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In  this  paper,  atom  transfer  radical  polymerization  (ATRP)  and  radical  grafting  polymerization  were  com-
bined to  synthesize  a novel  amphiphilic  hybrid  material,  meanwhile,  the  amphiphilic  hybrid  material
was  employed  in  the  absorption  of  heavy  metal  and  organic  pollutants.  After  the  formation  of  attapulgite
(ATP)  ATRP  initiator,  ATRP  block  copolymers  of  styrene  (St)  and  divinylbenzene  (DVB)  were  grafted  from
it as ATP-P(S-b-DVB).  Then  radical  polymerization  of acrylonitrile  (AN)  was  carried  out  with  pendent
double  bonds  in  the  DVD  units  successfully,  finally  we  got  the  inorganic–organic  hybrid  materials  ATP-
P(S-b-DVB-g-AN).  A  novel  amphiphilic  hybrid  material  ATP-P(S-b-DVB-g-AO)  (ASDO)  was  obtained  after
ybrid materials
mphiphilic
b(II)
henol
dsorption

transforming  acrylonitrile  (AN)  units  into  acrylamide  oxime  (AO)  as  hydrophilic  segment.  The adsorp-
tion  capacity  of  ASDO  for  Pb(II)  could  achieve  131.6  mg/g,  and  the maximum  removal  capacity  of ASDO
towards phenol  was  found  to  be  18.18  mg/g  in the  case  of  monolayer  adsorption  at  30 ◦C.  The  optimum
pH  was  5 for  both  lead and phenol  adsorption.  The  adsorption  kinetic  suited  pseudo-second-order  equa-
tion and  the  equilibrium  fitted  the  Freundlich  model  very  well  under  optimal  conditions.  At  the  same
time  FT-IR,  TEM  and  TGA  were  also  used  to study  its structure  and  property.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

As large numbers of heavy metal and organic pollutants were
ischarged into water environment from plating plants, mining,
etal finishing, dyeing factories and several other industrial

actories [1–3], so that their decontamination has become a major
esearch topic for the wastewater treatments [4,5]. Heavy metal
s harmful to human beings especially lead poisoning can cause
ypertension, behavioral changes, learning disabilities, reading
roblems, development defects and language difficulties [6].  Par-
icular attention is given to remove lead from wastewater rather
rgently. Compared with traditional processes, lead removal by
pecial adsorbent materials may  have some advantages, such as
onvenient, economy, repeatable and green. Recent studies of
he special adsorbent materials focus on activated carbon [7–9],

ineral adsorbents [10,11], biosorbents [12–14],  composites
15,16] and wide-spread and cheap natural materials or reused

aste [17–22].

Phenols are classified as priority pollutants owing to their tox-
city to organisms even at low concentrations [23]. In view of the

∗ Corresponding author. Fax: +86 9318912113.
E-mail address: liyf@lzu.edu.cn (Y. Li).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.040
high toxicity, wide prevalence and poor biodegradability of phenols
[24] and the US Environmental Protection Agency (EPA) regulations
call for lowering phenol content in the wastewater to less than
1 mg/l [25], it is necessary to remove them from wastewaters before
discharge into water bodies. Treatments of phenolic wastewa-
ter include extraction with organic solvents [26], separation with
membranes [27] and adsorption in porous [28] or functional [29,30]
solids. The last process is the most widely used due to its relatively
simple implementation and low operation cost. In recent years,
there have been many investigations, with the aim of finding effec-
tive adsorbents for the treatment of phenolic aqueous wastes. Thus,
the most used adsorbents are activated carbon [31,32], silica [33],
montmorillonite [34], organophilic clays [35,36] and others.

In our previous works, series of novel adsorbents, chelating
resins [37–40], polysulfone capsules [41–43],  polyvinyl alcohol
(PVA) [44,45] were successfully synthesized and employed in the
removal of heavy metal and organic toxic pollutants in water envi-
ronment. Recent studies have shown that more and more novel
adsorption materials have been developed [46,47], however, few
researches on new materials, which are synthesized to adsorb

heavy metal and organic wastes at the same time, have been
reported.

Amphiphilic copolymers, involving drug carriers for targeted
drug delivery and sensitive to environment materials, etc., have

dx.doi.org/10.1016/j.jhazmat.2011.10.040
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:liyf@lzu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.10.040
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ecently attracted much attentions in a broad range of fields [48,49],
nd the grafting and block copolymerization will be useful meth-
ds for getting functional copolymers [50]. Especially, atom transfer
adical polymerization (ATRP) could not only offer a new kind of
ynthesis way for well-defined macromolecular architecture such
s amphiphilic random, and block copolymers [51,52],  but has pre-
ared a wide range of new type copolymers [53,54],  e.g., many
xcellent works on polymer brushes on the surfaces of zeolite [55]
nd layered silicate [56] have been reported.

In this work, ATRP and radical grafting polymerization were
ntroduced in order to synthesize a novel amphiphilic hybrid mate-
ial. At first, a novel block copolymer, P(S-b-DVB-g-AN), was grafted
rom ATRP initiator – the modified attapulgite (ATP). ATRP of
tyrene (St) and divinylbenzene (DVB) took place from the initiator
equentially, following the radical grafting polymerization of acry-
onitrile (AN) was carried out with the pendent double bonds in the
VB units, successively. After the AN units in the resulting block
opolymers were converted into acrylamide oxime (AO) in the
resence of nitrile group and hydroxylammonium chloride, a novel
mphiphilic hybrid material ATP-P(S-b-DVB-g-AO) was obtained,
hich is abbreviated into ASDO. FT-IR, TEM, and TGA methods
ere used to analyze new structures of the resulting materials,

nd the adsorption properties of the resulting ASDO adsorbent
or Pb(II) and phenol in aqueous solution were investigated at the
ame time.

. Experimental

.1. Materials

Attapulgite (ATP) with the average diameter of 325 mesh, was
rovided by Gansu ATP Co. Ltd., Gansu, China. �-Aminopropyl
riethoxy silane (KH-550) was supported by Wu  Han University. 2-
romoisobutyryl bromide (BB)(98%, Aldrich) was used as received.
tyrene (St) (≥99%, Sinopharm Chemical Regent Co. Ltd.) was
urified by extracting with 5% sodium hydroxide aqueous solu-
ion, followed by washing with water and dried with anhydrous
odium sulfate overnight, finally distillated under vacuum. Divinyl-
enzene (80%, DVB) (Aldrich) was purified by passing through a
olumn of activated basic alumina and purging with high-purity
itrogen for 1 h prior to use. CuBr (≥98.5%, Shanghai Chemi-
al Reagent Co. Ltd.) was dissolved in acetic acid, washed with
thanol and ether in turn then dried under vacuum. Toluene
99.5%, Tianjin Guangfu Fine Chemical Research Institute) was
istilled over CaH2. 2,2′-Bipyridyl (bpy) (≥99.5%, Shanghai Chem-

cal Reagent Co. Ltd.), and CuBr2 (≥98.5%, Shanghai Chemical

eagent Co. Ltd.) were used as received. All other chemicals of
nalytical grade were provided by Tianjin Guangfu Fine Chemical
esearch Institute and were used as received without any further
urification.

Fig. 2. Proposed schematic diagram of th
Fig. 1. Scheme of the preparation procedure of ASDO.

2.2. Synthesis of ASDO

Fig. 1 shows the synthesis process of ASDO. The process is
divided into three stages, introducing initiator onto surface of ATP,
synthesis of hydrophobic block inorganic–organic hybrid materials,
and synthesis of amphiphilic inorganic–organic hybrid materials.
Fig. 2 shows the proposed schematic diagram of the preparation
procedure of ASDO. Hydrophobic polymer segments P(S-b-DVB)
are grafted from ATP which are used to adsorb organic molecules;
divinylbenzene (DVB) was introduced to build hyperbranched
hydrophobic structure and to import reserved double bonds for
the next radical polymerization; poly(acrylamide oximes) (PAOs)
introduced into the outermost layer of the hybrid materials by
free radical copolymerization have a strong metal ion chelation
capacity.

2.2.1. Synthesis of ATP-Br
2.2.1.1. Preparation of KH-550-modified ATP nanocomposites. The

coupling reagent KH-550 was used to introduce amino groups
onto the ATP surface before the graft polymerization initiator was
surface-initiated. Typically, 2.00 g of ATP was dispersed in 60 ml  of
ethanol by sonication for about 0.5 h, then 6.0 ml of NH3·H2O was

e preparation procedure of ASDO.
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3.1. Surface modification reactions

The pathway of preparing ASDO can be outlined as in Fig. 1.
The ATRP initiator was  first immobilized on the surfaces of the
X. Jin et al. / Journal of Hazard

dded and sonicated to homogenize for 10 min. Under continuous
echanical stirring, 4.0 ml  of KH-550 was added to the reaction
ixture. The reaction was allowed to proceed at 50 ◦C for 8 h under

ontinuous stirring under N2 atmosphere. After that, the resultant
roducts were separated by centrifugation and were washed with
thanol and distilled water until neutral. The KH-550-modified ATP
as dried in a desiccator at 50 ◦C overnight.

1.00 g of dried KH-550-modified ATP was dispersed in 60 ml  of
ried THF by sonication for about 0.5 h in a round bottom flask,
ext was cooled in an ice-water bath for 2 h with a stir bar. Then
.00 ml  of triethylamine was added drop wise. The mixture was
tirred for another 30 min  in the ice-water bath, and then 2.00 ml
f 2-bromoisobutyryl bromide was added. The amidation reaction
as conducted at 0 ◦C for 4 h, followed by another 20 at room tem-
erature. After this, a gray powder, separated from the solvent by
entrifugation, was fully washed with water, and ethanol to remove
ny physically adsorbed species. The sample was dried at 40 ◦C
vernight before further characterization.

.2.2. Synthesis of hydrophobic block inorganic–organic hybrid
aterials

Synthesis of ATP-PS (AS) [57]. A 50 ml  two-necked flask with
 magnetic bar was evacuated and purged with pure nitrogen
hree times, 0.50 g of ATP-Br, 4.5 ml  of toluene, and 9 ml  of St was
hen added, and stirring was commenced. Under nitrogen atmo-
phere, 0.111 g of CuBr and 0.162 ml  of PMDETA were then added
nd deoxygenated by three consecutive freeze–pump–thaw cycles.
he tube was sealed under a nitrogen atmosphere and stirring for
0 min  at room temperature and then placed in a thermostatic oil
ath stirring for 24 h at 110 ◦C. The polymerization was  stopped
y cooling the mixture in the air and exposure to oxygen. After
ome time, the viscous mixture was then diluted with THF and the
opolymer-grafted ATP nanoparticles were separated by centrifu-
ation. Several washings of the AS with THF were done to remove
ngrafted PS. The product was isolated by precipitation in a large
xcess of methanol, washed 2–3 times with pure methanol and dis-
illed water respectively, which removed virtually all the remaining
u-salts. For use in further ATRP, ATP-PS was thoroughly extracted

n a Soxhlet extractor for 48 h with toluene, dried in vacuum, and
ried in a desiccator at 50 ◦C.

Synthesis of ATP-P(S-b-DVB) (ASD). Polymerization procedure
58] was as followed. 0.25 g of ATP-PS, 5.00 ml  of toluene, and
.00 ml  of DVB was added to a round bottom flask with a three-way
topcock connected to either a nitrogen line or a vacuum pump.
xygen was removed by repeated vacuum–nitrogen cycles and

hen 0.0444 g of CuBr and 0.0941 g of bpy were added. After the
ask was cycled between vacuum and nitrogen (×6 times) the reac-
ion was stirred for 0.5 h at room temperature and then the flask
as immersed in a preheated (90 ◦C) oil bath. After polymerization
nder stirring at the chosen reaction temperature (typically 90 ◦C)
or 12 h, the powder was  separated by centrifugation and washed
s the step above. The hydrophobic modified ATP was dried under
educed pressure at 50 ◦C overnight.

.2.3. Synthesis of amphiphilic inorganic–organic hybrid
aterials

After the nano-hybrid materials was modified with PDVB, a lot
f –C C suspended were left to react with acrylonitrile (AN) by free

adical polymerization [58].

Synthesis of ATP-P(S-b-DVB-g-AN) (ASDN). 0.5 g of ATP-P(S-b-
VB) and 5.0 g of AN were added into 50 ml  of DMF  and sparged
ith a slow stream of nitrogen for 0.5 h while stirring. Then 0.25 g

f azo-bis-isobutryonitrile (AIBN) was added and the flask was
laced in an oil bath at 80 ◦C under nitrogen for 8 h. After that, the
aterials 198 (2011) 247– 256 249

products were separated by centrifugation and were thoroughly
washed with DMF, distilled water, and ethanol, then dried at room
temperature under vacuum for 24 h.

Synthesis of ATP-P(S-b-DVB-g-AO) (ASDO). 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 mag-
netic stirrer and a reflux condensator, the mixture was stirred for
0.5 h. After that, 0.50 g of ASDN nanocomposites was added to this
mixture. The reaction was  performed in two  steps, 4 h at 40 ◦C and
then 10 h at 85 ◦C under stirring. The modified hybrid materials
were washed thoroughly with a large amount of distilled water
then extracted by ethanol for 12 h, dried at 50 ◦C under vacuum
for 12 h.

2.3. Adsorption experiments

All the adsorption experiments were carried out at adsorbent
dosages of 2 g/l by 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. Pb(II)
concentrations in the solution samples were determined by atomic
absorption spectrophotometer (AAS) while phenol concentrations
were analyzed by a PERSEE TU-1810 UV–vis spectrophotometer at
a wavelength of 271 nm. The pH of solutions was  determined using
a HANNA pH meter.

Pb(II) adsorption isotherms and the effects of the initial concen-
tration were studied in the range of 50–645 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 0–48 h.

Phenol adsorption isotherms and the effects of the initial con-
centration were studied in the range of 50–500 ppm. The effects
of pH were studied in the range of 3.0–13.0, with 0.1 mol/l HCl
and NaOH used as pH controls. Contact time on adsorption was
determined in the range of 0–24 h.

2.4. Characterization

FT-IR spectra were obtained for ATP, surface-initiated ATP-Br,
AS, ASD, ASDN, and ASDO with a Nicolet Magna-IR 550 spectropho-
tometer between 4000 and 450 cm−1.

Transmission electron microscopies (TEM) were studied with a
Tecnai-G2-F30 Field Emission Transmission Electron Microscope.

TGA was conducted with a TA Instruments STA449, and exper-
iments were carried out on approximately 10 mg  of samples
in flowing air (flowing rate = 100 cm3/min) at a heating rate of
20 ◦C/min.

3. Results and discussion
ATP through the interaction with the –NH2 groups; then the poly-
merization of St started from the surface-initiated ATP, the hyper
branched chains of PDVB grew from the (ATP-PS)-Br by polymer-
izing additional DVB molecules from the (ATP-PS)-Br; PAN chains
were connected with the system from left double bonds in PDVB
by free radical polymerization.
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Fig. 3. FT-IR spectra of (a) ATP-Br, (b) AS, (c)ASD, (d) ASDN and (e) ASDO.

Table 1
Characteristics of FT-IR transmission bands of ATP-Br, AS, ASD, ASDN and ASDO.

Sample Band (cm−1) Assignment

ATP-Br 1550 –CO–NH–
AS 2000–1600 Characteristic peak of benzene ring

1494, 1452, 760, 698 Monosubstituted benzene ring peak
ASD 1628, 1407, 990, 902 –C C
ASDN 2244 –C N

1659 �-C N

3

A
A
e
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ASDO 913 �-N–O
3446 �-OH

.1.1. FT-IR spectroscopic analyses
Fig. 3 shows the FT-IR spectra of surface-initiated ATP (ATP-Br),

TP-PS (AS), ATP-PS-PDVB (ASD), ATP-PS-PDVB-PAN (ASDN), and
TP-PS-PDVB-PAO (ASDO), meanwhile, the characteristic peaks of
ach product properly attributed are shown in Table 1. It can be seen
rom Fig. 3 and Table 1 that the important features peaks of every
tep product have emerged in the spectrum, which suggests that
he synthetic material is the target amphiphilic hybrid material.
.1.2. TGA
Fig. 4 shows the TGA result of ASDO, which began to decompose

t 290.21 ◦C, while AS began to decompose at 397.14 ◦C. AS and
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Fig. 4. TGA of (a) ATP, (b) AS and (c) ASDO.
Fig. 5. TEM image of ASDO sample.

ASDO structures both containing polystyrene structure, so a similar
weight loss trend appeared in the vicinity of 450–460 ◦C.

3.1.3. TEM analysis
TEM micrograph of ASDO is shown in Fig. 5. It is evident from

the micrograph that negative charges take place at the surface of
the ATP needles. It demonstrates that ATP-needles with a diameter
of about 50 nm were wrapped by a large number of polymers.

3.2. Sorption studies

3.2.1. Adsorption of Pb(II) ions and phenol
3.2.1.1. Effect of solution pH. The effect of Pb(II) solution pH
(1.0–6.0) on Pb(II) sorption onto the adsorbent material has been
illustrated in Fig. 6a. Both the sorption capacity and the adsorptiv-
ity of Pb(II) increased significantly with a pH rise from 1.0 to 5.0
but decreased slightly with a further pH rise from 5.0 to 6.04. As
pH is lower, the amino groups of amidoxime groups would lose the
complex ability towards Pb(II) ions due to protonation [59], leading
to the low adsorption ability of ASDO for Pb(II) ions. Along with the
increase of pH value, the protonation degree of the amino groups
of amidoxime groups would be weakened, and the coordination
and chelating ability of these amino groups towards Pb(II) ions
would be strengthened. In addition, here the dissociation degree
of oxime hydroxyl groups would increase, and negative oxygen-
ion of oxime hydroxyl groups would be produced, resulting in the
electrostatic interaction between ASDO and Pb(II) ions. It is well
established from speciation study of single lead species that in an
aqueous solution of Pb(NO3)2, the formation of solid Pb(OH)2 starts
at pH 6.3 [60], and the surfaces of ASDO would be covered with the
hydrolysis product. This would badly affect the adsorption property
of the solid adsorbent [61] and lead to the decline of the adsorption
capacity.

The effect of phenol solution pH 3.0–13.0 on phenol sorption
onto the hybrid material has been illustrated in Fig. 6b and it can
be found from Fig. 6b that the adsorption capacity gets up to a max-

imum as pH 5. The above facts reflect the interaction mechanism
between ASDO and phenol, and it can be explained as follows. The
amidoxime group has amphiprotic property [62], so the amidoxime
groups of the grafted PAO will exhibit this property. At lower pH,
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Fig. 6. Effect of pH on the adsorption of ASDO for (a) Pb(II) and (b) phenol.

he basic amino groups of amidoxime groups of ASDO will be highly
rotonized, displaying the cationic character, whereas at higher pH,
he acidic hydroxyl groups of oxime groups will dissociate, exhibit-
ng the anionic character. However, the pKa of phenol is 9.95 and
ypically the aqueous solution of phenol bears negative charges
63,64]. As pH is lower, the amino groups of amidoxime groups will
nhance the attraction ability towards phenol due to protonation,
ut the degree of ionization of phenol will be inhibited, leading
o the highest adsorption ability of ASDO for phenol when pH is
. Along with the increase of pH value, the protonation degree of
he amino groups of amidoxime groups will be weakened, and the
issociation degree of oxime hydroxyl groups will increase, and
egative oxygen-ion of oxime hydroxyl groups will be produced,
esulting in the electrostatic repulsion between ASDO and phenol.

.2.1.2. Effect of sorption time and sorption kinetics. The relationship
etween reaction time and sorption amounts at the different initial
b(II) concentrations is presented in Fig. 7a. The Pb(II) adsorbabil-
ty on the adsorbent rises nonlinearly with increasing the sorption
ime. The sorption process can clearly be divided into two  steps,
n initial rapid step and a subsequent slow step. The sorption of
b(II) ion onto ASDO is very rapid during the initial 3.67 h, for which
he sorption capacity and adsorptivity reach up to 20.50 mg/g and
7.35% when the initial concentration is 23.46 mg/l, respectively,
hat are 99.96% of the sorption capacity and adsorptivity for 48 h.
he initial rapid step of Pb(II) sorption may  be attributed to the

hysical and surface reactive sorption due to a facilely immediate

nteraction between Pb(II) and the reactive groups (i.e. –NH2, –OH
nd –C N) on the surface of the adsorbent [65]. However, the sub-
equent slow step was attributable to the reactive sorption to the
Fig. 7. Adsorption kinetics of ASDO for Pb(II): (a) effect of shaking time on adsorption
of  ASDO, (b) pseudo-first-order and (c) pseudo-second-order.

inner of the polymer chain segments, besides the Pb(II) adhere on
the surface of the nano-adsorbent would further hamper the diffu-
sion of Pb(II), resulting in a rather long time to reach the equilibrium
sorption [66].
The adsorption kinetics that describes the solute uptake rate
governing the contact time of the sorption reaction is one of the
important characteristics that define the efficiency of sorption.
The pseudo-first-order and pseudo-second-order kinetic equations
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Table  2
Parameters of kinetics model for the adsorption of Pb(II) on ASDO with different
initial concentrations.

C0 (mg/l) Pseudo-first-order Pseudo-second-order

Qe1 (mg/g) K1 (h−1) R2
1 Qe2 (mg/g) K2 (g/mg h) R2

2

46.94 17.67 1.731 0.9897 23.58 0.2397 0.9999
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166.4  24.58 0.0919 0.9350 80.65 0.0128 0.9986
221.9  36.07 0.0921 0.9960 93.46 0.0084 0.9976

ere employed to analyze the sorption kinetics of Pb(II) ions
nto the beads. Fig. 7b and c shows the curves of t/Qt versus t
nd log(Qe − Qt) versus t based on the experiment data. From the
orresponding parameters summarized in Table 2, it is observed
hat the kinetic behavior of Pb(II) sorption onto the adsorbent is

ore appropriately described by the pseudo-second-order model
ecause of a much higher correlation coefficient. The pseudo-
econd-order model was developed based on the assumption that
he determining rate step might be chemisorption promoted by
ovalent forces through the electron exchange or valence forces
hrough electrons sharing between sorbent and sorbate [37],
ndicating that the behavior of Pb(II) sorption on ASDO was in
greement with chemical adsorption.

Fig. 8 represents the adsorption kinetics curves of the functional
articles ASDO towards phenol. It can be seen from Fig. 8a that the
dsorption of ASDO can reach equilibrium during 6 h. These results
ndicated that the adsorption process can be considered very fast
ecause of large amount of phenol attached to ASDO within the first

 h of adsorption. After a rapid sorption, the phenol sorption rates
eclined slowly and the equilibriums were reached at about 6 h. The
inetics data are plotted as the linear form of the models (Fig. 8), and
he resultant parameters are given in Table 3. As can be seen from
able 1, the coefficients (R2

1) for pseudo-first-order kinetic model
re between 0.8868 and 0.9609 and the correlation coefficients (R2

2)
or pseudo-second kinetic model are between 0.9988 and 1.0000.
hese results show that phenol adsorption system of ASDO obeys
he pseudo-second-order kinetic model.

.2.1.3. Effect of initial concentration and sorption isotherm. Adsorp-
ion isotherm data have been described by the Langmuir adsorption
sotherm and Freundlich equations.

Langmuir equation:

Ce

Qe
= 1

KLQmax
+ Ce

Qmax

Freundlich equation:

n Qe = ln K + 1
n

ln Ce

here Ce (mg/l) is the concentration of the phenol solution at equi-
ibrium, Qe (mg/g) is the amount of sorption at equilibrium. In
angmuir equation, Qmax is the maximum sorption capacity and KL

s Langmuir constant. In Freundlich equation, K and 1/n  are empir-
cal constants.

The relationship between the initial Pb(II) ion concentration and
he adsorption capacities of ASDO for Pb(II) was studied. As shown

able 3
arameters of kinetics model for the adsorption of phenol on ASDO with different
nitial concentrations.

C0 (mg/l) Pseudo-first-order Pseudo-second-order

Qe1 (mg/g) K1 (h−1) R2
1 Qe2 (mg/g) K2 (g/mg h) R2

2

19.73 3.65 1.076 0.8868 5.07 1.792 0.9988
58.40  5.48 0.8866 0.9609 10.43 0.3754 1.0000
88.07  8.14 1.038 0.9020 13.99 0.3386 0.9999

Sorption time of phenol (h)
Fig. 8. Adsorption kinetics of ASDO for phenol: (a) effect of shaking time on adsorp-
tion of ASDO, (b) pseudo-first-order and (c) pseudo-second-order.

in Fig. 9a, the adsorption capacities of ASDO for Pb(II) were posi-
tively correlated with the initial Pb(II) ion concentration because
the adsorption process was highly concentration dependent. The
Pb(II) adsorbance rises significantly with an increase in Pb(II) con-

centration, whereas the adsorptivity declines. When the initial
Pb(II) ion concentration was  increased from 50 mg/l up to 645 mg/l,
the adsorption capacity increased from 24.99 mg/g to 131.7 mg/g.
The adsorptivity could achieve in this study is 99.8% at the initial
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ig. 9. Adsorption isotherms of ASDO for Pb(II) adsorption: (a) effect of initial con-
entration on adsorption of ASDO, (b) Freundlich model and (c) Langmuir model.

b(II) concentration of around 101.93 mg/l. That is to say, almost all
b(II) ions will be adsorbed onto the adsorbent if the initial Pb(II)
oncentration is lower than 101.93 mg/l.

Two mathematical models proposed by Freundlich and Lang-
uir were used to describe and analyze the sorption isotherm. The

orption data in appropriate concentration range were selected to

e modeled, considering that the sorption of Pb(II) and phenol onto
SDO basically reaches equilibrium in 48 h. The modeled quantita-

ive relationship between Pb(II) (or phenol) concentration and the
orption process is shown in Fig. 9b and c (or Fig. 10b and c) and
Fig. 10. Adsorption isotherms of ASDO for phenol adsorption: (a) effect of initial
concentration on adsorption of ASDO, (b) Freundlich model and (c) Langmuir model.

the calculated correlation coefficients and standard deviations are

listed in Table 4 (or Table 5). From Table 4 (Table 5), we  can con-
clude as follows: (i) the Langmuir maximum capacity was found
to be 131.58 mg/g (18.18 mg/g), but the correlation coefficient R2

is so low that the calculated results may  be not credible. (ii) The
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Table  4
Freundlich and Langmuir constants for Pb(II) adsorption on ASDO.

Samples Langmuir Freundlich

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

(L/mg)1/n
n R2

2

ASDO 131.58 0.1580 0.9972 62.78 8.026 0.9996

Table 5
Freundlich and Langmuir constants for phenol adsorption on ASDO.

Samples Langmuir Freundlich

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

(L/mg)1/n
n R2

2

ASDO 18.18 0.0574 0.9772 1.581 1.67 0.9920
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ig. 11. Scheme of proposed schematic diagram for the complex formation between
b(II) and ASDO.

lope 1/n, ranging between 0 and 1 is indicative of the relative
nergy distribution on the adsorbent surface (or surface hetero-
eneity) [67]. (iii) The Freundlich correlation coefficient is higher
han the Langmuir correlation coefficient. It indicates that the Fre-
ndlich isotherm shows better fit to adsorption than the Langmuir

sotherm.

.2.2. Adsorption mechanism
The adsorption mechanism for Pb(II) had been discussed in some

eports [68–70] but little study had focus on the adsorption mech-
nism of phenol [42]. As amidoximes are supposed to be bidentate,
wo amidoximes may  be used for chelate formation with a metal
on, which makes a square planer chelate [71]. Thus, a possible

echanism was presented in Fig. 11.
Phenol adsorption on ASDO is driven by van der Waals interac-

ion between the aromatic ring of phenol molecule and the phenyl
ing on the matrix of de-extractant capsules, hydrophobic and
ydrogen bonding interaction [42] (as shown in Fig. 12).
.2.3. The repeating examination of the batch adsorption
Regeneration of the spent adsorbent for repeated reuse is very

mportant in industrial treatment. It was found that the adsorption

O
n m Br

NH3NONHNOHNH2NOH

O
H

O
H

O
H

O H

HH

OH

O

ig. 12. Scheme of proposed schematic diagram for the adsorption formation
etween phenol and ASDO.
Fig. 13. Repeating adsorption/desorption process with ASDO (C0Pb(II): 110 mg/l,
C0Phenol: 19.7 mg/l).

behavior of Pb(II) onto ASDO was much dependent on pH value. At
high pH value, the hydroxyl bonding interactions between Pb(II)
(phenol) and ASDO are weaker or disrupted. Therefore, desorption
of the adsorbed tannin from ASDO can take place in alkali solution
(1 mol/l NaOH). The adsorption–desorption cycle of ASDO is shown
in Fig. 13.  It was obvious that ASDO could be utilized repeatedly and
the adsorption capacity was  slightly declined.

4. Conclusions

In this work, a novel amphiphilic hybrid material was designed
and synthesized. FT-IR analysis was used to demonstrate that the
synthetic material is the original design goals. We  found that the
hybrid materials ASDO has excellent adsorption effect of Pb(II) and
phenol in the batch adsorption test. The results showed that the
maximum adsorption capacity of Pb(II) and phenol onto ASDO
was 131.6 mg/g and 18.2 mg/g, respectively. The sorption pro-
cesses of Pb(II) and phenol onto ASDO includes both chemosorption
and physical sorption processes. The sorption all fits the pseudo-
second-order kinetics very well with rapid initial sorption rate.
The repeating examination revealed that the synthesized hybrid
materials maintained high and stable adsorption capacity in the
adsorption/desorption experiment for six times.
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