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a b s t r a c t

The nanocomposites based on organic–inorganic hybrid have been attracting much attention due to
their potential applications used as new type of functional materials, such as colloidal stabilizers,
electro-optical devices, and nanocomposites materials. The organic–inorganic hybrid of poly(acrylic acid-
acrylonitrile)/attapulgite, P(A-N)/AT nanocomposites, were prepared by using in situ polymerization and
composition of acrylic acid (AA) and acrylonitrile (AN) onto modified attapulgite (AT) nanoparticles.
The resulting P(A-N)/AT nanocomposites were transformed into novel nano-adsorbent of poly(acrylic
acid-acryloamidoxime)/attapulgite by further functionalization, i.e. P(A-O)/AT nano-adsorbent. The
adsorption properties of P(A-O)/AT toward metal ions were determined, and the results indicated that the
adsorbents with nanocomposite structure held a good of selectivity to Pb2+ among numerous metal ions.

2+
henol
dsorption

The maximum removal capacity of Pb was up to 109.9 mg/g and it is notable to see that the adsorption
removal of P(A-O)/AT nano-adsorbent for Pb2+ could achieve more than 96.6% when the initial concen-
tration of Pb2+ was 120.0 mg/l. The kinetics, isotherm models, and conductivity were introduced to study
the adsorption mechanism of P(A-O)/AT for Pb2+ and it was concluded that it could be chemisorptions
process and the best coordination form took place when AO:AA:Pb2+ = 1:1:1. In addition, after simply
treated with CTAB, P(A-O)/AT nano-adsorbent showed better adsorption properties for phenol than the

same kinds of materials.

. Introduction

Industrial wastewater contains numerous toxic organic and
norganic contaminations, such as heavy metals and phenolic com-
ounds. The toxic heavy metal and phenols discharged into water
nvironment would lead to a serious pollution problem affecting
ater quality. Especially, the heavy-metal ions from plating plants,
ining, metal finishing, welding, and alloys manufacturing have

lready endangered the sustainable development of human soci-
ty [1–3]. On the other hand, phenol contaminants in wastewaters
enerated from petroleum, coal conversion, and phenol produc-
ng industries are considered one of the priority pollutants in

astewater, because they were harmful to organisms even at low

oncentrations [4,5], so that they had been classified as hazardous
ollutants based on their potential toxicity to human health. There-
ore, Environmental Protection Agency (EPA) regulations call for
owering phenol content in wastewater to less than 1 ppm [6].

∗ Corresponding author. Tel.: +86 931 8912528; fax: +86 931 8912113.
E-mail address: liyf@lzu.edu.cn (Y. Li).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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There are many methods to remove metal ions and phenol
from aqueous solutions, such as adsorption, ion exchange, chem-
ical precipitation, and membrane processes [7–12]. Adsorption is
the most popular way in which activated carbon or ion exchange
resins are usually applied. Although they have the advantage of
high adsorption capacity for heavy metals and phenolic compounds
[13–16], high cost usually limits their application widely. There
have been attempts to utilize low cost, naturally occurring adsor-
bents to remove contaminants from wastewater. In recent years,
a number of adsorbent materials such as tea factory waste [17],
phenolated wood resin [18], kaolinite [19], zeolites [20], and mod-
ified jute [21] have been employed in removal of heavy metal and
organic pollutants removal from wastewaters. The obvious advan-
tage of these adsorption methods was the lower costs involved.
However, new adsorbents which were locally available and had
high adsorption capacity were still required [22–24].
Hydrophilic polymers have been widely used in removal of
toxic pollutants from aqueous solution for environmental con-
trol [25,26]. Among the potential adsorbents for removal of heavy
metal ions such as Ag+, Pb2+ [27,28] and phenol [29,7,30], poly-
meric adsorbents with high surface area and pore structure have

dx.doi.org/10.1016/j.jhazmat.2010.12.057
http://www.sciencedirect.com/science/journal/03043894
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roved to be the promising candidates. Liu’s group reported that the
apable removal of Pb2+ from aqueous solutions by using synthetic
olymer P(AO/AN/MA) which could achieve adsorption capacity
f 4.28 mmol/g at 25 ◦C [31]. Polymers which could selectively
dsorb metal ions should consist of two monomer groups, each
aving a different role. One functional group forms a complex
ith the target and the other allows the polymers to stretch and

hrink reversibly in response to environmental change. Generally,
midoxime (AO) and carboxylic groups (AA) were chosen as the
unctional groups [32–34]. So that, utilizing the similar strategy to
onstruct organic–inorganic hybrid material would be very inter-
sting.

The goal of the present work was to investigate the adsorp-
ion potential of the organic–inorganic hybrid nano-adsorbent for
emoval of Pb2+ and phenol presented in individual solutions. In
his paper, we synthesized the organic–inorganic hybrid nano-
dsorbent P(A-O)/AT and studied the adsorption selectivity to
b2+ and phenols. The kinetics, isotherm models, and conductivity
ere introduced to study lead adsorption mechanism. Moreover,

he effect of pH, contact time on phenol adsorption capacity of
(A-O)/AT was studied, and kinetics and factors controlling the
dsorption process were also researched.

. Materials and methods

.1. Materials

Attapulgite (AT) with the average diameter of 325 mesh, was
rovided by Gansu AT Co. Ltd., Gansu, China. It was dried in a des-

ccator at 50 ◦C, and then stored in the desiccator for subsequent
nalyses. �-Methacryloxypropyl trimethoxy silane (KH-570) was
upported by Wu Han University. Acrylic acid (AA) and acryloni-
rile (AN) provided by Sinopharm Chemical Regent Co. Ltd. were
istilled just before polymerization. 2,2′-Azo-bisiso-butyronitrile
AIBN) was provided by Shanghai Chemical Co. All other chemi-
als of analytical grade were used as received without any further
urification.

.2. Preparation of KH-570-modified AT nanocomposites

The coupling reagent KH-570 was used to introduce ethy-
ene groups onto the AT surface before the graft polymerization

as initiated. Typically, 2.5 g of AT were dispersed in 100 ml of
thanol by sonication for about 1 h, then 12 ml of NH3·H2O was
dded and dispersed with ultrasonic agitation to homogenize for
0 min. Under continuous mechanical stirring, 6.0 ml of KH-570
as added to the reaction mixture. The reaction was allowed

o proceed at 55 ◦C for 8 h under continuous stirring under N2
tmosphere. After that, the resultant products were separated by
entrifugation and were washed with ethanol and distilled water
ntil neutral. The KH-570-modified AT was dried in a desiccator at
0 ◦C.

.3. Synthesis of P(A-N)/AT nanocomposites

The grafted polymerization was conducted under various reac-
ion conditions. In a typical protocol, 0.5 g of KH-570-modified AT
anocomposites, 3.0 g of AN, 1.0 g of AA, 25 ml of DMF, and 25 ml
f deionized water were put into a three-necked-flask and vibrated
ith ultrasonic for 30 min to be dispersed uniformly. Then 0.10 g
f AIBN was added and the flask was placed in an oil bath at 80 ◦C,
echanically stirred at 300 rpm under nitrogen. The graft polymer-

zation was undergone at 80 ◦C for 6 h. N2 was bubbled throughout
he polymerizing period. After that, the products were separated
y centrifugation and were thoroughly washed with DMF, distilled
terials 186 (2011) 1672–1680 1673

water, and ethanol several times, then dried at room temperature
under vacuum for 12 h.

2.4. Preparation of P(A-O)/AT nano-adsorbent

0.50 g of NH2OH·HCl, 4.80 g of Na2CO3, 8.1 ml deionized water,
and 50 ml of ethanol were added into a reactor equipped with a
magnetic stirrer and a reflux condensator, the mixture was stirred
for 0.5 h. After that, 0.50 g of P(A-N)/AT nanocomposites were added
to this mixture. The reaction was performed for two steps, 4 h at
40 ◦C and then 10 h at 85 ◦C under stirring. The modified nanocom-
posites were washed thoroughly with a large amount of distilled
water then extracted in ethanol for 12 h, dried at 50 ◦C under vac-
uum for 12 h.

2.5. Modification of P(A-O)/AT with CTAB

0.30 g of P(A-O)/AT nanocomposites were added to 30 ml of
0.008 mol/l CTAB solution before the mixture was sonicated for
0.5 h. Next, the particles were separated, washed, dried, and
crushed.

2.6. Adsorption experiments

All the adsorption experiments were carried out at adsorbent
dosages of 2 g/l and shaking in a shaking thermostatic bath (SHZ-
B, China) at 140 rpm at 25 ◦C for a given time. After adsorption,
the solid and liquid phases were separated by centrifugation. Pb2+

concentrations in the solution samples were determined by atomic
absorption spectrophotometer (AAS).

Pb2+ adsorption isotherms and the effects of the initial concen-
tration were studied in the range of 100–700 ppm. The effects of
pH were studied in the range of 1.0–6.0, with 0.1 mol/l HNO3 and
NaOH used as pH controls. The effects of contact time on adsorption
were determined in the range of 0–960 min.

The pH effects of phenol adsorption were studied in the range of
1.0–13.0, with 0.1 mol/l HCl and NaOH used as pH controls. Contact
time on adsorption was determined in the range of 0–96 h.

2.7. Characterization

The product structures were characterized using a Nicolet
Magna-IR 550 spectrophotometer between 4000 and 450 cm−1.
Conductivities were measured with a DDS-307 conductivity meter.
A Hanna ammonia ion specific meter (HI 93733) was used to mea-
sure the ammonia concentration in the solution before and after
phenol adsorption in the mechanism study. The concentrations
of ions in solution were determined by a GBC Avanta A 5450
atomic absorption spectrophotometer (AAS). The pH of solutions
was determined using a HANNA pH meter. Specific surface area was
determined by the BET method based N2 adsorption on a Autosorb-
1 at 76 K. The XPS spectra of P(A-O)/AT before and after Pb2+

adsorption were recorded by an X-ray photoelectron spectrome-
ter (VG Scientific Escalab 210-UK) equipped with a twin anode (Mg
K�/Al K�) source. All binding energies (BEs) were referenced to the
C 1s hydrocarbon peak at 285.0 eV.

3. Results and discussion

3.1. Structure of P(A-O)/AT nano-adsorbent
The preparation of P(A-O)/AT was shown schematically in Fig. 1.
Fig. 2 shows the FTIR spectra of AT, KH-570-modified AT, P(A-
N)/AT, P(A-O)/AT, and CTAB-modified P(A-O)/AT. The new peaks
at 1705 and 1455 cm−1 for KH-570-modified AT (Fig. 2b) were
usually representative of the carboxyl group (–COO−) and –C C
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Fig. 1. Scheme for the prep

roup, suggesting that the silane coupling agent reacted success-
ully with the –OH groups. Bands of AN and AA units were observed
or unmodified copolymers: 2243 cm−1 (–C N); 1734 cm−1 (–C O)
Fig. 2c); the disappearance of a band at 2243 cm−1 related to

he–C N group on the modified copolymer spectrum suggested
hat the modifications of cyano groups were almost complete. The
ncrease of the absorption bands at 1618 cm−1 were attributed
o –C N– of the AO groups (Fig. 2d), and the appearance of a

ig. 2. FTIR spectra of (a) ATP; (b) KH-570-modified ATP; (c) P(A-N)/AT; (d) P(A-
)/AT; (e) CTAB-modified P(A-O)/AT.
n procedure to P(A-O)/AT.

band at 1575 cm−1 was attributed to the carboxylate in the poly-
mer. In addition, the increase in the absorption bands around
3340–3650 cm−1 compared to FTIR spectrum of the unmodified
copolymers (Fig. 2c) indicated the presence of –OH bonds that
belong to AO groups. These changes indicated that the modifica-
tion reaction was successfully done. To compare the differences
among the P(A-O)/AT and CTAB-modified P(A-O)/AT, the FTIR spec-
tra of the two kinds of nanocomposites were shown in Fig. 2d and e.
The bands at 2700–3000 cm−1 of CTAB-modified P(A-O)/AT (Fig. 2e)
were related to the stretching vibrations of C–H groups.

3.2. Adsorption of nano-adsorbent for Pb2+

Adsorption experiment revealed that the nano-adsorbent
altered its selectivity to Pb2+ among the metal ions. Commonly
coexistent metal ions, e.g., Co2+, Zn2+, Cd2+, Ag+, Ba2+, Hg2+,
and Ca2+, displayed little interference for the nano-adsorbent.
The experiment data showed that the material display excellent
adsorption characteristic for Pb2+.

3.2.1. Effect of initial pH
The pH value played a very important role in the use of nano-

adsorbent as supports in the metal ion adsorption process. This was
partly for the reason that hydrogen ions themselves were strongly
competing with metal ions. It was not only affecting the electronic
status of the pendant functional groups, for instance protona-
tion/deprotonation of the basic groups or dissociation/association

of acidic groups, but it might also alter the oxidation form of the
metal ions present in the medium [35]. Fig. 3 shows the effect of
pH on the adsorption of Pb2+ onto P(A-N)/AT and P(A-O)/AT. As
expected, the higher the acidic condition, the lower adsorption of
metal ions, this might be for the reason of the protonation of the
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Fig. 5. The pseudo-first-order kinetics for the adsorption of Pb2+ onto P(A-N)/AT
and P(A-O)/AT.

Table 1
Parameters of kinetic models of Pb2+ adsorption onto P(A-N)/AT and P(A-O)/AT.

Samples Pseudo-first-order Pseudo-second-order

Qe1 K1
−1

R2
1 Qe2 K2 R2

2

Figs. 5 and 6. From the corresponding parameters summarized in
Initial pH

Fig. 3. Effect of initial pH on the adsorption of Pb2+.

mino groups at the acidic conditions. Moreover, there was a com-
etitive adsorption between H+ ions and Pb2+ in the solution. As
hown in Fig. 12, a significant increase in the concentration of H+

ed to the adsorption balance moving to the left, which was not
onducive to adsorption because of bad competition. In reverse the
dsorption balance moved to the right, which resulted in excellent
etal ions adsorption. A considerable increase in the adsorption

ccurred at pH = 5–6 and the maximum amount of Pb2+ adsorption
as observed at these pH values. At higher pH values, metal pre-

ipitation took place and the adsorbent was deteriorated with the
ccumulation of metal ions onto surfaces [36].

.2.2. Adsorption kinetics
The relationship between reaction time and sorption amounts

t the initial Pb2+ concentrations of 120 mg/l was presented in
ig. 4. The results showed the adsorption of Pb2+ onto P(A-N)/AT,
(A-O)/AT was very rapid with increase in contact time from 0 to
0 min, and sorption equilibration was achieved by 120 min and
80 min, respectively, followed by a constant adsorption rate with
urther shaking time. The initial rapid step of Pb2+ sorption might

e due to the surface physical sorption because of large surface
rea, around 108.3379 m2/g, obtained from BET test and chemi-
al reactive sorption because of a facilely immediate interaction
etween Pb2+ and the reactive groups (i.e. –NH2, –OH, –COO−)
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Fig. 4. Effect of contact time on the adsorption of Pb2+.
(mg/g) (min ) (mg/g) (g/mg min)

P(A-N)/AT 26.53 0.0071 0.8915 25.90 41.5 × 10−4 0.9985
P(A-O)/AT 56.13 0.0221 0.9111 57.47 4.72 × 10−4 0.9803

[37,38] on the surface of the nano-adsorbent (this mechanism
would be explained in detail in Section 3.2.4). However, the sub-
sequent slow step might be attributable to the reactive sorption
within the polymer chain segments [39]. Besides, the Pb2+ adhered
on the surface of the nano-adsorbent would further hamper the
diffusion of other Pb2+, resulting in a rather long time to reach
the equilibrium. The pseudo-first-order and pseudo-second-order
kinetic equations were employed to analyze the sorption kinetics
of Pb2+ onto the hybrid materials. The curves of log(Qe − Qt) versus
t and t/Qt versus t based on the experiment data were shown in
Table 1, it was observed that the kinetic behavior of Pb2+ sorption
onto the particles was more appropriately described by the pseudo-
second-order model developed based on the assumption that the
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Fig. 6. The pseudo-second-order kinetics for the adsorption of Pb2+ onto P(A-N)/AT
and P(A-O)/AT.



1676 X. Jin et al. / Journal of Hazardous Materials 186 (2011) 1672–1680

0

20

40

60

80

100

600400200
0

50

100

A
ds

or
pt

iv
ity

 (%
)

So
rp

tio
n 

ca
pa

ci
ty

 (m
g/

g)

P(A-N)/AT
P(A-O)/AT

P(A-N)/AT
 P(A-O)/AT

d
l
e
b
m
s
m
b
t
t

3

o
a
t
c
a
P
t
t
s
a
i
t
t
g
a

w
w
e
s
r
I
n
c

T
T
c

6.45.64.84.03.2
4.5

4.6

4.7

4.8

3.2

3.4

3.6

3.8
6.46.05.65.24.8

P(A-O)/AT

ln
(Q

e)

P(A-N)/AT

The new peak at a BE of 401.52 eV may be due to the formation
of R-NH2Pb2+ complexes for Pb2+ taking the place of Na+, but the
intensity of this peak was larger than the former 401.49 eV peak,
indicating the increased amount of metal–NH2 complex. The new
peak (N*) at a BE of 397.26 eV indicates an increase in electron den-

0.012
0.0060.0040.002

0.0375 P(A-N)/AT
P(A-O)/AT
Initial concentration  (mg/L)

Fig. 7. Effect of initial Pb2+ ions concentration on the adsorption.

etermining rate step might be chemisorption promoted by cova-
ent forces through the electron exchange or valency forces through
lectrons sharing between sorbent and sorbate, indicating that the
ehavior of Pb2+ sorption on P(A-N)/AT and P(A-O)/AT was in agree-
ent with chemical adsorption, which was the rate-controlling

tep [40,41]. Interestingly, Pb2+ adsorption onto P(A-N)/AT was
uch faster, the amount of Pb2+ adsorbed per unit weight of adsor-

ent was much smaller than that onto P(A-O)/AT, indicating that
he amidoxime groups grafted onto the surface of AT could enhance
he adsorption of Pb2+ greatly.

.2.3. Adsorption isotherms
The effect of the initial Pb2+ concentration on sorption of Pb2+

nto the P(A-N)/AT and P(A-O)/AT was shown in Fig. 7. The Pb2+

dsorbance rose significantly with an increase in Pb2+ concentra-
ion, whereas the adsorptivity declined. At a lower initial Pb2+

oncentration, especially in the range of 0–120 mg/l, abundant
ctive groups on the surface of nano-adsorbent could react with
b2+, resulting in a significantly increased adsorbance of Pb2+. Then
he sorption process gradually became slow with increasing ini-
ial Pb2+ concentration. The highest adsorptivity achieved in this
tudy was 96.64% at the concentration of 120 mg/l. That was to say,
lmost all Pb2+ would be adsorbed onto the nano-adsorbent if the
nitial Pb2+ concentration was below 120 mg/l. It could be seen that
he amounts of Pb2+ adsorbed onto P(A-O)/AT were much more
han the amounts adsorbed by P(A-N)/AT, since strong adsorption
roups of amide oxime were introduced to the P(A-O)/AT nano-
dsorbent.

The isotherms revealed that the adsorption capacity increased
ith equilibrium concentration. The data in Fig. 7 was analyzed
ith Freundlich and Langmuir equations, respectively. The mod-

led quantitative relationship between Pb2+ concentration and the
orption process was shown in Figs. 8 and 9 and the calculated cor-

elation coefficients and standard deviations were listed in Table 2.
t could be seen that the sorption isotherm behavior of Pb2+ onto the
ano-adsorbent did not fit the Langmuir model very well with the
orrelation coefficients of less than Freundlich model. This might

able 2
he Langmuir and Freundlich equations, the values of parameters and correlation
oefficients.

Samples Langmuir Freundlich

Qm1 (mg/g) KL (l/mg) R2
1 K (mg/g)

(l/mg)1/n
n R2

2

P(A-N)/AT 57.47 0.0053 0.9399 5.707 3.248 0.9969
P(A-O)/AT 109.89 0.1360 0.8397 67.73 12.27 0.9881
ln(Ce)

Fig. 8. Freundlich isotherms of Pb2+ adsorbed onto P(A-N)/AT and P(A-O)/AT.

result from the chemisorption processes of Pb2+ onto P(A-N)/AT,
and P(A-O)/AT.

3.2.4. Adsorption mechanism
3.2.4.1. XPS spectra. To provide evidence for the adsorption mech-
anism, XPS analyses were conducted for P(A-O)/AT before and after
Pb2+ adsorption, XPS were employed. The changes in surface C 1s,
Si 2s, Si 2p, Pb 4f, Na 1s, Na KLL O 1s and N 1s element contents
were demonstrated by XPS surface analyses of P(A-O)/AT before
and after Pb2+ adsorption (Fig. 10). It can be clearly seen that new
peaks for Na 1 s and Na KLL before Pb2+ adsorption and a new peak
for Pb 4f became visible after Pb2+ adsorption for P(A-O)/AT.

It is showed in Fig. 11 that, before Pb2+ adsorption, there were
two peaks in the N 1s spectrum at BEs of about 399.76 eV and
401.49 eV (Fig. 11a). The 399.76 eV peak could be attributed to the
nitrogen atoms in –C(NH2) N-OH groups. The other peak at a BE of
401.49 eV was due to the formation of R-NH2Na+ complexes in the
P(A-O)/AT synthesis. In the complexes, a lone pair of electrons in the
nitrogen atom was donated to the shared bond between N and Na+.
As a consequence, the electron cloud density of the nitrogen atom
was reduced, resulting in a higher BE peak observed [42]. After Pb2+

adsorption, three peaks appeared in the N 1s spectrum (Fig. 11b).
0.030.020.010.00
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Fig. 9. Langmuir isotherms of Pb2+ adsorbed onto P(A-N)/AT and P(A-O)/AT.
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Fig. 10. Typical XPS spectra of P(A-O)/AT: (a) before Pb2+ adsorption; (b) after Pb2+

adsorption.

Fig. 11. XPS N 1s spectra of P(A-O)/AT: (a) before Pb2+ adsorption; (b) after Pb2+

adsorption. (c) O 1s before and after Pb2+ adsorption.

Table 3
The samples of Pb(NO3)2, Ac and AO (with equivalent ratio of AA and AO).

Samples 1 2 3 4 5 6 7 8 9

V(Pb(NO3)2) (ml) 8 7 6 5 4 3 2 1 0
V(Ac) (ml) 0 0.5 1 1.5 2 2.5 3 3.5 4
V(AO) (ml) 0 0.5 1 1.5 2 2.5 3 3.5 4

� (S/cm) 4.64 4.8 5.54 7.3 8.93 7.05 5.87 3.02 1.06

CAc = CAO = 0.02 mol/l, CPb(NO3)2
= 0.01 mol/l, pH = 4.50, T = 298 K, contact time = 24 h.

�∞
m (1/2 Pb2+) = 7.0 × 10−3 S m2 mol−1, �∞

m (H+) = 3.498 × 10−2 S m2 mol−1.

sity for the nitrogen atoms. Further increase in lead loading results
in the shifting of the new N 1s peak component (N*) to a lower BE
and an increase in relative intensity of the N* peak component. As
mentioned above, the XPS results support an adsorption mecha-
nism of covalent bonds formed between Pb2+ and amide groups.
The changes in the N 1s spectral line shapes indicate that strong
interactions must have occurred between the lead atoms and the
nitrogen atoms of the amidoxime groups on the P(A-O)/AT surface
[43]. Moreover, the BE of O 1s electron of P(A-O)/AT-Pb (531.80 eV)
are found to be 0.28 eV(Fig. 11c), lower than that of O 1s electron
in the adsorbent P(A-O)/AT (532.08 eV). However, the peak O 1s
almost kept the same shape before and after lead adsorption, which
may be caused by the similarity bonding mode between –COO−Na+

before lead adsorption and –COO−Pb2+ after adsorption.

3.2.4.2. Conductivity test. In order to study the mechanism of com-
plexation relationship between ligand groups and metal ions, both
of the hydroxyacetamidine—amidoxime group (AO) and acetic
acid—carboxylic group (AA) should be taken into consideration as
P(A-O)/AT mainly contains the groups as mentioned above. Fig. 12
represented the expected mechanism in the adsorption of Pb2+

by these two functional groups. Hydroxyacetamidine (amidoxime
group) was prepared according to Ref. [44].

Generally, the conductivity (k = �mc) of a solution depends on
the concentration of free ions (c) and the molar conductivity (�m).
As described in the formula in Fig. 12, the concentration of H+

increases as the amidoxime and carboxylic groups coordinate metal
ions widely causing larger conductivity value. In either these cases,
altering the ratio of metal ion and ligand, or the proportion of differ-
ent ligands (the amidoxime and carboxylic groups) would change
the coordination effect. Appropriate ratio can lead to the sufficient
coordination as described in Fig. 12 with the maximum value of
conductivity. The result of conductivity experiment illustrated that
the coordination ratio of metal ion and ligands concentration was
1:1 (Fig. 13, Table 3), the conductivity reached maximum, that was,
the best coordination form. As shown in Fig. 14 and Table 4, the con-
ductivity reached maximum when AO:AA = 1:1. It was concluded
that form of coordination was consistent with the expected form
and the best ratio for the coordination was AO:AA:Pb2+ = 1:1:1, and
it mainly existed as the form of complexes (a) (Fig. 12).
3.3. Adsorption of modified nano-adsorbent for phenol

The adsorption selectivity of CTAB-modified P(A-O)/AT to
organic molecules was conducted among toluene, phenol,

Table 4
The samples of Pb(NO3)2, Ac and AO (with different ratio of AA and AO).

Samples 1 2 3 4 5 6 7 8 9

V(Pb(NO3)2) (ml) 4 4 4 4 4 4 4 4 4
V(Ac) (ml) 4 3.5 3 2.5 2 1.5 1 0.5 0
V(AO) (ml) 0 0.5 1 1.5 2 2.5 3 3.5 4
� (S/cm) 2.70 3.6 5.21 7.03 8.61 6.05 5.55 3.61 1.02

CAc = CAO = 0.02 mol/l, CPb(NO3)2
= 0.01 mol/l, pH = 4.50, T = 298 K, contact time = 24 h.

�∞
m (1/2 Pb2+) = 7.0 × 10−3 S m2 mol−1, �∞

m (H+) = 3.498 × 10−2 S m2 mol−1.
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Fig. 12. Proposed schematic diagram for the complex formation between Pb2+ ions, AO and AA.
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hlorobenzene, and n-hexane experiment revealed that CTAB-
odified P(A-O)/AT displayed excellent selective adsorption to

henol among organic molecules. Therefore, phenol was chosen
s the adsorption object.
.3.1. Effect of initial pH
The effect of pH on adsorption of phenol was shown in Fig. 15.
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Fig. 15. Effect of initial pH on the adsorption of phenol.

with pH value change. The largest adsorption of phenol occurred
at pH 9.0. The aim of introducing CTAB which has a hydropho-
bic group and positive charge was to attract phenol molecules in
water. After the CTAB-modified P(A-O)/AT samples were shaked
adequately under different pH values at 25 ◦C, the ammonia con-
tent was detected (Fig. 16). It could be seen the ammonia content

was high in an acidic or strong alkalinic environment. However, at
pH 9.0, the ammonia content was the lowest. The value of ammonia
content reflected the amount of free CTAB in the solution, indicating
that the lower the ammonia content was, the better CTAB combined
with the P(A-O)/AT nano-adsorbent. The scheme in Fig. 17 showed
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Fig. 16. Effect of initial pH on the amount adsorbed of ammonia (T = 25 ◦C, contact
time = 24 h).
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Table 5
Parameters of kinetic models of Pb2+ adsorption onto P(A-N)/AT and P(A-O)/AT.

Sample Pseudo-first-order Pseudo-second-order
Time (h)

Fig. 18. Effect of contact time on the adsorption of phenol.

hat CTAB combined with AO and AA at different pH values, which
as a reversible process. At low pH value AO was at the state of

a) (Fig. 17). In this case, the combination of AO and CTAB was dif-

cult. The reason was that protonation of the amide groups led
o the positively charged molecules which rejected with positively
harged CTAB. AO did not carry electrical charge (Fig. 17b) when
he pH value was at the isoelectric point, which combined with
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Qe1

(mg/g)
K1

(min−1)
R2

1 Qe2

(mg/g)
K2

(g/mg min)
R2

2

P(A-O)/AT 3.039 0.1152 0.9409 6.252 0.2662 0.9934

CTAB relied on Van der Waals force under these conditions. With
the increase of pH, the bonding force between negatively charged
AO (Fig. 17c) and positively charged CTAB increased gradually. The
increase of pH would reduce the effect of CTAB combining with
the P(A-O)/AT when OH− could compete with the combination of
AO (Fig. 17d) with CTAB. AA was similar to AO in bonding with
CTAB. Considering the different isoelectric points of AA and AO and
complex solution conditions, pH 9 was the best pH value.

3.3.2. Adsorption kinetics
The relationship between contact time and phenol uptake by

the CTAB-modified P(A-O)/AT was presented in Fig. 18 at the initial
phenol concentrations of 100 mg/l. The equilibrium time required
for the adsorption of phenol was almost 20 h for the nanoparticles.
However, to ensure equilibrium, the subsequent experiments were
left for 96 h. It was also noted from these figures that the sorption
process was divided into three regimes. The first regime was very
fast characterized by rapid attachment of phenol to the surface of
the sorbent. The second regime, which was slower due to the intra-
particle diffusion, and the third regime where the sorption process
was ceased indicating equilibrium. Compared with similar mate-
rials [45,46], the hybrid nano-adsorbent had obvious advantages
whose adsorption capacity could achieve 6.25 mg/g.

It could be seen from Fig. 19 and Table 5, that the pseudo-
second-order yielded a better fit than the pseudo-first-order by
comparing the results of the correlation coefficient (R2) values; the
correlation coefficient were found to be 0.9934 and 0.9409. The
main reason for this trend was the electrostatic interaction between
adsorbent molecules (hybrid nano-adsorbent) and adsorbate (phe-
nol). The behavior of Pb2+ sorption on CTAB-modified P(A-O)/AT
was in agreement with chemical adsorption.

4. Conclusion
In this study, we synthesized a novel organic–inorganic hybrid
nano-adsorbent (P(A-O)/AT) for the adsorption of metal ions
and organic molecules. The adsorption removal of P(A-O)/AT for
120.0 mg/l Pb2+ achieved more than 96.6%, and the maximum
removal capacity was 109.9 mg/g. In addition, adsorption kinetic
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