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In the past decades polymeric adsorbents have been emerging as highly effective alternatives to acti-
vated carbons for pollutants removal and subsequent recovery from industrial effluents. More recently,
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the development of polymer-based hybrid adsorbents has opened up the new opportunities of their
application in deep removal of inorganic pollutants like heavy metals from waters. The present review
focuses on preparation of these polymeric-based adsorbents, their physicochemical properties, adsorp-
tion characteristics and mechanism, as well as their application in water purification.

© 2009 Elsevier B.V. All rights reserved.
ater and wastewater treatment
anocomposites

. Introduction

Adsorption is one of the most effective and simplest approaches
o removing toxic and recalcitrant pollutants from aqueous systems,
nd activated carbon is one of the most widely used adsorbents
or this purpose. The traditional pollutants including phenols, dyes,
rganic acids, and heavy metals, can be effectively trapped by acti-
ated carbons originated from different sources [1–5]. However, it is
ell recognized that activated carbon adsorption still suffers from

ostly regeneration and high attrition rate. Moreover, they tend
o adsorb organic chemicals indiscriminately, making it difficult
o selectively recover certain organic chemicals for reuse. Mean-
hile, low-cost adsorbents have been widely prepared for water
urification [6–11]. These adsorbents are produced on the basis of

ow-cost materials [6,7] or even wastes [8–11] and seem economi-
ally attractive for practical application. However, their adsorption
apacities, mechanical strength, and other properties need further
mprovement for wider application.

In the past decades, polymeric adsorbents have been emerg-
ng as potential alternative to activated carbon in terms of their
ast surface area, perfect mechanical rigidity, adjustable surface

hemistry and pore size distribution, and feasible regeneration
nder mild conditions. Generally, polymeric adsorbents can effec-
ively trap many of the ubiquitous organic pollutants, namely,
henolic compounds [12,13], organic acids [13–15], aromatic or
olyaromatic hydrocarbons [16,17], alkanes and their derivatives

∗ Corresponding author. Tel.: +86 25 83685367; fax: +86 25 83707304.
E-mail address: bcpan@nju.edu.cn (B. Pan).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.02.036
[18]. Upon regeneration, the adsorbed organic chemicals are des-
orbed and may be recovered for further use [19,20]. To further
improve adsorption performance of a given polymeric adsorbent
toward other pollutants such as highly water-soluble compounds
(e.g., sulfonated pollutants) and heavy metal ions, surface modifi-
cation or functionalization has proved to be an effective approach
because the functional groups bound to the polymeric matrixes are
expected to provide specific interaction with the target pollutants
[21,22].

More recently, polymer/inorganic hybrid adsorbents have
emerged as a new class of adsorbent materials for deep removal
of trace pollutants from waters. Generally speaking, these hybrid
adsorbents can be fabricated by irreversibly dispersing inorganic
nanoparticles (e.g., metal oxides, inorganic ion exchangers, zero-
valent Fe) within different polymeric supports. One of the basic
reasons for designing these new hybrid adsorbents relies on the fact
that fine or ultrafine inorganic particles are unusable in fixed beds
or any flow-through systems because of excessive pressure drops
and poor mechanical strength, though most of them exhibit spe-
cific affinity toward target pollutants in waters. For example, metal
(hydr)oxides namely Fe(III) [23–26], Mn(IV) [25,27,28], and Al(III)
[24,25,29] oxides offer specific adsorption affinity toward charged
pollutants like heavy metal ions [23–25,27,29] and phosphate or
arsenate [26,28]. In addition, zero-valence Fe can effectively decon-
taminate some of the disinfection byproducts (DBPs) [30,31] in
drinking waters. Thus, they have to be impregnated into porous

supports of larger particle size to overcome the technical bot-
tleneck, and porous polymeric materials seem more attractive
than activated carbon [32–34], cellulose [35], alginate [36,37],
diatomite [38,39], and sand [40–43] due to their excellent mechan-
ical strength and adjustable surface chemistry.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:bcpan@nju.edu.cn
dx.doi.org/10.1016/j.cej.2009.02.036
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(d: 2–50 nm) ranges, and only a little fraction (always <5%) is
microporous (d < 2 nm). For example, one of the most widely used
adsorbent, Amberlite XAD-4, possesses about 880 m2/g of BET sur-
face area and its average pore diameter is ∼11 nm [48]. The specific

Fig. 1. Pore size distribution of the polystyrene adsorbents NDA-701 and XAD-4 [48].

Table 1
Characteristics of the polystyrene adsorbents XAD-4 and NDA-701 [48].

Adsorbent designation NDA-701 XAD-4

Matrix Polystyrene Polystyrene
Average pore diameter (nm) 2.24 5.61

BET surface area (m2/g)
Total 824 886
Macropore 306 196
Mesopore 88 651
Micropore 430 39

Pore volume (cm3/g) 0.58 1.22
Scheme 1. Schematic illustration of synthetic procedures for a polystyrene

The present review focuses on synthesis and characterization
f these environmentally benign polymer-based adsorbents, their
dsorption performance and mechanism, as well as their appli-
ation in pollutant removal from water. Also, the forthcoming
evelopment in the field was discussed.

. Polymeric adsorbents

Traditional polymeric adsorbents were first developed in the
960s [44], and they were originally developed for use in gel per-
eation chromatography, but their outstanding physical properties

ave made them a very popular material for adsorption and fil-
ration processes. Now they have been widely used in removal of
rganic pollutants from industrial wastewaters or natural waters
12–16]. These adsorbents exhibit vast surface area and perfect
keleton strength, and their basic physicochemical properties like
nternal surface area and pore size distribution are adjustable
y varying the polymerization conditions [45–47]. As compared
o activated carbon, the exhausted polymeric adsorbents can be
menable to an efficient regeneration under mild conditions like
cid or alkaline rinsing [20,48]. As for the environmental concerns,
he main polymeric adsorbents are based on polystyrene or poly-
crylic ester matrix.

.1. Polystyrene adsorbents

.1.1. Synthesis and characteristics
Polystyrene adsorbents can be directly synthesized through sus-

ension polymerization by using styrene as the monomer and
ivinylbenzene as the crosslinking agent [49], and polymeriza-
ion occurs in the presence of pore-forming agents (Porogens) like
oluene [50] or xylene [51]. These agents will be removed from
he polymeric network after polymerization, resulting in a porous
ature of the polymers [52]. Note that any residual free monomeric
r crosslinking agents will be completely removed by extraction
ith organic solvent (e.g., ethanol) prior to practical use. Surface

rea and pore structure of a given polystyrene adsorbent mainly
epend upon the usage of the crosslinking agents, and higher
rosslinking agent ratio is generally believed to result in higher

urface area and narrower pore. These adsorbents have been com-
ercially available for decades, such as XAD-2 (4, 12 or 16) and
uolite ES-861 from Rohm Haas Co. (USA), Diaion HP-20 from Mit-

ubishi Chemical Co. (Japan), and H-5 from Nankai Chemical Plant
China). In general, they are highly durable due to the polystyrene
bent (XAD-4) and a hypercrosslinked polymeric adsorbent (NDA-701) [48].

nature, and always possess high surface area as well as high adsorp-
tion capacity. However, most of the inner pores of these adsorbents
fall within the scope of macroporous (d > 50 nm) or mesoporous
Micropore volume (cm3/g) 0.22 0.0043
Density (wet, g/ml) 1.08 1.04
Particle size (mm) 0.5–1.0 0.5–1.0
Swelling ratio in benzene (%) <5 >15
Osmotic-attrited perfect ball ratio (%) >99.5 ∼92



B. Pan et al. / Chemical Engineering Journal 151 (2009) 19–29 21

astew

p
s
i
a

T
P

P

X

X
X
X

X

X
X
X
X
X
X
X
D
X
X
X
X
X

X
X
X
X

X
X

X
X
N
N

S
Z

N

N
N
C
C
H
C

H

Scheme 2. A typical flow chart of industrial w
ore distribution implies that, though high adsorption capacity is
till available as a result of high surface area, micropore filling plays
nsignificant role in adsorption and the adsorption affinity between
dsorbate and adsorbent may be relatively weak in the absence of

able 2
olystyrene adsorbents used for organic pollutants removal from waters.

olymeric adsorbents Type Organic chemicals

AD-16 Polystyrene Phenol, p-chlorophenol

AD-4 Polystyrene Amino acids, phenylalanine,
AD-2, 4; Indion 1014 MN-2 Polystyrene Phenol, Salicylic acid, p-hydr
AD-2 Polystyrene 1-Naphthol, 2-naphthol, 1-na

2-naphthylamine

AD-4 Polystyrene 1-Naphthol, 2-naphthol, 1-na
2-naphthylamine

AD-1600 Polystyrene Dichloromethane
AD-2 Polystyrene Di-2-pyridyl ketone salicyloy
AD-4, 12, 16 Polystyrene Benzoic acid
AD-4 Polystyrene Diethyl phthalate
AD-2, 4 Polystyrene Benzene
AD-2, 4 Polystyrene Carbon tetrachloride
AD-2, 4 Polystyrene Chlorobenzene
uolite ES-861 Polystyrene m-Cresol
AD-4, 16 Polystyrene Phenol
AD-4 Polystyrene 4-Chlorophenol
AD-2, 4 Polystyrene Cephalosporin C, deacetylcep
AD-2, 4 Polystyrene Atrazine
AD-4 Polystyrene Sodium 6-dodecyl benzene s

brilliant blue KN-R
AD-2, 4 Polystyrene Phenol, 4-chlorophenol, 2,4-
AD-2, 4 Polystyrene Linalool
AD-4, NDA-16 Polystyrene Chloronitrobenzene
AD-4 Polystyrene phenol, p-cresol, p-chlorophe

p-nitrophenol

AD-4 Polystyrene Phenol
AD-4 Polystyrene Caffeine, cephalosporin-C

AD-4 Polystyrene Aniline, phenol
AD-4 Polystyrene Phenol, 4-chlorophenol
DA-701 Hypercrosslinked 4-Nitrophenol
J-8 Hypercrosslinked Phenol, p-cresol, p-chlorophe

p-nitrophenol

ample 390 Hypercrosslinked Aniline, phenol
CH-101 Hypercrosslinked Dyes, phenol

DA-100 Hypercrosslinked Resorcinol, catechol

DA-150 Hypercrosslinked Diethyl phthalate
DA-150 Hypercrosslinked Sorbic acid
HA-111 Hypercrosslinked Lipoic acid
HA-101 Hypercrosslinked Terephthalic acid
XLGp Hypercrosslinked Oxamyl, methomyl, desisopr
HA-111 Hypercrosslinked Phenol, benzoic acid, o-phtha

sulfonic acid, 2-naphthalenes

ypersol-Macronet MN-200 Hypercrosslinked Phenol, 2-chlorophenol, 3-ch
4-chlorophenol
ater treatment by polymeric adsorbents [88].
other specific interactions. Consequently, deep removal of a given
pollutant by these adsorbents always needs further improvement.

To further improve the adsorption performance, another
polystyrene adsorbent, namely hypercrosslinked polymeric adsor-

Maximum sorption capacities Ref.

1.5029 mmol/g (phenol), 2.2702 mmol/g
(p-CP)

[12]

tryptophan Not available [14]
oxy benzoic acid 0.2–3 mmol/g [15]
phthylamine, 125.3 mg/g (1-naphthol), 109.3 mg/g

(2-naphthol), 180.2 mg/g (1-naphthylamine),
208.6 mg/g (2-naphthylamine)

[16]

phthylamine, 307.4 mg/g (1-naphthol), 320.4 mg/g
(2-naphthol), 473.6 mg/g (1-naphthylamine),
479.7 mg/g (2-naphthylamine)

[16]

27 mmol/g [18]
lhydrazone 2.2 mg/g [61]

Not available [62]
649 ± 75.3 mg/g [63]
730 mg/g (XAD-2), 1400 mg/g (XAD-4) [64]
1250 mg/g (XAD-2), 2600 mg/g (XAD-4) [64]
825 mg/g (XAD-2), 2060 mg/g (XAD-4) [64]
141 mg/g [65]
Not available [66]
30.89 mg/g [67]

halosporin C Not available [68]
Not available [69]

ulfonate, reactive 1.95 mmol/g (6-NaDBS), 0.4 mmol/g (KN-R) [70]

dichlorophenol ≈0.4–2.5 mmol/g [71]
Not available [72]
325 mg/g (NDA-16) [73]

nol, 0.603 mmol/g (phenol), 1.176 mmol/g
(p-cresol), 1.428 mmol/g (p-CP), 1.200 mmol/g
(p-NP)

[74]

Not available [75]
28.505 mmol/g (caffein), 23.353 mmol/g
(cephalosporin-C)

[76]

0.716 mmol/g (aniline), 0.521 mmol/g (phenol) [77]
1.22 mmol/g (phenol), 1.47 mmol/g (4-CP) [78]
≈600 mg/g [48]

nol, 1.455 mmol/g (phenol), 2.489 mmol/g
(p-cresol), 2.891 mmol/g (p-CP), 2.364 mmol/g
(p-NP)

[74]

1.931 mmol/g (aniline), 1.390 mmol/g (phenol) [77]
384.6 mg/g (phenol), 232.6 mg/g (RO),
20.9 mg/g (MB)

[79]

0.814 mmol/g (resorcinol), 1.012 mmol/g
(catechol)

[80]

825 mg/g [81]
120 mg/g [82]
12.2 mg/g [83]
90 mg/g [84]

opylatrazine Not available [85]
lic acid, benzene
ulfonic acid

174.8 mg/g (phenol), 293.3 mg/g (benzoic
acid), 202.8 mg/g (o-phthalic acid), 208.3 mg/g
(BSA), 266.0 mg/g (2-NSA)

[86]

lorophenol, 0.922 mmol/g (phenol), 1.060 mmol/g (2-CP),
1.355 mmol/g (3-CP), 1.270 mmol/g (4-CP)

[87]
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ent, was developed at the end of 1960s [53,54]. It can be available
y suspension polymerization of styrene and divinylbenzene, fol-
owed by chloromethylation and post-cross-linking of the resulting
olystyrene beads [55]. The commercial hypercrosslinked adsor-
ents are NDA-701, CHA-101, and NDA-150 from N&G Environ. Co.
China), and Hypersol-Macronet MN-200 & -250 from Purolite (UK).
or comparison, synthetic procedures of XAD-4 and NDA-701 are
riefly depicted in Scheme 1 [48], and their key structure data are

isted in Table 1. In addition, their pore size distributions are illus-
rated in Fig. 1 [48].

One can see that NDA-701 possesses a little higher surface area
nd much more microporous volume than XAD-4. In fact, microp-
re region of a given adsorbent is believed to greatly enhance
dsorption toward organic pollutants through micropore
lling. Thus, higher capacity can be available at relatively

ow solute concentration for hypercrosslinked polymeric
dsorbent [48]. However, the high degree of crosslinking may
bate the diffusion of the solutes into the polymer bulk and
onsequentially decrease the adsorption capacity.

.1.2. Application in water and wastewater treatment
Polystyrene adsorbents are now widely used for removal of

rganic pollutants particularly discharged from industrial efflu-
nts. Unlike activated carbon, polymeric adsorbents could be tailor
ade and their adsorption is generally a reversible process, i.e., the

dsorbed organic chemicals from waste streams could be effectively
esorbed under mild conditions for resource recovery or further
reatment. The desorption reagents required depend mainly on the
roperties of the adsorbed pollutants, the typical ones being inor-
anic acids (e.g., HCl, H2SO4), alkaline (NaOH, Na2CO3), or organic
olvents (methanol, alcohol, acetone) [20,51,57–60]. Table 2 sum-
arizes recent literatures and patents on polystyrene adsorbents

mployed for organic species removal from industrial effluents or
atural waters.

Generally, fixed-bed adsorption-regeneration process is fre-
uently proposed for their industrial application. Scheme 2
resents a typical flow diagram for the process [48,88].

.1.3. Case study

.1.3.1. Case 1. 2,3-acid manufacturing effluent treatment. NDA-708,
hypercrosslinked polystyrene adsorbent manufactured by N&G

nvironmental Co. (China), was chosen to treat the 2-napthol-
-carboxylic acid (2,3-acid) manufacturing effluent based on a
xed-bed process [57]. The acidic effluent contained 700–800 mg/L
f 2-naphthol and 2,3-acid totally, and its COD (chemical oxy-
en demand) value was about 1500–500 mg/L. After being treated,
9.5% of naphthalene derivatives as well as 98.5% of COD were
ffectively removed, and the effluent quality met the national emis-
ion standard of China after pH adjustment to 6–9. 2,3-acid and
-naphthol adsorbed on the polymeric adsorbent could be effec-
ively rinsed by NaOH solution with desorption efficiency nearly to
00%. The concentrated 2,3-acid and 2-naphthol solution was then
ecycled to the production process for resource recovery without
ny further treatment. In china, there are eight 2,3-acid manufac-
uring plants adopting the above-mentioned process to treat their
rganic effluents, and more than 700,000 m3 of the effluent was
ffectively disposed of annually for safe discharge. Moreover, more
han 500 ton of naphthalene derivatives were recovered.

.1.3.2. Case 2. Phenylacetic acid manufacturing effluent treatment. A
ypercrosslinked polystyrene adsorbent (NDA-999, manufactured

y Jinxiang Chemical Plant, China) was employed to treat pheny-
acetic acid manufacturing effluent [20]. The effluent contained
.5–3.7 g/L of phenylacetic acid, 0.1–0.5 g/L benzyl alcohol and ben-
aldehyde, and ∼5% NaCl. Its COD value was near to 13,700 mg/L.
fter NDA-999 adsorption, over 99.5% of the organic pollutants
Fig. 2. Schematic structure of polyacrylic ester adsorbent (R denotes the crosslinking
reagent, e.g., dimethyl acrylate glycol ester) [89].

could be removed before the significant breakthrough occurred.
The effluent containing the residual NaCl was then transferred to an
electrolysis process to produce NaOH. Phenylacetic acid loaded on
NDA-999 could be effectively rinsed by dilute NaOH solution, while
other organics like benzyl alcohol and benzaldehyde could be des-
orbed by methanol. The eluted solution containing concentrated
phenylacetic acid was directly recycled into the production line for
recovery of phenylacetic acid. As for the used methanol, it can be
recovered by distillation, the residues disposed of by incineration.
The exhausted adsorbent after regeneration could be employed for
repeated use without any capacity loss. The process was employed
to treat the industrial effluent (about 40 ton per day) in a chemical
plant (Shandong province, China).

2.2. Polyacrylic ester adsorbent

2.2.1. Synthesis and characteristics
Polyacrylic ester adsorbent can be synthesized according to a

similar process to polystyrene adsorbent, except that the monomer
is acrylate instead of styrene for the latter one. Its chemical struc-
tures can be generally represented by Fig. 2 [89]. Acrylate exhibits
relatively larger reactivity than styrene during the copolymer-
ization process and thus, the polyacrylic ester adsorbents seem
mechanically more stable than the polystyrene adsorbents [90].
In addition, they are polar and hydrophilic due to the presence of
acrylic ester groups. Commercially available polyacrylic ester adsor-
bents include Amberlite XAD-7, -7HP and -8 from Rohm Haas (US),
Wofatit EP62 and Y59 from Chemie AG Bitterfeld (Germany), and
NDA-7 from Jiangsu N&G Environ. Co. (China).

2.2.2. Application in water and wastewater treatment
Due to their polar and hydrophilic characteristics, the poly-

acrylic ester adsorbents have been successfully applied for removal
and recovery of highly water-soluble compounds from water and
wastewater, typical of which are reactive dyes and some sulfonated
compounds. Also, the polyacrylic ester adsorbents show easier
regeneration characteristic as compared to polystyrene adsorbents,
this characteristic may offer excellent opportunities conducive to
decolourisation of a wide array of dye from contaminated water
bodies. Table 3 is a compilation of literature and patents on organic
removal by polyacrylic ester adsorbents.

As for the adsorption mechanism, hydrophobic interaction, ionic
attraction, hydrogen bonding, and even complex formation possibly
occur under different operation conditions [97]. Our recent study
[89] elucidated that hydrophobic interaction and electrostatic inter-
action play a synergetic role in effectively scavenging sulfonated
pollutants by a polyacrylic ester adsorbent NDA-801. It is well rec-

ognized that the hydrophobic interaction plays a favorable role in
adsorption [87,77]. Besides, the ester groups bound to porous poly-
meric matrix are partially positively charged under acidic solution
and thereby, electrostatic interaction occurs between the positively
charged ester groups and anionic adsorbates.
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Table 3
Organic pollutants removal by polyacrylic ester adsorbent.

Polyacrylic adsorbents Organic chemical Maximum sorption capacities Ref.

XAD-7, 8 2-Naphthylamine 232.5 mg/g (XAD-7), 263.2 mg/g (XAD-8) [16]
XAD-7, 8 1-Naphthol 278.0 mg/g (XAD-7), 296.5 mg/g (XAD-8) [16]
XAD-7, 8 1-Naphthylamine 256.4 mg/g (XAD-7), 267.1 mg/g (XAD-8) [16]
XAD-7 Dichloromethane 17.76 mmol/g [18]
XAD-7 Phenol 78.7 mg/g [51]
XAD-7 Di-2-pyridyl ketone salicyloylhydrazone 10.4 mg/g [61]
XAD-8 Phenol Not available [62]
XAD-7 Diethyl phthalate 480 ± 49.9 mg/g [63]
XAD-7, YWB Sodium 6-dodecyl benzene sulfonate, reactive brilliant blue KN-R 0.65–1.6 mmol/g [70]
XAD-7 Linalool Not available [72]
XAD-7 Caffeine, cephalosporin-C 58.322 mmol/g (caffein), 62.676 mmol/g (cephalosporin-C) [76]
XAD-7 Phenol, 4-chlorophenol 0.84 mmol/g (phenol), 1.31 mmol/g (4-CP) [78]
NDA-801 Sodium 2-naphthalene sulfonate 123 mg/g [89]
NDA-7; XAD-7 Dimethyl-isophthalate-5-sulfonic acid Not available [91]
XAD-7 p-Cresol, N-methylaniline Not available [92]
N
W
X
X

3

i
t
t
a
z
a
i
w

T
P

P

H
H
P
H

P
P
P
H
P
P
P
P

P

P
P

P

P
P
P
P
P
P
P
P

DA-7 5-Sodiosulfoisophthalic acid
ofatit EP62, Y59 Ethoxylated aliphatic mines

AD-6 (7 or 8), YWB-38 4,4′-Dinitrostilbene-2,2′-disulfonic acid (DNS)
AD-7 Alachlor, trifluralin, prometryn, amitrole

. Chemically modified polymeric adsorbent

Chemical modification is generally an effective approach to
mproving adsorption performance of a polymeric adsorbent
oward some specific pollutants. For example, many environmen-
ally significant aromatic compounds, namely, aromatic carboxylic
cids, naphthalene and benzene sulfonic acids, and quaternary ben-

ylammonium compounds exist as ions in the aqueous phase over
wide range of pH. They are often referred to as hydrophobic ion-

zable organic compounds (HIOCs) [98,99]. Because of their high
ater solubility, they cannot be effectively trapped by traditional

able 4
ollutants removal by functionalized polymeric adsorbents.

olymeric matrix Functional group Pollutants

ypercrosslinked polystyrene Tertiary amino group Sodium benzene
ypercrosslinked polystyrene Carboxyl group p-Nitroaniline
olystyrene Tertiary amino group Resorcinol, catec
ypercrosslinked polystyrene Tertiary amine Phenol, benzoic

acid, benzene su
2-naphthalenesu

olystyrene Tertiary amine Methomyl
olystyrene Sulfonic acid group Methomyl
olystyrene Dicyandiamide Reactive brilliant
ypercrosslinked polystyrene Amidocyanogen Phenol, aniline
olystyrene Sulfonic group Acetylaminophe
olystyrene Amino group Naphthalene sul
olystyrene Polyethylene glycol group Yellow 5GL
olystyrene 2-Carboxy-3/4-nitrobenzoyl,

2,4-dicarboxybenzoyl
Oxamyl, methom
desisopropylatra
dimethoate, atra
2,4-dichlorophen
hydroquinone, re
orcinol, guaiacol

olyacrylamide Lateral alkyl quaternary
ammonium group

Cholate, tauroch
chenodeoxychol

olystyrene Nitrosonaphthol Cu(II), Ni(II)
olystyrene Dithiooxamide Cu, Zn(II), Cd(II),

olystyrene Bis-2[(O-carbomethoxy)-
phenoxy]ethylamine

La(III), Nd(III), Sm

olystyrene Palmitoyl quinolin-8-ol Mn(II)
olystyrene 1,2-Bis(o-aminophenylthio)ethane Hg(II), MeHg(I)
olystyrene Catechol Cd(II), Cu(II), Ni(
olystyrene 2-Naphthol-3,6-disulfonic acid Cr(III), Cr(VI)
olystyrene 1-(2-Thiazolylazo)-2-naphthol Zr(IV), Hf(IV)
olystyrene Amino group Hg(II), U(VI), Pb(
olystyrene Palmitoyl hydroxyquinoline Ga(III)
olystyrene Bicine La(III), Nd(III), Tb
Not available [93]
Not available [94]
Not available [95]
Not available [96]

nonpolar polystyrene adsorbents from aqueous systems. In view
of theory, it is viable to solve the technical difficulty by modi-
fying surface chemistry of a polystyrene adsorbent and thereby
enhancing the adsorbate–adsorbent affinity. Till now there are
numerous chemically modified polymeric adsorbent available for
this purpose. Table 4 summarizes recent literature and patents on
chemically modified polymeric adsorbents for pollutants removal

from waters.

To further elucidate the characteristics and possible application
of a chemically modified polymeric adsorbent, here an amine-
modified polystyrene polymeric adsorbent M-101 was selected as a

Maximum sorption capacities Ref.

sulfonate 1.2 mmol/g [21]
3.2 mmol/g [22]

hol 1.0–1.8 mmol/g [80]
acid, o-phthalic
lfonic acid,
lfonic acid

90–270 mg/g [86]

40 mg/g [100]
5 mg/g [100]

blue KN-R 28.1 mg/g [101]
Not available [102]

nol 428.5 mg/g [103]
fonates 108 mg/g [104]

Not available [105]
yl,
zine, phenol,
zine,
oxy acetic acid,
sorcinol, catechol,

Not available [106]

olate,
ate

1.35–1.73 mmol/g [107]

6–10 mmol/g [108]
Pb(II) 0.97 mmol/g (Cu), 0.12 mmol/g (Zn, Pb),

0.08 mmol/g (cd)
[109]

(III) 0.5–0.7 mmol/g [110]

0.03 mmol/g [111]
0.38 mmol/g (Hg), 0.30 mmol/g (MeHg) [112]

II), Pb(II) 25–90 umol/g [113]
1.35 mmol/g [114]
0.92 mmol/g (Zr), 0.87 mmol/g (Hf) [115]

II) 0.8 mmol/g (Hg), 1.13 mmol/g (U), 0.36 mmol/g (Pb) [116]
Not available [117]

(III), Th(IV), U(VI) 0.35 mmol/g (La), 0.40 mmol/g (Nd), 0.42 mmol/g
(Tb), 0.25 mmol/g (Th), 0.38 mmol/g (U)

[118]
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Table 5
Salient properties of an aminated polystyrene adsorbent M-101 [21].

Crosslink density (%) >35
BET surface area (m2/g) 671.5
Macropore volume (cm3/g) 0.16
Mesopore volume (cm3/g) 0.028
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icropore volume (cm3/g) 0.40
otal anion exchange capacity (mequiv./g) 1.53
uaternary ammonium group (mmol/g) 0.027

epresentative one because of its wide application in HIOCs removal
rom industrial streams in China.

.1. Synthesis and characterization of an amine-modified
olystyrene adsorbent M-101

The amine-modified polystyrene adsorbent M-101 of high sur-
ace area could be synthesized according to a proprietary technique
119]. In brief, its synthesis consists of three basic steps. First,
olystyrene beads were synthesized through suspension poly-
erization of styrene and divinylbenzene. Second, the resulting

olystyrene beads were chloromethylated to create possible bond
ridge for sequent amination. Third, the chloromethylated beads
ere aminated by dimethylamine and we obtained M-101, an

minated polystyrene adsorbent [56]. Salient properties of the ami-
ated polystyrene adsorbent M-101 were listed in Table 5 [21].

From Table 5 one can see that M-101 possesses not only basic
roperties of a hypercrosslinked polystyrene adsorbent (e.g., high
urface area and micropore volume), but a large amount of amine
roups, which is similar to a weakly basic anion exchanger. Such
nteresting structure of M-101 renders it to be an effective adsor-
ent for many HIOCs like sulfonated compounds. Our earlier study
21] demonstrated that M-101 exhibited much higher adsorp-
ion capacity toward sulfonated aromatics (e.g., benzene sulfonate,
aphthalene sulfonate) than a hypercrosslinked polystyrene adsor-
ent CHA-101. Moreover, its adsorption preference toward these
ulfonated aromatics over sodium sulfate is much higher than a
eakly basic anion exchanger D-301. Such satisfactory performance
f M-101 is mainly attributed to the �–� interaction between the
romatic nature of polymeric matrix and nonpolar moiety of the
dsorbate, as well as electrostatic interaction between the posi-
ively charged amine groups under acidic pH and the sulfonated
nions [56].

able 6
olymeric chelating adsorbents for selective heavy metals removal from aqueous media.

olymeric adsorbents Chelating groups Targ

minodiacetate chelating resins Iminodiacetate groups Cu(

oly(MMA-MAGA) Methacryloylamidoglutamic
acid groups

Hg(

helex 100 Iminodiacetic acid groups Ni(I
oly(GMA-co-EGDMA)-en Ethylene diamine Pt(I

MA/DVB magnetic resin Iminodiacetic acid groups Pb(

mberlite IRC-718 Iminodiacetate groups Fe(I
el-type chelating resins Dithiocarbamate groups Hg(
owex M 4195 Bispicolylamine groups Cr(V
,3-DHBA-XAD 2,3-Dihydroxy benzoic acid

groups
Fe(I

ASP chelating resin Aspartate groups Cu(
helex 100 Iminodiacetic acid groups Cu(
enzothiazole-based chelating resin Benzothiazole groups Cu(

GLY chelating resin Glycine groups Cu(

zophenolcarboxylate -based chelating resin Azophenolcarboxylate groups Cr(I
g Journal 151 (2009) 19–29

3.2. Field application of M-101 in chemical wastewater treatment

The aminated polymeric adsorbent M-101 has been widely
applied for removal of aromatic sulfonates from industrial wastew-
ater. For example, M-101 was successfully adopted to remove
1- and 2-naphthalene sulfonates (NS) from 2-naphthol manu-
facturing effluent (500 m3/d, Chuanqing Chemical Plant, China)
[120]. The feeding wastewater contains about 1500 mg/L 1-NS,
5000 mg/L 2-NS, and 7–12% of sodium sulfate. Field application
results showed that total NS was removed to below 40 mg/L. The
regeneration efficiency of about 99% could be achieved by using
2 M NaOH as regenerant. The concentrated eluate solution was fur-
ther treated by condensation and recycled to the production line for
NS recovery. The above process has been employed in four plants
in China, treating about 400,000 m3 of industrial effluent annually.
Another example is to treat the manufacturing wastewater for DSD
acid (4,4′-dinitrobenzyl ethylene-2,2′-disulfonic acid) in Huaihua
Chemical Co.(Jiangsu, China) and Huayu Chemical Group (Hebei,
China). This industrial stream contained about 3500 mg/L DNS acid
(4,4′-diaminobenzylethylene-2,2′-disulfonic acid) and as high as
10–15% of sodium sulfate [121]. Field application results demon-
strated that, after adsorption with M-101, DNS acid in the effluent
decreased to less than 30 mg/L. Its superior property of M-101 was
manifested by more than 2-year continuous running performance
in industrial scale.

4. Polymeric chelating adsorbents

Polymeric chelating adsorbents have been tailor made to selec-
tively adsorb toxic heavy metals from industrial streams or other
aqueous systems, and widely applied in concentration control
(preconcentration of the trace elements from solutions) for ana-
lytical purposes [50,122–134]. Such adsorbents generally consist of
two sections: the polymeric matrix and the immobilized chelat-
ing groups. We were particularly interested in different chelating
groups, which are expected to offer specific interactions with tar-
geted metals through complex formation. Such specific interactions

are generally interpreted by Lewis acid–base principle, where the
chelating groups can be taken as Lewis bases while the heavy
metal ions, Lewis acids. Some of recent developments on poly-
meric chelating adsorbents employed for heavy metals removal are
summarized in Table 6.

eted pollutants Maximum sorption capacities Ref.

II), Co(II), Ni(II) 3.257 mmol/g (Cu), 2.6 mmol/g (Co),
2.809 mmol/g (Ni)

[50]

II), Cd(II), Pb(II) 29.9 mg/g (Hg), 28.2 mg/g (Cd),
65.2 mg/g (Pb)

[122]

I) 2.15 mmol/g [123]
V), Cu(II), Pb(II), Cd(II) 1.30 mmol/g (Pt), 1.10 mmol/g (Cu),

1.06 mmol/g (Pb), 0.67 mmol/g (Cd)
[124]

II), Cd(II), Zn(II), Ca(II), Mg(II) 2.3 mmol/g (Pb), 2.0 mmol/g (Cd),
1.65 mmol/g (Zn), 1.60 mmol/g (Ca),
1.48 mmol/g (Mg)

[125]

II), Al(III), Ni(II), Zn(II) Not available [126]
II), Pb(II), Cd(II) Not available [127]
I) 29.7 mg/g (Cr) [128]

II) Not available [129]

II), Cd(II) 1.40 mmol/g (Cu), 1.28 mmol/g (Cd) [130]
II) 1.6 mmol/g [131]
II), Cd(II), Pb(II) 5.68 mmol/g (Cu), 1.03 mmol/g (Cd),

1.55 mmol/g (Pb)
[132]

II), Ni(II), Cd(II) 1.22 mmol/g (Cu), 1.07 mmol/g (Ni),
0.96 mmol/g (Cd)

[133]

II), Cr(VI) 0.38 mmol/g Cr(III), 0.69 mmol/g Cr(VI) [134]
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Table 7
Polymer-based hybrid adsorbents for inorganic pollutants removal.

Polymeric substrate Inorganic nanoparticles Targeted pollutants Detailed performance Ref.

Polymeric cation exchanger Zr(HPO4)2 Pb(II) Pb(II) removed from 40 to <0.05 mg/L within 2000 BV [140]
Polymeric anion exchangers Hydrated ferric oxide Phosphate P(V) removed from 100 to <5 ppb within 10,000 BV [141]
Polymeric anion exchangers Hydrated ferric oxide Arsenic As(V) removed from 23 to <0.5 ppb within 33196 BV [143]
Polyacrylamide Hydrated ferric oxide Pb(II), Hg(II), Cd(II) Adsorption capacities are 211.4 mg for Pb(II), 155.0 mg for

Hg(II), 147.2 mg for Cd(II) per g of adsorbent
[144]

Polymeric anion exchangers Hydrated ferric oxide Arsenic As(V) removed from 50 to <10 ppb within 4000 BV, As(III)
removed from 100 to <10 ppb within 2000 BV

[145]

Polymeric anion exchangers Hydrated ferric oxide Arsenic As(V) removed from 300 to <10 ppb within 3500 BV, As(V)
removed from 20 to <10 ppb within 17,500 BV

[146]

Polystyrene adsorbents Hydrated ferric oxide Arsenic Arsenic removed from 100 to <10 ppb within 60 BV [147]
Cation exchange adsorbents Fe(III) oxides Se(IV); As(V) Se(IV) removed from 100 to <0.5 ppm, As(V) removed from

100 to <0.5 ppm
[148]

Fibrous polymeric ion
exchangers

Hydrated ferric oxide As(III), As(V) Arsenic removed from 60 to <10 ppb within 10000 BV [149]

Polymeric cation exchanger Zr(HPO3S)2 Pb(II), Cd(II), Zn(II) Pb(II) removed from 50-130 to <10 ppb within 50,000 BV, [150]

P II), Cd
P II), Zn
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impregnating or coating the fine particles onto the porous supports
of larger particle size [32–43]. The widely used support materials
include activated carbon [32–34], cellulose [35], alginate [36,37],
diatomite [38,39] and sand [40–43]. In recent years, porous poly-
meric adsorbents or ion exchangers proved to be ideal alternatives
olymeric cation exchanger Hydrated ferric oxide Pb(II), Cu(
olymeric cation exchanger
D-001, 001 × 7; D-113

Hydrous manganese oxide Pb(II), Cd(

Though heavy metals can be selectively trapped by chelating
dsorbents, it is noteworthy that regeneration of the exhausted
helating adsorbents for repeated use is still a challenging and
ostly task due to the strong affinity between the adsorbents
nd heavy metals. Therefore, how to balance the adsorption and
egeneration properties of a given chelating adsorbent is still an
mportant but somewhat difficult aspect in future.

. Polymer-based inorganic hybrid adsorbents

Water pollution by inorganic pollutants, e.g., heavy metals,
rsenic, has adverse effects on ecosystems and human health, and
xposure to heavy metals even at trace level is believed to be a
isk for human beings [135,136]. It has been a major preoccupa-
ion for many years to develop efficient technologies for enhanced
emoval of these toxic pollutants from waters. In the past decades,
any environmentally benign inorganic particles, namely, metal

hydr)oxides (e.g., Fe(III) [23–26], Mn(IV) [25,27,28], and M(HPO4)2
M = Zr, Ti, Sn) [137,138]) have been exploited as efficient adsorbents
or enhanced removal of these targeted pollutants. Unfortunately,

hese inorganic adsorbents are usually present as fine or ultra-
ne particles and suffer from issues involving mass transport and
xcessive pressure drops when applied in fixed bed or any other
ow-through systems [139]. An effective approach to overcom-

ng this technical bottleneck is to fabricate hybrid adsorbents by

Fig. 3. Transmission electron micrographs of ZrP-loaded D-001 (ZrP-001).
Cd(II) removed from 80–140 to <3 ppb within 9000 BV
(II) Metal ions removal from 1 ppm to <5 ppb within 7000 BV [151]
(II) Kd increased by 20–800 times as compared to host

exchangers, sorption capacities increased by 50–300%
[152]
Fig. 4. Effect of competing cations on lead removal by ZrP-001 and D-001 at pH 4.0
and 303 K. (a) Ca2+, (b) Mg2+ (0.25 g of each sorbent was introduced into 100-mL
solution containing 0.25 mM Pb2+) [140].
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o fabricate similar hybrid adsorbents [140,141]. This is mainly
ecause of the excellent mechanical strength and adjustable sur-
ace chemistry of the polymeric supports. For example, when a
olymeric exchanger is chosen as support material of a given hybrid
dsorbent, the immobilized charged functional groups bound to the
olymeric matrix would greatly enhance permeation of inorganic
ollutants of counter charges, which is called Donnan membrane
ffect [139,142]. Table 7 summarized some typical hybrid adsor-
ents based on polymeric materials. Also, we exemplify two typical
ybrid adsorbents to further elucidate their unique properties for
emoval of trace pollutants from waters.

.1. Polymer-supported zirconium phosphate (ZrP) for lead
emoval

In our earlier study we impregnated zirconium phosphate (ZrP)
nto a porous strongly acidic cation exchanger D-001 and obtained
new hybrid adsorbent ZrP-001 [140]. TEM of ZrP-001 depicted

n Fig. 3 indicated that ZrP preloaded within D-001 was nanosized,

hich is understandable because the average pore size of D-001 was

bout 34.1 nm. The ZrP content in ZrP-001 is about 30% in mass. The
ew hybrid adsorbent inherited excellent mechanical and hydraulic
roperties of the support exchanger D-001. Moreover, Zr(HPO4)2
anoparticles immobilized within D-001 are expected to exhibit

ig. 5. Breakthrough curves of As(III) and As(V) onto D201-HFO and D-201 for sep-
rate column runs under otherwise identical conditions [142].
g Journal 151 (2009) 19–29

preferable adsorption toward lead ion over other innocuous but
ubiquitous cations like Ca2+, Mg2+, and Na+

.

Compared to D-001, ZrP-001 exhibited more favorable lead
adsorption even in the presence of Ca2+ or Mg2+ at greater levels
(Fig. 4). Such unique performance of ZrP-001 was mainly attributed
to two aspects, the host material D-001 and the loaded ZrP parti-
cles. As for D-001, the non-diffusible negatively charged sulfonic
acid groups bound to D-001 matrix would greatly enhance per-
meation and preconcentration of lead ion from solution to inner
surface of the polymeric phase [140,150], which would greatly facil-
itate enhanced lead removal by ZrP particles. Moreover, lead ion
can be selectively sequestrated by ZrP particles through possible
inner–sphere complexation of Pb(II) and ZrP [137]. Additionally, the
exhausted ZrP-001 beads can be efficiently regenerated by 2% HNO3
or HCl solution at 303 K for repeated use without any significant
capacity loss.

Similarly, other inorganic particles exhibiting specific affinity
toward heavy metal ions, namely, hydrated ferric oxides (HFOs),
Zr(HPO3S)2, Ti(HPO4)2, hydrated manganese oxide (HMO), can also
be dispersed within porous cation exchanger to obtain heavy metal-
specific hybrid adsorbents [142,150,152].

5.2. Polymer-based hydrated ferric oxides (HFOs) for arsenic
removal

Hydrated ferric oxides can selectively bind anionic ligands
(e.g., arsenate, phosphate) through inner–sphere complex forma-
tion [153–155]. Also, they are environmentally benign and cost
effective. Like ZrP, they cannot be directly employed in fixed-bed
columns or any other flow-through systems due to the fine or
ultrafine particles. Polymer-supported hydrated ferric oxides were
then developed to overcome its inherent defect. Due to the anionic
nature of arsenate, a polymeric anion exchanger is desirable as
host material according to the Donnan membrane principle. How-
ever, Fe3+, the precursor of HFO, cannot be directly exchanged onto
an anion exchanger due to the electrostatic repulsion. Till now
there are two patented techniques developed by Sengupta et al.
[156] and Pan et al. [157], respectively, to fabricate HFO-loaded
anion exchanger for arsenic removal from waters. Sengupta and
his coworkers first loaded oxidant anions (ClO− or MnO4

−) onto
an anion exchanger AP-500 and then rinsed the exchanger beads
with Fe(II) ions. During the rinsing process Fe(II) ion was oxidized
and simultaneously deposited as HFO particles. As for the tech-
nique invented by Pan et al. [157], FeCl4− was used as the precursor
of HFO and HFO nanoparticles were immobilized within D-201, a
polymeric anion exchanger, by rinsing the FeCl4− loaded D-201
beads with NaOH–NaCl binary solution and subsequent thermal
treatment.

Comparison of As(III) or As(V) effluent histories between D201-
HFO and the host substrate D-201 under otherwise identical
conditions was shown in Fig. 5 [142]. While As(III) and As(V) broke
through quickly for D-201, satisfactory adsorption breakthrough
results were observed for both arsenic species on D201-HFO even
when the competing anions are about 3000 times more than the
targeted species.

6. Concluding remarks

Polymeric adsorbents and their derivatives have been widely
used as a potential alternative to activated carbon for pollutants

removal from contaminated waters. However, there are still many
challenging issues on synthesis and application of ideal poly-
meric adsorbents for environmental concerns. In detail, although
polymeric adsorbents of desirable matrix, pore structure and func-
tional groups may be tailor made, molecular design of a polymeric
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dsorbent for highly selective adsorption of a given pollutant is still
ifficult and thus, its recovery from concentrated eluate solution is
till a costly task as limited by low purity. In addition, adsorption
apacities of polymeric adsorbents toward water-soluble pollu-
ants, i.e., hydrophobic ionizable organic compounds, are relatively
ow and frequent regeneration is thus required for repeated use,
esulting in high operation cost in industrial application. As for the
olymer-based inorganic hybrid adsorbents, they have opened the
ossibility to enhance removal of trace inorganic pollutants from
aters. However, almost all these adsorbents are still fabricated in

aboratory scale, and further study is required on how to obtain
hese high-performance adsorbents in larger scale. Moreover, as a
ew type of highly effective adsorbents, their adsorption mecha-
ism toward targeted species needs further elucidation, and more
xperimental evidences and mathematical modeling are required
o achieve the goal.

cknowledgement

Dr. Bingcai Pan greatly acknowledges financial support from
rogram for New Century Excellent Talents in University of China
NCET07-0421).

eferences

[1] D. Kalderis, D. Koutoulakis, P. Paraskeva, E. Diamadopoulos, E. Otal, J.O. del
Valle, C. Fernandez-Pereira, Adsorption of polluting substances on activated
carbons prepared from rice husk and sugarcane bagasse, Chem. Eng. J. 144
(2008) 42–50.

[2] Y.P. Qiu, H.Y. Cheng, C. Xu, D. Sheng, Surface characteristics of crop-residue-
derived black carbon and lead(II) adsorption, Water Res. 42 (2008) 567–574.

[3] S. Karaca, A. Gurses, M. Acikyildiz, M. Ejder, Adsorption of cationic dye from
aqueous solutions by activated carbon, Micropor. Mesopor. Mater. 115 (2008)
376–382.

[4] Z.R. Yu, S. Peldszus, P.M. Huck, Adsorption characteristics of selected pharma-
ceuticals and an endocrine disrupting compound—Naproxen, carbamazepine
and nonylphenol-on activated carbon, Water Res. 42 (2008) 2873–2882.

[5] T. Karanfil, S.A. Dastgheib, Trichloroethylene adsorption by fibrous and granu-
lar activated carbons: aqueous phase, gas phase, and water vapor adsorption
studies, Environ. Sci. Technol. 38 (2004) 5834–5841.

[6] O. Hernandez-Ramirez, S.M. Holmes, Novel and modified materials for
wastewater treatment applications, J. Mater. Chem. 18 (2008) 2751–2761.

[7] S.S. Tripathy, A.M. Raichur, Abatement of fluoride from water using manganese
dioxide-coated activated alumina, J. Hazard. Mater. 153 (2008) 1043–1051.

[8] T.A. Johnson, N. Jain, H.C. Joshi, S. Prasad, Agricultural and agro-processing
wastes as low cost adsorbents for metal removal from wastewater: a review,
J. Sci. Ind. Res. 67 (2008) 647–658.

[9] C.A. Rios, C.D. Williams, C.L. Roberts, Removal of heavy metals from acid mine
drainage (AMD) using coal fly ash, natural clinker and synthetic zeolites, J.
Hazard. Mater. 156 (2008) 23–35.

[10] V.J.P. Vilar, C.M.S. Botelho, R.A.R. Boaventura, Metal biosorption by algae Gelid-
ium derived materials from binary solutions in a continuous stirred adsorber,
Chem. Eng. J. 141 (2008) 42–50.

[11] S.Q. Memon, N. Memon, A.R. Solangi, J.U.R. Memon, Sawdust: a green and
economical sorbent for thallium removal, Chem. Eng. J. 140 (2008) 235–240.

[12] K. Abburi, Adsorption of phenol and p-chlorophenol from their single and
bisolute aqueous solutions on Amberlite XAD-16 resin, J. Hazard. Mater. B105
(2003) 143–156.

[13] M. Otero, M. Zabkova, A.E. Rodrigues, Comparative study of the adsorption
of phenol and salicylic acid from aqueous solution onto nonionic polymeric
resins, Sep. Purif. Technol. 45 (2005) 86–95.

[14] W.C. Yang, W.G. Shim, J.W. Lee, H. Moon, Adsorption and desorption dynamics
of amino acids in a nonionic polymeric sorbent XAD-16 column, Korean J.
Chem. Eng. 20 (2003) 922–929.

[15] S.P. Deosarkar, V.G. Pangarkar, Adsorptive separation and recovery of organics
from PHBA and SA plant effluents, Sep. Purif. Technol. 38 (2004) 241–254.

[16] Z.Y. Xu, Q.X. Zhang, C. Wu, L. Wang, Adsorption of naphthalene derivatives
on different macroporous polymeric adsorbents, Chemosphere 35 (1997)
2269–2276.

[17] C. Long, A.M. Li, H.S. Wu, F.Q. Liu, Q.X. Zhang, Polanyi-based models for the
adsorption of naphthalene from aqueous solutions onto nonpolar polymeric
adsorbents, J. Colloid Interface Sci. 319 (2008) 12–18.
[18] J.W. Lee, H.J. Jung, D.H. Kwak, P.G. Chung, Adsorption of dichloromethane from
water onto a hydrophobic polymer resin XAD-1600, Water Res. 39 (2005)
617–629.

[19] P.R. Musty, G. Nickless, Use of Amberlite XAD-4 for extraction and recov-
ery of chlorinated insecticides and polychlorinated biphenyls from water, J.
Chromatogr. 89 (1974) 185–190.
g Journal 151 (2009) 19–29 27

[20] B.C. Pan, J.L. Chen, Q.X. Zhang, Y. Wang, Treatment and resource reuse of indus-
trial wastewater from production process of phenyl acetic acid, Chin. J. React.
Polym. 8 (1999) 82–89.

[21] B.C. Pan, Q.X. Zhang, F.W. Meng, X.T. Li, X. Zhang, J.Z. Zheng, W.M. Zhang, B.J.
Pan, J.L. Chen, Sorption enhancement of aromatic sulfonates onto an aminated
hyper-cross-linked polymer, Environ. Sci. Technol. 39 (2005) 3308–3313.

[22] K. Zheng, B.C. Pan, Q.J. Zhang, W.M. Zhang, B.J. Pan, Y.H. Han, Q.R. Zhang, W.
Du, Z.W. Xu, Q.X. Zhang, Enhanced adsorption of p-nitroaniline from water by
a carboxylated polymeric adsorbent, Sep. Purif. Technol. 57 (2007) 250–256.

[23] K.C. Swallow, D.N. Hume, F.M.M. Morel, Sorption of copper and lead by hydrous
ferric oxide, Environ. Sci. Technol. 14 (1980) 1326–1331.

[24] D.G. Kinniburgh, M.L. Jackson, J.K. Syers, Adsorption of alkaline-earth, transi-
tion, and heavy-metal cations by hydrous oxide gels of iron and aluminum,
Soil Sci. Soc. Am. J. 40 (1976) 796–799.

[25] M. Fan, T. Boonfueng, Y. Xu, L. Axe, T.A. Tyson, Modeling Pb sorption to microp-
orous amorphous oxides as discrete particles and coatings, J. Colloid Interface
Sci. 281 (2005) 39–48.

[26] J.H. Jang, B.A. Dempsey, Coadsorption of arsenic(III) and arsenic(V) onto
hydrous ferric oxide: effects on abiotic oxidation of arsenic(III), extraction
efficiency, and model accuracy, Environ. Sci. Technol. 42 (2008) 2893–2898.

[27] P. Trivedi, L. Axe, T.A. Tyson, XAS studies of Ni and Zn sorbed to hydrous
manganese oxide, Environ. Sci. Technol. 35 (2001) 4515–4521.

[28] M. Kawashima, Y. Tainaka, T. Hori, M. Koyama, T. Takamatsu, Phosphate
adsorption onto hydrous manganese(IV) oxide in the presence of divalent-
cations, Water Res. 20 (1986) 471–475.

[29] J.R. Bargar, G.E. Brown, G.A. Parks, Surface complexation of Pb(II) at
oxide–water interfaces. 1. XAFS and bond-valence determination of mononu-
clear and polynuclear Pb(II) sorption products on aluminum oxides, Geochim.
Cosmochim. Acta 61 (1997) 2617–2637.

[30] C.R. Pearson, R.M. Hozalski, W.A. Arnold, Degradation of chloropicrin in the
presence of zero-valent iron, Environ. Toxicol. Chem. 24 (2005) 3037–3042.

[31] K. Gopal, S.S. Tripathy, J.L. Bersillon, S.P. Dubey, Chlorination byproducts, their
toxicodynamics and removal from drinking water, J. Hazard. Mater. 140 (2007)
1–6.

[32] M. Jang, W.F. Chen, F.S. Cannon, Preloading hydrous ferric oxide into gran-
ular activated carbon for arsenic removal, Environ. Sci. Technol. 42 (2008)
3369–3374.

[33] J.M. Zhuang, E. Hobenshield, T. Walsh, Arsenate sorption by hydrous ferric
oxide incorporated onto granular activated carbon with phenol formaldehyde
resins coating, Environ. Technol. 29 (2008) 401–411.

[34] R.L. Vaughan, B.E. Reed, Modeling As(V) removal by a iron oxide impregnated
activated carbon using the surface complexation approach, Water Res. 39
(2005) 1005–1014.

[35] X.J. Guo, F.H. Chen, Removal of arsenic by bead cellulose loaded with iron
oxyhydroxide from groundwater, Environ. Sci. Technol. 39 (2005) 6808–6818.

[36] A.I. Zouboulis, I.A. Katsoyiannis, Arsenic removal using iron oxide loaded algi-
nate beads, Ind. Eng. Chem. Res. 41 (2002) 6149–6155.

[37] K.L. Chen, S.E. Mylon, M. Elimelech, Enhanced aggregation of alginate-coated
iron oxide (hematite) nanoparticles in the presence of calcium, strontium, and
barium cations, Langmuir 23 (2007) 5920–5928.

[38] M. Jang, S.H. Min, J.K. Park, E.J. Tlachac, Hydrous ferric oxide incorporated
diatomite for remediation of arsenic contaminated groundwater, Environ. Sci.
Technol. 41 (2007) 3322–3328.

[39] M. Jang, S.H. Min, T.H. Kim, J.K. Park, Removal of arsenite and arsenate using
hydrous ferric oxide incorporated into naturally occurring porous diatomite,
Environ. Sci. Technol. 40 (2006) 1636–1643.

[40] B.O. Hansen, P. Kwan, M.M. Benjamin, C.W. Li, G.V. Korshin, Use of iron
oxide-coated sand to remove strontium from simulated hanford tank wastes,
Environ. Sci. Technol. 35 (2001) 4905–4909.

[41] C.D. Tsadilas, D. Dimoyiannis, V. Samaras, Boron sorption by manganese oxide-
coated sand, Commun. Soil Sci. Plan. 29 (1998) 2347–2353.

[42] J.M. Zachara, S.C. Smith, L.S. Kuzel, Adsorption and dissociation of Co-EDTA
complexes in iron oxide-containing subsurface sands, Geochim. Cosmochim.
Acta 59 (1995) 4825–4844.

[43] J.E. Szecsody, J.M. Zachara, P.L. Bruckhart, Adsorption–dissolution reactions
affecting the distribution and stability of Co(II)EDTA in iron-coated sand, Env-
iron. Sci. Technol. 28 (1994) 1706–1716.

[44] R. Kunin, The use of macroreticular polymeric adsorbents for the treatment of
waste effluents, Pure Appl. Chem. 46 (1976) 205–211.

[45] P. Cornel, H. Sontheimer, Sorption of dissolved organics from aqueous solu-
tion by polystyrene resins. I. Resin characterization and sorption equilibrium,
Chem. Eng. Sci. 41 (7) (1986) 1791–1800.

[46] P. Cornel, H. Sontheimer, Sorption of dissolved organics from aqueous solution
by polystyrene resins. II. External and internal mass transfer, Chem. Eng. Sci.
41 (7) (1986) 1801–1810.

[47] R. Kunin, Polymeric adsorbents for treatment of waste effluents, Polym. Eng.
Sci. 17 (1977) 58–62.

[48] B.C. Pan, W. Du, W.M. Zhang, X. Zhang, Q.R. Zhang, B.J. Pan, L. Lv, Q.X. Zhang, J.L.
Chen, Improved adsorption of 4-nitrophenol onto a novel hyper-cross-linked
polymer, Environ. Sci. Technol. 41 (2007) 5057–5062.
[49] R. Kunin, Porous Polymers as Adsorbents—A Review of Current Practice,
Anzber-lzi-lites, vol. 163, Rohm and Haas Company, Philadelphia, Pennsyl-
vania, 1980.

[50] M.V. Dinu, E.S. Dragan, Heavy metals adsorption on some iminodiacetate
chelating resins as a function of the adsorption parameters, React. Funct.
Polym. 68 (2008) 1346–1354.



2 neerin

[

8 B. Pan et al. / Chemical Engi

[51] B.J. Pan, B.C. Pan, W.M. Zhang, Q.R. Zhang, Q.X. Zhang, S.R. Zheng, Adsorptive
removal of phenol from aqueous phase by using a porous acrylic ester polymer,
J. Hazard. Mater. 157 (2008) 293–299.

[52] O. Okay, Macroporous copolymer networks, Prog. Polym. Sci. 25 (2000)
711–779.

[53] V.A. Davankov, S.V. Rogoshin, M.P. Tsyurupa, Patent USSR 299165 (1969a).
[54] V.A. Davankov, S.V. Rogoshin, M.P. Tsyurupa, Macronet polystyrene structures

for ionites and method of producing same, Patent USA 3729457 (1969b).
[55] P. Veverka, K. Jerabek, Mechanism of hypercrosslinking of chloromethylated

styrenedivinylbenzene copolymers, React. Funct. Polym. 41 (1999) 21–25.
[56] B.C. Pan, Q.J. Zhang, B.J. Pan, W.M. Zhang, W. Du, H.Q. Ren, Removal of

aromatic sulfonates from aqueous media by aminated polymeric sorbents:
concentration-dependent selectivity and the application, Micropor. Mesopor.
Mater. 116 (2008) 63–69.

[57] W.G. Feng, Q.X. Zhang, J.L. Chen, Z.Y. Xu, B.C. Pan, X. Su, Treatment of wastewa-
ter from production process of 2,3-acid, Chin. J. React. Polym. 8 (1999) 68–75.

[58] L. Lv, B.C. Pan, W.M. Zhang, J.L. Chen, Q.X. Zhang, Study on the treatment of
industrial wastewater containing triethylamine with polymeric adsorbents,
Chin. J. React. Polym. 9 (2000) 174–180.

[59] W.M. Zhang, L. Lv, B.C. Pan, J.L. Chen, Q.X. Zhang, Treatment of wastewater from
2,6-dihydroxybenzene carboxylic acid synthetic process, Ind. Water Treat. 28
(2002) 155–158.

[60] Y. Sun, Z.L. Zhu, B.C. Pan, A.M. Li, Q.X. Zhang, J.L. Chen, Study on the treatment of
sulfanilamide intermediate wastewater by resin adsorption process, Environ.
Protect. Chem. Ind. 23 (2003) 9–13.

[61] P.A.M. Freitas, K. Iha, M.C.F.C. Felinto, Adsorption of di-2-pyridyl ketone sal-
icyloylhydrazone on Amberlite XAD-2 and XAD-7 resins: characteristics and
isotherms, J. Colloid Interface Sci. 323 (2008) 1–5.

[62] G.M. Gusler, T.E. Browne, Y. Cohen, Sorption of organics from aqueous solution
onto polymeric resins, Ind. Eng. Chem. Res. 32 (1993) 2727–2735.

[63] W.M. Zhang, Z.W. Xu, B.C. Pan, C.H. Hong, K. Jia, P.J. Jiang, Q.J. Zhang, B.J. Pan,
Equilibrium and heat of adsorption of diethyl phthalate on heterogeneous
adsorbents, J. Colloid Interface Sci. 325 (2008) 41–47.

[64] E.J. Simpson, R.K. Abukhadra, W.J. Koros, R.S. Schechter, Sorption equilibrium
isotherms for volatile organics in aqueous solution: comparison of headspace
gas chromatography and on-line UV stirred cell results, Ind. Eng. Chem. Res.
32 (1993) 2269–2276.

[65] A. Garcia, L. Ferreira, A. Leitao, A. Rodrigues, Binary adsorption of phenol
and m-cresol mixtures onto a polymeric adsorbents, Adsorption 5 (1999)
359–368.

[66] J. Nastaj, A. Kaminska, Adsorption of phenol on water-fluidized polymeric
Amberlite XAD-4 and XAD-16 adsorbents, Przem. Chem. 87 (2008) 300–306.

[67] M.S. Bilgili, Adsorption of 4-chlorophenol from aqueous solutions by XAD-4
resin: isotherm, kinetic, and thermodynamic analysis, J. Hazard. Mater. 137
(2006) 157–164.

[68] L.F. Bautista, J.L. Casillas, M. Martinez, J. Aracil, Functionalized adsorbents for
the purification of cephalosporin C and deacetylcephalosporin C, Ind. Eng.
Chem. Res. 45 (2006) 3230–3236.

[69] D. Doulia, A. Hourdakis, F. Rigas, E. Anagnostopoulos, Removal of atrazine from
water by use of nonionic polymeric resins, J. Environ. Sci. Health A 32 (1997)
2635–2656.

[70] W.B. Yang, A.M. Li, C.E. Fu, J. Fan, Q.X. Zhang, Adsorption mechanism of aro-
matic sulfonates onto resins with different matrices, Ind. Eng. Chem. Res. 46
(2007) 6971–6977.

[71] C.G. Oha, J.H. Ahnb, S.K. Ihm, Adsorptive removal of phenolic compounds by
using hypercrosslinked polystyrenic beads with bimodal pore size distribu-
tion, React. Funct. Polym. 57 (2003) 103–111.

[72] P.M. Bohra, A.S. Vaze, V.G. Pangarkar, Adsorptive recovery of water soluble
essential oil components, J. Chem. Technol. Biotechnol. 60 (1994) 97–102.

[73] C. Long, A.M. Li, G.D. Gao, Z.H. Fei, Q.X. Zhang, J.L. Chen, Chinese patent: CN
200410014428.8 (2005).

[74] A.M. Li, Q.X. Zhang, G.C. Zhang, J.L. Chen, Z.H. Fei, F.Q. Liu, Adsorption of
phenolic compounds from aqueous solutions by a water-compatible hyper-
crosslinked polymeric adsorbent, Chemosphere 47 (2002) 981–989.

[75] D.W. Hand, A.N. Ali, J.L. Bulloch, M.L. DeBraske, J.C. Crittenden, D.R. Hokanson,
Adsorption equilibrium modeling of space station wastewaters, J. Environ.
Eng. 125 (1999) 540–547.

[76] M.D. Saikia, Revisiting adsorption of biomolecules on polymeric resins, Colloid
Surf. A 315 (2008) 196–204.

[77] V.V. Azanova, J. Hradil, Sorption properties of macroporous and hyper-
crosslinked copolymers, React. Funct. Polym. 41 (1999) 163–175.

[78] R.S. Juang, J.Y. Shiau, Adsorption isotherms of phenols from water onto
macroreticular resins, J. Hazard. Mater. 70 (1999) 171–183.

[79] X. Zhang, A.M. Li, Z.M. Jiang, Q.X. Zhang, Adsorption of dyes and phenol from
water on resin adsorbents: effect of adsorbate size and pore size distribution,
J. Hazard. Mater. B 137 (2006) 1115–1122.

[80] Y. Sun, J.L. Chen, A.M. Li, F.Q. Liu, Q.X. Zhang, Adsorption of resorcinol and cat-
echol from aqueous solution by aminated hypercrosslinked polymers, React.
Funct. Polym. 64 (2005) 63–73.

[81] W.M. Zhang, Z.W. Xu, Q.J. Zhang, B.C. Pan, W. Du, Q.R. Zhang, Q.X. Zhang, J.L.

Chen, Chinese patent: CN 1935776A (2007).

[82] Q.X. Zhang, G. Luo, A.M. Li, L. Shao, Chinese patent: CN1400171 (2003).
[83] J.L. Chen, R.X. Wei, Z.Q. Cheng, A.M. Li, H.L. Wang, B.H. Ye, Q.X. Zhang, Chinese

patent: CN 1375463 (2002).
[84] Q.X. Zhang, B.C. Pan, K. Zheng, W.M. Zhang, B. Liu, F.Q. Liu, J.L. Chen, Chinese

patent: CN 1680195 (2005).
g Journal 151 (2009) 19–29

[85] N. Fontanals, M. Galia, P.A.G. Cormack, R.M. Marce, D.C. Sherrington, F. Borrull,
Evaluation of a new hypercrosslinked polymer as a sorbent for solid-phase
extraction of polar compounds, J. Chromatogr. A 1075 (2005) 51–56.

[86] B.C. Pan, Y. Xiong, A.M. Li, J.L. Chen, Q.X. Zhang, X.Y. Jin, Adsorption of aromatic
acids on an aminated hypercrosslinked macroporous polymer, React. Funct.
Polym. 53 (2002) 63–72.

[87] M. Streat, L.A. Sweetland, Physical and adsorptive properties of
Hypersol–MacronetTM polymers, React. Funct. Polym. 35 (1997) 99–109.

[88] Z.Y. Xu, Q.X. Zhang, H.H.P. Fang, Applications of porous resin sorbents in
industrial wastewater treatment and resource recovery, Crit. Rev. Environ. Sci.
Technol. 33 (2003) 363–389.

[89] B.J. Pan, W.M. Zhang, B.C. Pan, H. Qiu, Q.R. Zhang, Q.X. Zhang, S.R. Zheng, Effec-
tive removal of aromatic sulfonates from wastewater by a recyclable polymer:
2-naphathalene sulfonate as a representative pollutant, Environ. Sci. Technol.
42 (2008) 7411–7416.

[90] V.A. Davankov, S.V. Rogoshin, M.P. Tsyurupa, Macronet isoporous gels through
crosslinking of dissolved polystyrene, J. Polym. Sci.: Symposium 47 (1974)
95–101.

[91] A.M. Li, W.B. Yang, G.H. Meng, L.C. Yang, J. Fan, Z.L. Zhu, J.J. Ge, X. Zhang, J.N.
Wang, Q.X. Zhang, Chinese patent: CN1837078 (2006).

[92] N. Maity, G.E. Payne, J.L. Chipchosky, Adsorptive separations based on the dif-
ferences in solute-sorbent hydrogen-bonding strengths, Ind. Eng. Chem. Res.
30 (1991) 2456–2463.

[93] J.P. Jiang, Y.R. Zhou, C.L. Yang, Chinese patent: CN 1673107A (2005).
[94] O. Heitzsch, H. Stephan, K. Gloe, P. Muhl, R. Hellrnig, Removal of ethoxylated

aliphatic amines from zinc containing effluents by adsorption on macroporous
resins, Chem. Eng. Technol. 17 (1994) 30–33.

[95] A.M. Li, J. Fan, W.B. Yang, J.G. Cai, X. Zhang, J.Y. Zhou, Q.X. Zhang, C. Long, F.Q.
Liu, Q.X. Zhang, Chinese patent: CN1858007A (2006).

[96] G. Kyriakopoulos, D. Doulia, Morphology of polymeric resins in adsorption of
organic pesticides, Fresen. Environ. Bull. 16 (2007) 731–734.

[97] M. Streat, L.A. Sweetland, Removal of pesticides from water using hyper-
crosslinked polymer phases. Part 2. Sorption studies, Trans. Inst. Chem. Eng.
B76 (1998) 127–134.

[98] C.T. Jafvert, J.C. Westall, E. Grieder, R.P. Schwarzenbach, Distribution of
hydrophobic ionogenic organic compounds between octanol and water:
organic acids, Environ. Sci. Technol. 4 (1990) 1795–1803.

[99] M.G. Stapleton, D.L. Sparks, S.K. Dentel, Sorption of pentachlorphenol to
HDTMA-clay as a function of ionic-strength and pH, Environ. Sci. Technol. 28
(1994) 2330–2335.

100] C.F. Chang, C.Y. Chang, K.E. Hsu, S.C. Lee, W. Höll, Adsorptive removal of the
pesticide methomyl using hypercrosslinked polymers, J. Hazard. Mater. 155
(2008) 295–304.

[101] Y. Yu, Y.Y. Zhuang, Z.H. Wang, Adsorption of water-soluble dye onto function-
alized resin, J. Colloid Interface Sci. 242 (2001) 288–293.

[102] R.F. Wang, Z.Q. Shi, R.F. Shi, J.Z. Zhang, L.L. Ou, The study of adsorption of phenol
and aniline on aminated-macroporous hypercrosslinked resins, Acta Polym.
Sin. 3 (2005) 339–344.

[103] A.M. Li, J.G. Cai, H.Y. Zhang, J.J. Ge, Z.B. Li, C. Long, F.Q. Liu, Q.X. Zhang, Chinese
patent: CN 1712365A (2005).

[104] J.L. Chen, B.C. Pan, Y. Xiong, A.M. Li, C. Long, Y.Z. Han, Y. Sun, Q.X. Zhang, Chinese
patent: CN1384069 (2002).

[105] Y.S. Lee, S.J. Ryoo, US patent: US6369169 (2002).
[106] N. Masque, M. Galia, R.M. Marce, Influence of chemical modification of

polymeric resin on retention of polar compounds in solid-phase extraction,
Chromotographia 50 (1999) 21–26.

[107] X.X. Zhu, F. Brizard, J. Piche, C.T. Yim, G.R. Brown, Bile salt anion sorption by
polymeric resins: comparison of a functionalized polyacrylamide resin with
cholestyramine, J. Colloid Interface Sci. 232 (2000) 282–288.

[108] S.Q. Memon, M.I. Bhanger, S.M. Hasany, M.Y. Khuhawar, The efficacy
of nitrosonaphthol functionalized XAD-16 resin for the precon-
centration/sorption of Ni(II) and Cu(II) ions, Talanta 72 (2007)
1738–1745.

[109] S. Dutta, A.K. Das, Synthesis, characterization, and application of a new chelat-
ing resin functionalized with dithiooxamide, J. Appl. Polym. Sci. 103 (2007)
2281–2285.

[110] H. Kaur, Y.K. Agrawal, Functionalization of XAD-4 resin for the separation of
lanthanides using chelation ion exchange liquid chromatography, React. Funct.
Polym. 65 (2005) 277–283.

[111] M. Dogutan, H. Filik, R. Apak, Preconcentration of manganese(II) from natural
and sea water on a palmitoyl quinolin-8-ol functionalized XAD copolymer
resin and spectrophotometric determination with the formaldoxime reagent,
Anal. Chim. Acta 485 (2003) 205–212.

[112] B.C. Mondal, A.K. Das, Determination of mercury species with a resin func-
tionalized with a 1,2-bis(o-aminophenylthio)ethane moiety, Anal. Chim. Acta
477 (2003) 73–80.

[113] J. Bernard, C. Branger, T.L.A. Nguyen, R. Denoyel, A. Margaillan, Synthesis and
characterization of a polystyrenic resin functionalized by catechol: application
to retention of metal ions, React. Funct. Polym. 68 (2008) 1362–1370.

[114] B.C. Mondal, D. Das, A.K. Das, Synthesis and characterization of a new

resin functionalized with 2-naphthol-3,6-disulfonic acid and its applica-
tion for the speciation of chromium in natural water, Talanta 56 (2002)
145–152.

[115] W. Lee, S.E. Lee, C.H. Lee, Y.S. Kimc, Y.I. Lee, A chelating resin containing 1-
(2-thiazolylazo)-2-naphthol as the functional group; synthesis and sorption
behavior for trace metal ions, Microchem. J. 70 (2001) 195–203.



neerin

[

[

[

[

[

[

[
[
[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

B. Pan et al. / Chemical Engi

[116] B.L. Rivas, S.A. Pooley, H.A. Maturana, S. Villegas, Sorption properties of
poly(styrene-co-divinylbenzene) amine functionalized weak resin, J. Appl.
Polym. Sci. 80 (2001) 2123–2127.

[117] M. Dogutan, H. Filik, S. Demirci, R. Apak, The use of palmitoyl
hydroxyquinoline-functionalized Amberlite XAD-2 copolymer resin for the
preconcentration and speciation analysis of gallium(III), Sep. Sci. Technol. 35
(2000) 2083–2096.

[118] K. Dev, R. Pathak, G.N. Rao, Sorption behaviour of lanthanum(III),
neodymium(III), terbium(III), thorium(IV) and uranium(VI) on Amberlite
XAD-4 resin functionalized with bicine ligands, Talanta 48 (1999) 579–584.

[119] Q.X. Zhang, A.M. Li, F.Q. Liu, Z.H. Fei, B.C. Pan, C. Long, J.L. Chen, Chinese patent:
ZL 01 1 34143.2 (2004).

120] J.L. Chen, B.C. Pan, Y. Xiong, A.M. Li, C. Long, Y.Z. Han, Y. Sun, Q.X. Zhang, Chinese
patent: ZL 01 1 13797.5 (2004).

121] Q.X. Zhang, C. Long, Z.Y. Xu, Y.Z. Han, A.M. Li, J.L. Chen, Chinese patent: ZL
ZL01108020.5 (2001).

122] A. Denizli, N. Sanli, B. Garipcan, S. Patir, G. Alsancak, Methacryloylami-
doglutamic acid incorporated porous poly(methyl methacrylate) beads for
heavy-metal removal, Ind. Eng. Chem. Res. 43 (2004) 6095–6101.

123] H. Leinonen, J. Lehto, Ion-exchange of nickel by iminodiacetic acid chelating
resin Chelex 100, React. Funct. Polym. 43 (2000) 1–6.

124] A. Nastasovic, S. Jovanovic, D. Dordevic, A. Onjia, D. Jakovljevic, T. Novakovic,
Metal sorption on macroporous poly(GMA-co-EGDMA) modified with ethy-
lene diamine, React. Funct. Polym. 58 (2004) 139–147.

125] A.A. Atia, A.M. Donia, A.M. Yousif, Removal of some hazardous heavy metals
from aqueous solution using magnetic chelating resin with iminodiacetate
functionality, Sep. Purif. Technol. 61 (2008) 348–357.

126] W.A. Burke, US patent: US 5525315 (1996).
127] H.P. Schneider, U. Wallbaum, US patent: US 4895905 (1990).
128] K.O. Saygi, M. Tuzen, M. Soylak, L. Elci, Chromium speciation by solid phase

extraction on Dowex M 4195 chelating resin and determination by atomic
absorption spectrometry, J. Hazard. Mater. 153 (2008) 1009–1014.

129] M.S. Hosseini, H. Raissi, S. Madarshahian, Synthesis and application of a new
chelating resin functionalized with 2,3-dihydroxy benzoic acid for Fe(III)
determination in water samples by flame atomic absorption spectrometry,
React. Funct. Polym. 66 (2006) 1539–1545.

130] C.Y. Chen, M.S. Lin, K.R. Hsu, Recovery of Cu(II) and Cd(II) by a chelating resin
containing aspartate groups, J. Hazard. Mater. 152 (2008) 986–993.

131] G. Alberti, M. Pesavento, R. Biesuz, A chelating resin as a probe for the cop-
per(II) distribution in grape wines, React. Funct. Polym. 67 (2007) 1083–1093.

132] S. Meesri, N. Praphairaksit, A. Imyim, Extraction and preconcentration of toxic
metal ions from aqueous solution using benzothiazole-based chelating resins,
Microchem. J. 87 (2007) 47–55.

133] C.Y. Chen, C.L. Chiang, C.R. Chen, Removal of heavy metal ions by a chelating
resin containing glycine as chelating groups, Sep. Purif. Technol. 54 (2007)
396–403.

134] S. Pramanik, S. Dey, P. Chattopadhyay, A new chelating resin containing
azophenolcarboxylate functionality: synthesis, characterization and appli-

cation to chromium speciation in wastewater, Anal. Chim. Acta 584 (2007)
469–476.

135] X. Bosch, Cadmium cuts two ways: the heavy metal mutates DNA, and then
prevents cells from repairing the damage, Science (2003) 1–11.

136] N. Singh, D. Kumar, S. Raisuddin, A.P. Sahu, Genotoxic effects of arsenic: pre-
vention by functional food-jaggery, Cancer Lett. 268 (2008) 325–330.
g Journal 151 (2009) 19–29 29

[137] B.C. Pan, Q.R. Zhang, W. Du, W.M. Zhang, B.J. Pan, Q.J. Zhang, Z.W. Xu, Q.X.
Zhang, Selective heavy metals removal from waters by amorphous zirconium
phosphate: behavior and mechanism, Water Res. 41 (2007) 3103–3111.

138] K. Jia, B.C. Pan, Q.R. Zhang, W.M. Zhang, P.J. Jiang, C.H. Hong, B.J. Pan, Q.X.
Zhang, Adsorption of Pb2+, Zn2+, and Cd2+ from waters by amorphous titanium
phosphate, J. Colloid Interface Sci. 318 (2008) 160–166.

139] L. Cumbal, A.K. Sengupta, Arsenic removal using polymer-supported hydrated
iron(III) oxide nanoparticles: role of Donnan membrane effect, Environ. Sci.
Technol. 39 (2005) 6508–6515.

[140] B.C. Pan, Q.R. Zhang, W.M. Zhang, B.J. Pan, W. Du, L. Lv, Q.J. Zhang, Z.W. Xu, Q.X.
Zhang, Highly effective removal of heavy metals by polymer-based zirconium
phosphate: a case study of lead ion, J. Colloid Interface Sci. 310 (2007) 99–
105.

[141] L.M. Blaney, S. Cinar, A.K. SenGupta, Hybrid anion exchanger for trace phos-
phate removal from water and wastewater, Water Res. 41 (2007) 1603–
1613.

[142] Q.J. Zhang, B.C. Pan, X.Q. Chen, W.M. Zhang, B.J. Pan, Q.X. Zhang, L. Lv, X.S.
Zhao, Preparation of polymer-supported hydrated ferric oxide based on Don-
nan membrane effect and its application for arsenic removal, Sci. China Ser. B
51 (2008) 379–385.

[143] P. Sylvester, P. Westerhoff, T. Möller, M. Badruzzaman, O. Boyd, A hybrid sor-
bent utilizing nanoparticles of hydrous iron oxide for arsenic removal from
drinking water, Environ. Eng. Sci. 24 (2007) 104–112.

144] G.N. Manju, K.A. Krishnan, V.P. Vinod, T.S. Anirudhan, An investigation into
the sorption of heavy metals from wastewaters by polyacrylamide-grafted
iron(III) oxide, J. Hazard. Mater. B91 (2002) 221–238.

[145] M.J. DeMarco, A.K. SenGupta, J.E. Greenleaf, Arsenic removal using a poly-
meric/inorganic hybrid sorbent, Water Res. 37 (2003) 164–176.

[146] T. Moller, P. Sylvester, Effect of silica and pH on arsenic uptake by resin/iron
oxide hybrid media, Water Res. 42 (2008) 1760–1766.

[147] I.A. Katsoyiannis, A.I. Zouboulis, Removal of arsenic from contaminated water
sources by sorption onto iron-oxide-coated polymeric materials, Water Res.
36 (2002) 5141–5155.

148] J.E. Etzel, J. Kurek, US patent: US 5591346 (1997).
149] O.M. Vatutsina, V.S. Soldatov, V.I. Sokolova, J. Johann, M. Bissen, A. Weis-

senbacher, A new hybrid (polymer/inorganic) fibrous sorbent for arsenic
removal from drinking water, React. Funct. Polym. 67 (2007) 184–201.

[150] Q.R. Zhang, B.C. Pan, B.J. Pan, W.M. Zhang, K. Jia, Q.X. Zhang, Selective sorption
of lead, cadmium and zinc ions by a polymeric cation exchanger containing
nano-Zr(HPO3S)2, Environ. Sci. Technol. 42 (2008) 4140–4145.

[151] B.C. Pan, B.J. Pan, W.M. Zhang, Q.J. Zhang, Q.R. Zhang, P.J. Jiang, Q.X. Zhang,
Chinese patent: CN 200710191355.3 (2007).

[152] B.C. Pan, Q. Su, W.M. Zhang, Q.X. Zhang, H.Q. Ren, Q.R. Zhang, B.J. Pan, Chinese
patent: CN 101224408A (2008).

[153] J.H. Jang, Surface Chemistry of Hydrous Ferric Oxide and Hematite as Based
on their Reactions with Fe(II) and U(VI) Ph. D. Dissertation, The Pennsylvania
State University, University Park, PA, 2004.

154] M.L. Pierce, C.B. Moore, Adsorption of As(III) and As(V) on amorphous iron

hydroxide, Water Res. 6 (1982) 1247–1253.

[155] D.A. Dzombak, F.M.M. Morel, Surface Complexation Modeling: Hydrous Ferric
Oxide, Wiley, New York, 1990.

[156] A.K. Sengupta, L.H. Cumbal, US patent: US 7291578 (2005).
[157] B.C. Pan, X.Q. Chen, W.M. Zhang, B.J. Pan, W. Shen, Q.J. Zhang, W. Du, Q.X.

Zhang, J.L. Chen, Chinese patent: CN 200510095177.5 (2007).


	Development of polymeric and polymer-based hybrid adsorbents for pollutants removal from waters
	Introduction
	Polymeric adsorbents
	Polystyrene adsorbents
	Synthesis and characteristics
	Application in water and wastewater treatment
	Case study
	Case 1. 2,3-acid manufacturing effluent treatment
	Case 2. Phenylacetic acid manufacturing effluent treatment


	Polyacrylic ester adsorbent
	Synthesis and characteristics
	Application in water and wastewater treatment


	Chemically modified polymeric adsorbent
	Synthesis and characterization of an amine-modified polystyrene adsorbent M-101
	Field application of M-101 in chemical wastewater treatment

	Polymeric chelating adsorbents
	Polymer-based inorganic hybrid adsorbents
	Polymer-supported zirconium phosphate (ZrP) for lead removal
	Polymer-based hydrated ferric oxides (HFOs) for arsenic removal

	Concluding remarks
	Acknowledgement
	References


