degradation temperature of 5 and 10% weight loss in TGA curves,

espectively.
c Residual weight at 400 ◦C in TGA curves.
Fig. 3. DSC curves of samples A–D.

The weight loss below T10 was the removal of bonded water and
solvent in the samples. Whereas the sharp weight loss beyond T10
can be assigned to the decomposition of organic ingredients and the
production of silica, which is consistent with the result reported
in an article [17], in which it is stated that when a polymer con-
tains a pendant active methoxysilane group, the methoxy groups
are eliminated to form crosslinked Si–O–Si bonds in the early stages
of heating, resulting in the creation of silica.

To explain the above phenomena, special attention will be paid
to the following dominating factors. One can be ascribed to the
increases in both the amount of organic ingredient and the flexi-
bility of these samples. As shown in Table 2, the residual weight
of SiO2 in the samples decreases from samples A to D as PMDA
content increases; consequently, the R400 values indicate a down-
ward trend. Another might be attributed to the hydrophilicity of
carboxylic groups. From samples A to D, the amount of ion pairs
grafted on the polymer chains increases. Especially, more amount
of carboxylic groups grafted on the polymer chains is produced,
thus the hydrophilicity of the zwitterionic hybrid adsorbents will
accordingly be elevated. As a result, the decomposition of func-
tionalized ionic groups becomes easy and the thermal degradation
temperature decreases accordingly.

Note that, for sample D, the change trend in TDI and T5 is incon-
sistent with those of samples A–C. The reason can be ascribed to
the impact of crosslinking between the organic and inorganic moi-
eties, and the formation of silica hybrid network as extra amount
of ion pairs are introduced into the polymer chains, which will lead
to the formation of intimate molecular structure and the elevation
of thermal degradation temperature [17]. In addition, the electro-
static attraction between the ion pairs will also be responsible for
the improved thermal stability of sample D, blocking its further
thermal decomposition.

3.4. DSC study

Glass transition temperature (Tg) is usually related to the struc-
tural properties of a polymer. Understanding Tg will favor the
recognition of the crystallization transformation of a polymer from
a rigid material to a flexible one. To investigate the crystallization
transformation of the prepared zwitterionic hybrid adsorbents, DSC
study was carried out and the related curves are presented in Fig. 3.

As shown in Fig. 3, it can be observed that there exist only one
endothermic and one exothermic peak for respective DSC curve.

As reported [18], in DSC curves, the single or multiple endother-
mic peaks are the crystal melting; whereas the exothermic peak
can be considered as the crystallization. Consequently, the Tg

value for samples A–D is at near 318.7, 135.0, 133.0 and 131.6 ◦C,
respectively, which indicates a downward trend as the PMDA con-
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Table 3
Ion-exchange capacities (IECs) of the prepared zwitterionic hybrid adsorbents.

Sample

A B C D

CIECs (mmol g−1) 9.55 9.13 9.83 11.49
AIECs (mmol g−1) 6.28 5.92 4.97 5.82
Ratio of CIEC/AIEC 1.52 1.54 1.97 1.97
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Net charge (mmol g−1)a 3.27 3.21 4.86 5.67

a Net charge = CIEC − AIEC.

ent increases, suggesting the transformation of crystalline form.
eanwhile, the melting point temperature (Tm) for samples A–D

entered at 328.7, 175.3, 177.1 and 201.4 ◦C, respectively, which
as elevated as PMDA content increases except that of sample
. The upward trend in Tm can be ascribed to an increase in the
endant-side chain and the further formation of hybrid network
ecause extra amount of PMDA is incorporated into the zwitteri-
nic hybrid adsorbents. Furthermore, the electrostatic attraction
etween the ion pairs will also be responsible for the elevated Tm.

Clearly, these findings demonstrate the influence of PMDA con-
ent and the amount of ion pairs on the thermal behaviors of
witterionic hybrid adsorbents.

.5. Ion-exchange capacity (IEC)

Ion-exchange capacity (IEC) is a helpful tool to recognize the
on-exchange ability of hybrid polymers containing functional-
zed ionic groups. To determine the charge amount of anion- and
ation-exchange groups in the above-prepared zwitterionic hybrid
dsorbents, IEC values were measured and shown in Table 3.

As shown in Table 3, it can be seen that the cation-
xchange capacities (CIECs) and anion-exchange capacities (AIECs)
f these hybrid adsorbents were within the range of 9.13–11.49,
.97–6.28 mmol g−1, respectively, demonstrating that these hybrid
dsorbents contain both cation- and anion-exchange groups. More-
ver, it can also be seen that the CIEC values increase with the
ncreasing content of PMDA in the hybrid adsorbents except that
f sample B, suggesting that the incorporation of PMDA into the
olymer matrix can increase their ion-exchange abilities. In con-
rast, the AIEC values decreases with an increasing content of PMDA
xcept that of sample C, revealing an opposite trend with CIECs.

Several factors might be responsible the above-mentioned
hange trend. One is related to the content of –COOH in the poly-
er chains. As presented in Table 1, from samples A to D, more

mount of –COOH groups are grafted on the polymer chains when
he ring-opening reaction of epoxide occurred with the elevating
ontent of PMDA; resulting in an increase in CIEC values. Another
an be ascribed to the existence of epoxy groups in the PMDA moi-
ty, which are easily converted to –COOH in the presence of water
ecause of its acid anhydride property [18]; thus it will increase the
mount of –COOH in the polymer chains, resulting in an increase
n CIECs. In addition, the ring-opening of BL will also make some
ontributions to the increasing CIECs.

As for the downward trend in AIECs, it is reasonable if the fol-
owing dominating factors are considered. One factor might be
elated to the electrostatic attraction between the –COO− and –N+–
roups because of its pendant-side structure, leading to a decrease
n the amount of exchangeable –N+– groups as stated in an arti-
le [11]. Another can be attributed to the embedment position of

+
N – groups in the polymer chains, and the larger difference of net
harge of anionic and cationic groups. As shown in Scheme 1, the
N+– groups were surrounded by –COO− groups, thus the acces-
ibility of anionic ions to the positive charge sites will be blocked
nd decreased. As a result, the exchangeable amount of count-ion
Fig. 4. Adsorption capacity of Cu2+ ions vs. solution temperature, the concentration
of aqueous Cu(NO3)2 solution was 0.01 mol dm−3 for 24 h.

to the –N+– groups is relatively lower, resulting in lower AIECs from
samples A to D.

Moreover, taking the difference of net charge into account, it
can be noted that they demonstrate the same upward trend as that
of CIEC: increase from samples A to D and sample B has the lowest
one (cf. Table 3). However, if the ratio of CIEC and AIEC is consid-
ered, they reveal two relatively fixed values, i.e. 1.52, 1.54, 1.97
and 1.97 from samples A to D, respectively. This finding suggests
that the quantities of anionic and cationic groups in the polymer
chains are produced in pairs, corroborating the reaction described
in Scheme 1.

It should be emphasized that the larger difference of net charge,
which mainly reveals the cation-exchange property, will benefit
their applications in the removal of heavy metal ions, such as Cu2+

and Pb2+ ions, from wastewater via counter-ion adsorption and ion-
exchange because of the effect of electrostatic attraction between
the ionic groups (cf. Table 4, hereinafter). Consequently, these
zwitterionic hybrid adsorbents expect to be potentially applied to
absorb or separate heavy metal ions from contaminated water. To
confirm such consideration, adsorption experiment for Cu2+ ions
was carried out and discussed later.

3.6. Adsorption study

To have an insight into the adsorption properties of the above-
prepared zwitterionic hybrid adsorbents, adsorption experiment
was conducted using Cu2+ as a model of heavy metal ions. The
dominating factors examined include adsorption temperature and
adsorption time. The adsorption data were analyzed using Lager-
gren first-order, Lagergren second-order kinetic and intraparticle
diffusion models to study the adsorption kinetic properties of Cu2+

ions on these zwitterionic hybrid adsorbents.

3.6.1. Effect of solution temperature
It is well known that solution temperature is an important factor

affecting the adsorption behavior of heavy metal ions in aqueous
solution. To select optimal temperature for Cu2+ adsorption, the
effect of solution temperature on the adsorption capacity of Cu2+

ions was investigated and presented in Fig. 4.
Clearly, solution temperature at 45 ◦C is more suitable for Cu2+

adsorption. Consequently, 45 ◦C was chosen as the adsorption tem-
perature of aqueous solution to study the adsorption behaviors of
Cu2+ ions on the above-prepared zwitterionic hybrid adsorbents,

hereafter.

3.6.2. Adsorption kinetics
Fig. 5 presents the adsorption kinetic curves of Cu2+ ions, i.e.

the relationship between adsorption capacity and adsorption time.
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Table 4
Lagergren second-order kinetic model parameters for Cu2+ adsorption.

Sample k2 (h g mmol−1) ha (h g mmol−1 qexp (mmol g−1) qcal (mmol g−1) R2 SSE

A 13.195 6.968 × 10−2 6.925 × 10−2 7.267 × 10−2 0.992 3.42 × 10−3

B 40.215 2.299 × 10−1 7.492 × 10−2 7.561 × 10−2 0.999 6.90 × 10−4

548 ×
454 ×
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C 18.560 7.888 × 10−2 6.
D 19.513 8.067 × 10−2 6.

a Initial adsorption rate (h) = k2q2
e .

t is interesting to find that the adsorption capacity of Cu2+ ions
n samples A–D decreases with an increase in CIEC values, sug-
esting that Cu2+ adsorption on these samples is related to the
ontent of ionic groups and lower CIECs may be more conduce to
he adsorption of Cu2+ ions on these zwitterionic hybrid adsorbents.
he reason possibly is ascribed to the pendant-side structure of car-
oxylic groups on the polymer chains and the larger difference of
et charge, resulting in lower electrostatic attraction between the
etal ions and ionic groups.
It is well accepted that Lagergren adsorption kinetic model is a

elpful tool to describe the adsorption property of a species [19].
ts first-order and second-order kinetic equation can be linearly
xpressed as Eqs. (2b) and (3b), respectively.

t = qe(1 − e−k1t) (2a)

r

og(qe − qt) = log qe − k1

2.303
t (2b)

t = q2
ek2t

(1 + qek2t)
(3a)

r

t

qt
= 1

k2q2
e

+ t

qe
(3b)

here k1 and k2 are the first-order and second-order rate constant,
espectively (h g mmol−1); qt and qe are the adsorption capac-
ty of Cu2+ ions at time t and at equilibrium state, respectively
mmol g−1).

Moreover, error analysis was used to determine the most suit-
ble kinetic model. The sum of error squared (SSE) between the
redicted values and the experimental data can be calculated by
he following equation [20]:

√∑N (qexp − qcal)
2

SE = i=1

N
(4)

here qexp and qcal are the experimental and calculated adsorp-
ion capacity of metals, respectively (mmol g−1). N is the number
f measurements.

ig. 5. Adsorption capacity of Cu2+ ions vs. adsorption time, the concentration of
queous Cu(NO3)2 solution was 0.01 mol dm−3 at 45 ◦C and pH 4.
10−2 6.519 × 10−2 0.994 2.90 × 10−4

10−2 6.430 × 10−2 0.994 2.40 × 10−4

The Lagergren adsorption kinetic model for Cu2+ adsorption was
calculated and presented in Fig. 6. It is interesting to find that
the Lagergren first-order model for Cu2+ adsorption on samples
A–D exhibited poor regression coefficient (R2) (the data were not
presented in the text); suggesting that Cu2+ adsorption on these
samples cannot be described by Lagergren first-order kinetic equa-
tion. However, it can be noted that the linear regression coefficient
(R2) of Lagergren second-order model fitted well for Cu2+ adsorp-
tion (cf. Table 4). Based on these data, it can be concluded that
Cu2+ adsorption on these zwitterionic hybrid adsorbents followed
Lagergren second-order kinetic model.

Furthermore, by comparison the Lagergren second-order kinetic
model parameters for Cu2+ adsorption in Table 4, it can be found
that the second-order rate constant (k2) and initial adsorption rate
(h) of Cu2+ ions increase from samples A to D, which reveals the
same upward trend as these of CIEC and net charge except those
of sample B (cf. Table 3, hereinbefore). This outcome demonstrates
that IECs of zwitterionic hybrid adsorbents really have an effect on
Cu2+ adsorption.

3.6.3. Effect of intraparticle diffusion
The effect of intraparticle diffusion on adsorption rate can be

calculated based on the relation of adsorption capacity and time,
which usually is expressed as Eq. (5) [21]:

qt = xi + kpt0.5 (5)

where qt is the adsorbed amount (mmol g−1) at time t, kp is the
intraparticle diffusion rate constant (mmol g−1 h−0.5) and xi is the
intercept of straight line, which is related to the boundary layer
thickness. When metal ions are adsorbed by an adsorbent, the metal
ions transport from the solution through the interface between the
solution and the adsorbent into the pores of the particles. It is now
well accepted that if the plot of qt vs. t0.5 gives a straight line, the
adsorption process is solely controlled by intraparticle diffusion. If
the data exhibit multi-linear plots, however, two or more steps will

influence the adsorption process [21,22].

Fig. 7 illustrated the intraparticle diffusion curves for Cu2+

adsorption in this case. As shown in Fig. 7, it can be found that
the adsorption of Cu2+ ions on samples A–D is non-linear over the
range of adsorption time and three steps are involved: the rapid

Fig. 6. Lagergren second-order kinetic model for Cu2+ adsorption on samples A-D.
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Table 5
Diffusion rate constants for Cu2+ adsorption.

Sample Interface diffusion Intraparticle diffusion

Kid (mmol g−1 h−0.5) Kp (mmol g−1 h−0.5) Kp1 (mmol g−1 h−0.5) Kp2 (mmol g−1 h−0.5)

A 2.637 × 10−2 5.93 × 10−3 5.92 × 10−3 6.35 × 10−3

B 3.345 × 10−2 2.76 × 10−3

C 2.448 × 10−2 4.65 × 10−3

D 2.542 × 10−2 4.15 × 10−3
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Fig. 7. Intraparticle diffusion curves for Cu2+ adsorption on samples A–D.

nterface diffusion from 0 to 4 h; subsequently the intraparticle
iffusion (increased slowly and approached equilibrium) [20,23].
his finding suggests that Cu2+ adsorption on these samples is not
olely governed by intraparticle diffusion [in the case of linear fit-
ing, they exhibited poor regression coefficient (R2), i.e. R2 is 0.850,
.748, 0.823 and 0.814 for samples A–D, respectively]; diffusion-
ontrolled adsorption mechanisms might be the major process as
eported in articles [21,22].

To further explore the adsorption mechanism, diffusion rate
onstants for Cu2+ adsorption are calculated and listed in Table 5.
t can be noted that interface diffusion rate (slope Kid, which was
alculated in the time range of 0–4 h) is much higher than intra-
article diffusion rate (slope Kp, which was calculated in the time
ange of 4–24 h), implying that intraparticle diffusion is the major
ate-limiting step because it is the slow step in adsorption pro-
ess. Meanwhile, the intraparticle diffusion rate of second step
slope Kp2, which was calculated in the time range of 16–24 h), in
hich the intraparticle diffusion comes to slow down and reaches

o the final equilibrium, is lower than the intraparticle diffusion
ate of first one (slope Kp1, which was calculated in the time range
f 4–16 h), in which the intraparticle diffusion is established and
ccelerated. These results indicate that the adsorption process is
ontrolled by surface adsorption and intraparticle diffusion.

Furthermore, by comparison the data of Kid with those of AIECs,
t can be found that they reveal the same change trend except that
f sample B, further demonstrating the influence of ionic groups on
he behaviors of Cu2+ adsorption.

The theoretical explanation to this phenomenon can be ascribed
o the pendant-side structure and different amounts of ionic groups
xisted in the polymer backbone, leading to the change of adsorp-
ion mechanism.

. Conclusions
A new route to synthesize zwitterionic hybrid adsorbents was
roposed. These zwitterionic hybrid adsorbents were prepared via
he ring-opening polymerization of PMDA and TMSPEDA; subse-
uently, a ring-opening of BL and sol–gel reaction. TGA analysis
isplayed that the thermal degradation temperature decreased as

[

[

3.90 × 10−3 1.05 × 10−3

5.81 × 10−3 3.56 × 10−3

4.79 × 10−3 3.04 × 10−3

the PMDA content increases. IEC measurements revealed that the
CIECs and AIECs of these hybrid adsorbents were within the range of
9.13–11.49, 4.97–6.28 mmol g−1, respectively. Meanwhile, the ratio
of CIEC and AIEC centered on fixed values, which can be ascribed
to the existence of ion pairs in PMDA moiety. Adsorption experi-
ment revealed that Cu2+ adsorption on these zwitterionic hybrid
adsorbents followed the Lagergren second-order kinetic model.
Meanwhile, the effect of intraparticle diffusion reveals that Cu2+

adsorption on these samples is not solely governed by intraparti-
cle diffusion. It is indicated that surface adsorption and intraparticle
diffusion is the major process. These findings are very meaningful in
the separation and recovery of heavy metal ions from wastewater.
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