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a b s t r a c t

A new hybrid material was developed by the template-free hybridization of weak acidic pink red B
(APRB, C.I. 18073) with BaSO4. The composition and structure of the material were determined and
characterized. In contrast to conventional sorbents, the hybrid material has a specific surface area of
0.89 m2/g, but it contains lots of negative charges and lipophilic groups as the basis of specific adsorption.
The efficient removal of cationic dyes and persistent organic pollutants (POPs) indicates that it has an
improved adsorption capacity and selectivity with a short removal time less than 2 min; while the hybrid
eywords:
ybridization
ye wastewater
arium sulfate
orbent
rganic wastewater

sorbents fit the Langmuir isotherm model, and follow the octanol–water partition law. Instead of using
APRB reagent, an APRB-producing wastewater was reused to prepare the cost-effective sorbent, and
the equilibrium adsorption capacities of which reached 222 and 160 mg/g for EV and BPR, respectively.
The sorbents was then used to treat three wastewater samples with satisfactory results of over 97%
decolonization and 88% COD-decreasing. In addition, the hybrid sorbent was regenerated from sludge
over five cycles, and its adsorption capacity was not appreciably changed. This work has developed a

etho
simple and eco-friendly m

. Introduction

Recently, global economic prosperity has caused rapid
rowth and extensive development of the textile industry. Over
00,000 dyes have been synthesized worldwide, and more than
00,000 tonnes are produced annually. More than 10,000 dyes are
ommercially available, but over 5% is discharged into aquatic
nvironments by plants and users [1]. During the dye production
nd use, highly concentrated dye wastewater is drained into envi-
onmental water without being effectively treated, especially in
eveloping countries. For example, many dye-producing and -using
lants are located throughout the Yangtze Delta Area of China, the
rinking water sources of the Yangtze River and Taihu Lake. These
ater bodies have been greatly harmed, badly disrupting both the
ormal lives of people in this region and local economic develop-

ent [2,3]. Dyes are classified as follows: anionic/direct, acidic and

eactive; cationic/basic; and non-ionic disperse dyes, over 80% of
hich are of the aromatic azo type. Such dyes are frequently used

or fabrics; therefore, they are expected to be adherent, long lasting

Abbreviations: APRB, weak acidic pink red B; EV, ethyl violet; MB, methylene
lue; WAG, weak acidic green GS; BPR, basic pink red B; ABB, acidic brilliant blue
B; CBR, cationic brilliant red 5GN; POPs, persistent organic pollutants; Phe, phenan-
hrene; Flu, fluorene; Bip, biphenyl; BPA, biphenol A.
∗ Corresponding author. Tel.: +86 21 65988598; fax: +86 21 65988598.

E-mail address: hwgao@tongji.edu.cn (H.-W. Gao).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.146
d for synthesizing a practical and efficient sorbent.
© 2009 Elsevier B.V. All rights reserved.

and resistant to sunlight and chemical processes. Moreover, fabric
dyes should not fade through oxidation during normal washing.
Therefore, such dyes are usually stable in acidic and alkaline media
and resistant to temperature, heat, light and microbes [4], and that
gives them the potential for persistence and long-term accumula-
tion in the environment. Most azo dyes are toxic, carcinogenic and
mutagenic, causing allergies, dermatitis, skin irritation, cancer and
mutations in humans [5]. Therefore, regulation of dye discharge
and dye-polluted or -colored wastewater has become increasingly
stringent in many countries.

The removal, decolorization, mineralization and decomposition
of azo compounds in dye wastewater are very important. In recent
years, conventional abiotic techniques have been widely devel-
oped and applied in the treatment of azo dye wastewater. These
techniques can be divided into separative treatments, including
adsorption, flocculation, ion exchange and membrane filtration;
and destructive treatments, including electrolysis, oxidation and
reduction. Some of them have proved effective, but they often
have serious limitations. For instance, activated carbon is the most
efficient and popular adsorbent, so it is often used to treat vari-
able wastewater [6]. However, chemical and thermal regeneration
of spent carbon are both expensive and impractical on a large

scale; also, they produce additional effluent and result in consid-
erable adsorbent loss. Natural substances have also been used as
sorbents, e.g. wood dust, bentonite and waste solids [7–10]. Adsorp-
tion by conventional sorbents generally depends on the specific
surface area, so low adsorption capacity, poor selectivity, slow

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hwgao@tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.09.146
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dsorption rate and difficult reproduction [11] restrict the exten-
ive use of most sorbents. Furthermore, membrane filtration is slow
nd entails a high cost of use, while flocculation entails several
roblems, including color reversion of treated water and disposal
f sludge with high water content; and destructive treatments with
igh cost often cause secondary pollution. Thoughtfully, the “using
aste to treat waste” paradigm in the treatment of wastewater

s often adopted because waste reuse is an optimal solution [12].
ecently, some wastes have been reused and applied in the treat-
ent of dyes wastewater, such as fly ash [10,13], de-oiled soya [14],
heat husk [15] and so on [8,16], which do significant contributions

o the pollution control and resource reuse partly.
There has been a great deal of interest in the design and synthesis

f inorganic/organic complex materials to achieve specific proper-
ies. Various synthesis techniques developed during the last few
ears have given us access to functional materials with character-
stics such as surface modification, inorganic/organic hybridization
nd functional ligand-loading [17,18]. These materials have been
idely applied in various fields such as films, catalysts and phar-
aceutical products [19–21]. A dye with a functional group that

bsorbs visible light is often used to prepare hybrid materials
or application to solar cells and sensors [22,23]. However, these
ynthesis methods often require complicated procedures, strict
onditions and high purity reagents [24].

Adsorptive precipitation was discovered during the mid 20th
entury and applied mostly in analytical chemistry [25]. The classi-
al co-precipitation method has been extensively applied to the
nrichment of metal ions [26] and the synthesis of functional-
zed materials [24]. As a conventional dyes, weak acidic pink red

(APRB) shows good electrophilicity and hydrophobicity, due to
ontaining two negative sulfonic acid groups and a long hydropho-
ic alkyl chain. It attracted us whether a novel absorbent can be
ynthesized through co-precipitation hybrid of APRB with some
ppropriate inorganic skeleton. If feasible, a new idea is inspired:
ased on the selective of co-precipitation to some extent, con-
entrated APRB-producing wastewater should also be reused as a
eactant to prepare a more cost-effective sorbent applicable to the
reatment of organic wastewater. In this work, both of clean and
aste APRB were applied as the active species and BaSO4 as the

keleton to construct novel adsorbents successfully. The removal
f cationic dyes and POPs indicated that it has a high adsorption
apacity caused by charge attraction and hydrophobic stack. More-
ver, recurrent regeneration of the sorbent by acidifying sludge was
ested for reuse.

. Experimental

.1. Materials

The APRB reagent (content > 98%) and an APRB-producing
astewater were provided by the Zhejiang Shuanghong Chemi-

al Plant. The dyes: ethyl violet (EV, C.I. 42600), methylene blue
MB, C.I. 52015), weak acidic green GS (WAG, C.I. 61580), basic
ink red B (BPR, C.I. 50240) and acidic brilliant blue 6B (ABB, C.I.
2660) (purity > 95%) and the POPs: phenanthrene (Phe), fluorene
Flu), biphenyl (Bip) and biphenol A (BPA) (purity > 99.9%) were
urchased from Sigma. The MB and cationic brilliant red 5GN (CBR,
.I. 48016) wastewaters were sampled from two dye plants, and the
OPs wastewater was taken from a chemical plant. Inorganic sub-
tances, including the skeleton reactants BaCl2 and Na2SO4, were
urchased (A.R. grade) from the Shanghai Medical Group.
.2. Synthesis of the materials

The BaSO4–APRB hybrid sorbent liquid was prepared in the
ddition sequence: SO4

2−–APRB–Ba2+, with molar ratios 1.5:0.2:1.
aterials 175 (2010) 179–186

Using the same method, the BaSO4–APRB surface-modified mate-
rial was prepared in the sequence ethanol–SO4

2−–Ba2+–APRB,
and the BaSO4-only liquid was prepared in the absence of APRB.
The solid contents of the liquids and the concentrations of
APRB, Ba2+ and SO4

2− in the material solids were determined
by spectrophotometry, Inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) and ion chromatography (IC) after
the solids were dissolved in ethylene diamine tetraacetic acid and
ammonia (EDTA–ammonia). The thermal gravity analysis (TGA)
data, X-ray diffractometer (XRD) curves and scanning electronic
microscopy (SEM) images of the material powders were collected,
and �-potentials and size distributions were determined. Transmis-
sion electronic microscopy equipped with energy dispersive X-ray
spectroscopy (TEM-EDX) was used to determine the distributions
of different elements in the hybrid material. BPR was used to mea-
sure the isoelectric point and Kd of the hybrid material. Instead
of the commercial APRB reagent, the APRB-producing wastewater
was reused to prepare a cost-effective hybrid sorbent, which was
used in this work to treat the wastewaters.

2.3. Adsorption of dyes and POPs

Five dye solutions, WAG, ABB, EV, MB and BPR, were treated
with the material. Their rates of removal were calculated and com-
pared with those of the corresponding untreated dye solutions. As
representative cationic dyes, EV and BPR were selected for investi-
gating the mechanism of adsorption by the material. The molar
amounts of EV and BPR bound to the material were calculated.
A conventional sorbent, activated carbon powder, was compared
with the hybrid sorbent. The effects of pH, ionic strength and tem-
perature on the adsorption of EV were also determined. The POPs,
Phe, Flu, Bip and BPA, were used to investigate the adsorption of
hydrophobic organic substances by the sorbent. The treated super-
natant was measured by spectrofluorometry and the rates of POPs
removal were calculated. Furthermore, their Kpw values were cal-
culated, and the relationship between the Kow and Kpw of the POPs
was established.

2.4. Treatment of wastewaters and reproduction of the sorbent

Two typical MB and CBR wastewaters were sampled from two
cationic dye plants and one chemical plant. The BaSO4–APRB hybrid
sorbent directly prepared from the APRB-producing wastewater
was used to treat them. The chromaticity and chemical oxygen
demand (COD) of the dye wastewaters were determined, and their
rates of removal were calculated and compared. The adsorption
of POPs from the chemical wastewater was evaluated by high-
performance liquid chromatography (HPLC) [27]. In addition, the
sludge produced during treatment of the wastewaters was col-
lected in a strongly acidic medium to regenerate the hybrid sorbent.
Five cycles of adsorption–precipitation–recovery were performed,
and the efficacy of the regenerated absorbent in treating both the
dye wastewaters was examined.

The details on the experimental procedures and characteriza-
tion with a more detailed description have been summarized in
Supporting Information (SI) File.

3. Results and discussion

3.1. Optimization of the synthesis conditions
The reactants were added in different sequences (Fig. S1 in SI).
The first addition sequence, SO4

2−–Ba2+–APRB, was found to result
in the lowest amount of APRB captured. This is because BaSO4 par-
ticles were formed before the APRB was added, so APRB could
only be adsorbed on the outer surface of the BaSO4 particles.
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ig. 1. (A) Variation of � (curve 1) and � (2) of APRB embedded in BaSO4 particles w
thanol. (B) Plots of � vs. cR

−1 of the SO4
2−–APRB–Ba2+ liquids. (C) Change in weight

18%) mixture, (3) BaSO4-only, (4) BaSO4/APRB surface-modified material and (5) A
PR was mixed with 0.025% hybrid material. The total ionic strength of each solutio

his preparation produced an APRB surface-modified BaSO4 mate-
ial. The second addition sequence, Ba2+–APRB–SO4

2−, produced
s much APRB hybrid as the first. Ba2+ reacted first with APRB to
orm a Ba–APRB complex, which has been proved no contribution
o adsorbing cationic dyes. So SO 2− must competitively replace
4
he APRB bound to the Ba2+. Therefore, the sediment formed may
ontain a large amount of the ineffective Ba–APRB complex, weak-
ning the adsorption capacity of hybrid material. Based on the
bove attempt, the third addition sequence was therefore applied,

ig. 2. SEM images of BaSO4-only (A), BaSO4/APRB surface-modified (B) and BaSO4/APRB
onducted using TEM-EDX (D). Cartoon illustration of APRB embedded in BaSO4 (E and F)
.52 mM SO4
2− (c0,M), 0.02–0.2 mM APRB (c0,R) and 0.73 mM Ba2+ was added to 30%

material with temperature. (1) BaSO4/APRB hybrid material, (2) BaSO4 (82%)–APRB
nly. (D) Change in amount of BPR adsorbed with pH from 0.4 to 2.08 when 0.1 mM
ained at 2 M and temperature at 20 ◦C.

SO4
2−–APRB–Ba2+, which has been proved most favorable for the

layer-by-layer hybridization of APRB into the growing BaSO4 par-
ticles. After the APRB–SO4

2−–Ba2+ reaction was completed, the
absorption spectra of the residuary solutions (Fig. S2A) show that
the amount of APRB in the hybrid particles reached a maximum

in the presence of 30% ethanol. The spectra of the residuary solu-
tion (Fig. S2B) show that the gradients of the curves increased with
increasing ethanol content. The increase in the slope of log A vs. log �
indicates that the number of particles decreases with increasing

hybrid (C) materials. Elemental analysis and mapping of the hybrid material was
.
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thanol content [28]. When the ethanol concentration is over 40%,
he presence of ethanol retards the growth of BaSO4, and the par-
icles become too small to settle. As a result, the amount of the
ettled APBR decreased at high ethanol concentrations (Fig. S2A).
he number of BaSO4 particles increased rapidly with increasing
a2+ concentration and remained almost constant above 100 mg/L
Fig. S2C). However, the ineffective Ba–APRB complex has a solu-
ility product (Ksp) of 3.1 × 10−9 (Fig. S3B); it is formed when too
uch Ba2+ is added. Thus, an initial Ba2+:SO4

2− molar ratio of 1.5:1
as selected.

.2. The formation of APRB–BaSO4 hybrid particles

The precipitation of APRB (R) by Ba2+ and SO4
2− (M) may be

xpressed as the reaction:

APRB2− + Ba2+ + SO4
2− K

�[BaSO4(APRB)N]2N−

Initiation c0,R c0,M 0
Equilibrium cR cM → 0 c0,M

he symbol N is the saturating number of APRB molecules, and
is the adsorption constant. c0,R and c0,M are the initial molar

oncentrations of APRB and SO4
2−, respectively, while cR and cM

epresent their molar concentrations at equilibrium. cM approaches
ero when the molar concentration of Ba2+ is higher than that of
O4

2−. The molar number (�) of APRB hybridized in the BaSO4
articles is calculated by the relationship � = �c0,R/c0,M, where
he effective fraction (�) of APRB is calculated by the formula
= 1 − cR/c0,R. Both � and � must be corrected by the Ba–APRB com-
lex (Fig. S3A). With increasing APRB molarity, � increases (curve
) but � decreases (curve 1) (Fig. 1A). Regarding the effect of the

nitial molar ratio of APRB (c0,R) to SO4
2− (c0,M), the amount of

ybridized APRB approached a maximum of 25% when c0,R/c0,M
as 0.25, i.e., 9 BaSO4 molecules can embed a maximum of 1
PRB molecule. The amount of the hybridized APRB decreases
hen c0,R/c0,M is over 0.25. This is attributed to the formation

f ineffective Ba–APRB particles. Therefore, the c0,R/c0,M ratio is
elected to be approximately 0.2. The Langmuir isotherm model
as used to fit the experimental data, and the binding constants

N, K and the Gibbs free energy change �G) were calculated to be
= 1/8.7, K = 2.02 × 105 M−1 and �G = −30.1 kJ/mol (Fig. 1B). There-

ore, the hybridization of APRB in BaSO4 particles occurred by
pontaneous chemical adsorption, and the hybrid complex is very
table. APRB, containing SO4

2−, may be attracted to the temporary
lectric double layer (TEDL) in the monolayer by its strong affinity
or Ba2+.

The hybridization of APRB in BaSO4 particles was not influenced
y pH between 2 and 9.5 (Fig. S4). This is favorable for the reuse of
arious APRB-producing wastewaters to obtain practical sorbents.
he preparation of the hybrid material was performed in neutral
edia in this work.

.3. Composition and structure of the hybrid materials

A suspension (SS) of the BaSO4–APRB hybrid material was pre-
ared under the optimal experimental conditions described above.
he SS was left unstirred for 2 h, then the supernatant was removed
nd the solid residue of the final concentrated SS was measured as
.5%. This was used in the succeeding experiments. The SS was dis-
olved in a solution of EDTA–ammonia, and the Ba2+ concentration

as measured as 124 ± 3 �mol/mL, SO4

2− 115 ± 4 �mol/mL and
PRB 10.3 ± 0.2 �mol/mL, respectively. Thus, the Ba2+:SO4

2−:APRB
olar ratio in the hybrid material was calculated as 12:11:1. There-

ore, the addition of APRB has little effect on the formation of BaSO4.
o covalent bonds can be formed between APRB and BaSO4, so
aterials 175 (2010) 179–186

the APRB is bound by non-covalent affinity [29]. Approximately 11
BaSO4 molecules occlude one APRB molecule in the working mate-
rial. The excess Ba2+ indicates that it may be adsorbed by the solid
material to maintain charge equilibrium. A cost-effective sorbent
liquid prepared with an APRB-producing wastewater containing
0.074% APRB and 23,000 mg/L COD was also analyzed. The molar
ratio of BaSO4 to APRB was calculated as 15: 1. Slightly less APRB
was hybridized than that in the hybrid material prepared with
the commercial APRB reagent. The high COD value suggests that
the APRB-producing wastewater may have contained unknown
organic substances, e.g. complex byproducts and excess reactants,
which may affect the hybridization of APRB in the BaSO4 parti-
cles.

The TGA results from five materials, APRB-only (curve 4),
BaSO4-only (curve 3), BaSO4–APRB mixture (curve 5), BaSO4–APRB
surface-modified (curve 2) and hybrid particles (curve 1), are
shown in Fig. 1C. APRB may undergo almost complete thermal
decomposition below 600 ◦C as seen in curve 4; the weight loss
was 26% around 280 ◦C and 27% around 430 ◦C (Fig. S5). The former
may be caused by volatilization of the alkyl chain (–C12H25) and the
latter by decomposition of the azo naphthol amide (Fig. S1). The
two sulfonic groups of APRB may be transformed into sodium sul-
fate at 430 ◦C and the Na2SO4 into Na2O above 650 ◦C. The weight
loss of APRB in the BaSO4 hybrid material was 10% between 200
and 450 ◦C according to curve 1, after correction for the BaSO4-
only material (curve 3). Therefore, the mass percentage of APRB
was calculated as 20% in the hybrid material, i.e. the molar ratio
of BaSO4 to APRB was approximately 11. Similarly, the weight loss
of APRB in the BaSO4–APRB surface-modified material was only
1.2% between 200 and 450 ◦C, according to curve 2. Therefore, most
APRB molecules were embedded in the interior of the BaSO4 parti-
cles in the hybrid material. Comparing curves 3 with 5, obtained by
mechanically mixing BaSO4 with APRB, the weight loss tendency
was quite consistent. This indicates that no covalent interaction
occurred between APRB and BaSO4 during preparation of the hybrid
material.

Basic pink red B (BPR), a cationic dye that can exist in acidic
and basic solution, was used to determine the isoelectric point
of the hybrid material in order to investigate the applicability of
this method. From Fig. 1D, no cationic BPR was adsorbed when the
pH was less than 0.5, i.e., the hybrid material carried no negative
charges in a strongly acidic medium. The most likely reason is that
APRB exists in the APRB-H2 form. The dissociation constant (Kd) of
APRB is pKd = 0.5. The APRB forms in various pH media are shown
in Fig. 1D; APRB2− has the highest sorption capacity for BPR. There-
fore, the hybrid material is only efficient as a cationic sorbent when
the pH is greater than 1.2. According to Fig. 1D, the hybrid mate-
rial may be regenerated if the precipitated sludge with adsorbed
cationic dye is mixed with a strongly acidic medium, e.g. 1 M H2SO4.
Meanwhile, the cationic dye may be released and then concentrated
highly for recovery and reuse.

The particle size analysis show that the self-aggregates of
BaSO4-only particles are non-uniform with sizes from 0.5 to 3 �m
(Fig. S6A), and approximately 95% of the hybrid aggregates are
between 0.5 and 7 �m of size (Fig. S6B). Therefore, hybridization
with APRB affected the self-aggregation of BaSO4 particles in size.
According to the SEM images (Fig. 2A), the individual BaSO4-only
particles are spherical, and most are between 100 and 200 nm in
diameter. The BaSO4–APRB surface-modified particles are larger
because of the sorption of APRB on the BaSO4 particle surfaces
(Fig. 2B). However, the BaSO4–APRB hybrid material consists of

colloid aggregates, composed of mutually bonded nanoparticles
approximately 50 nm in size (Fig. 2C). The active surface of the
hybrid material was not markedly exposed, and hybridization with
APRB did not alter the crystallization process according to the XRD
data (Fig. S7). The data show that there was no covalent interaction
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Fig. 3. (A) Plots of � vs. cL0 of EV (1) and MB (2). (B) Variation in chromaticity of the EV solution after treatment with the hybrid sorbent (curve 1 at 5 min) or activated carbon
powder (curve 2 at 30 min and 3 at 60 min). (C) Cartoon illustration of adsorption of cationic dye L (EV or MB) by the hybrid sorbent. (D) Variation in rate of removal of EV
(initial concentration 2.0–800 �M) after treatment with the hybrid material for 2 min (curve 1) or activated carbon powder (800–1000 m2/g SSA) for 10 min (2), 30 min (3)
or 60 min (4). The ratio of EV molarity to the mass of material added was 0.2 mmol/g in each case. (E) Effect of adsorption time on the rate of removal of EV (1 and 2) (initial
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oncentration 0.0125 mM) and BPR (3 and 4) (initial concentration 0.17 mM). Both
ctivated carbon powder.

etween APRB and BaSO4. Elemental analysis and element mapping
f Ba, C and Na were performed by TEM-EDX (Fig. 2D). The carbon,
ndicating APRB (white points), is always distributed around several
a points (yellow). This indicates that the APRB layer is sandwiched
etween BaSO4 layers. The ratio of numbers of C to Ba atoms was
alculated as 3, i.e. 10 BaSO4 molecules interact with one APRB
olecule in the working material. In addition, the Na points (blue)

Fig. 2D) indicate that Na+ may be attracted to the hybrid particles
n order to maintain the charge equilibrium with Ba2+. The similar

values of APRB given by the various methods described above
how that approximately 11 mol of BaSO4 interact with only 1 mol
f APRB in the working material.

In conclusion, APRB was adsorbed and then occluded in BaSO4
articles, and the process of formation of a negatively charged
aSO4–APRB co-precipitate is illustrated in Fig. 2E and F. In a solu-
ion containing SO4

2−, APRB and Ba2+, SO4
2− reacts with Ba2+ prior

o APRB because the Ksp (1.1 × 10−10) of BaSO4 is much less than
hat of the Ba–APRB complex (Fig. S3B). During the slow growth of
aSO4 particles in the presence of ethanol, APRB may be adsorbed

nto the TEDL by the affinity between the sulfonic groups and Ba2+.
O4

2− immediately captures the Ba2+ bound to APRB and forms
he outer BaSO4 layer of the sphere (Fig. 2F). Thus, APRB molecules
orm monolayers sandwiched between BaSO4 layers (Fig. 2E). In
his way, many APRB layers are embedded into BaSO4 particles
o form a large aggregate particle with many negative charges
upplied by the APRB. This is confirmed by measurement of the

-potential of the liquid forms of the material: −23.4 ± 0.9 mV for
he hybrid material and only −7.6 ± 0.6 mV for BaSO4-only. These
ata hint that the hybrid material can be used as an efficient sor-
ent to treat organic wastewater with cationic organic substances,

ncluding cationic dyes.
3 0.01% of the hybrid sorbent; 2 and 4 show the effects of treatment with 0.01%

3.4. Adsorption of dyes and POPs

The adsorption experiments between five dyes and three
kinds of materials (BaSO4-only, BaSO4–APRB surface-modified and
BaSO4–APRB hybrid materials) were carried out. As shown in
Figs. S8 and S9, weak acidic green GS (WAG) was hardly adsorbed by
any of the three materials due to several negative (−SO3

−) groups in
WAG molecule. Acidic brilliant blue 6B (ABB) was adsorbed because
it carries positive (−NR2

+) charges except for negative (−SO3
−)

group. In contrast, ethyl violet (EV), methylene blue (MB) and basic
pink red B (BPR) with positive charged groups are clearly adsorbed
when treated with the hybrid material. However, the BaSO4–APRB
surface-modified material is not very effective in adsorbing these
three dyes. The BaSO4-only material shows no appreciable removal
of the EV, MB, BPR or WAG dyes (Fig. S9). The adsorptions of EV
and MB became saturated when only 0.01% of the hybrid sorbent
was added, and those of ABB and BPR increased with increasing
hybrid sorbent (Fig. S9A). The selectivity of sorption showed that
the interactions of cationic organic substances with the material
are mainly contributed to charge attraction. Moreover, the hybrid
material contains more negative charges than the surface-modified
material. This again confirms that the BaSO4–APRB hybrid particle
will form a negative electronic aggregate in the aqueous phase.

Studies on the adsorption mechanism are a prerequisite for
understanding the adsorbate–sorbent interaction so that sorbent
use can be optimized. The adsorptions of EV and BPR on the

BaSO4–APRB hybrid material were investigated in detail. Plots
of � vs. c0,R′ , (Fig. 3A) show that the � of EV and BPR approach
a constant maximum (N) at 2 when their initial concentrations
are greater than 0.4 mM, i.e. 1 mol of APRB embedded in BaSO4
particles can capture only 2 mol of EV or BPR at saturation. Thus,
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ybrid (3) materials. (B) Plots of cR′ ,p vs. cR′ of POP solutions, initially containing 0–
he amounts of hybrid sorbent added were 0.01% (curves 1 and 3), 0.03% (2) or 0.05

he saturating mole amounts of EV or BPR neutralized all the
egative charges in the hybrid particles, i.e. the following reaction
ccurred: [(BaSO4)m(APRB)n]2n− + 2nR′+ = R′

2n[(BaSO4)m(APRB)n]
R′: cationic dye e.g. EV or BPR, m = 11n) (Fig. 3C). This represents
urther evidence of the electronic charge pairing interaction.
rom the above N values, the adsorption capacity of the material
repared from APRB reagent was calculated to be 303 mg EV
nd 216 mg BPR per gram material while that of the adsorbent
repared from APRB waste to be 222 and 160 mg/g for EV and BPR,
espectively. The results are obviously superior to the reported
nes [30]. By deduction, APRB is the sole active agent filling the
aSO4 skeleton. Furthermore, the APRB embedded in the BaSO4
article attracts oppositely charged molecules, i.e. the adsorption
apacity of the hybrid sorbent does not correlate directly with the
pecific surface area (SSA) of the particles. Fitting the Langmuir
sotherm model (Fig. 3B) confirmed the monolayer adsorption of
V and BPR on the hybrid material. Their K values were calculated
s 8.43 × 105 and 2.21 × 104 M−1, respectively. EV forms a more
table complex with the hybrid material than BPR.

The effects of pH and ionic strength on the adsorption of EV were
ested by treatment with the BaSO4–APRB hybrid sorbent (Fig. S10).
he rate of removal of EV changed little when the pH was varied
etween 2 and 9 and when the electrolyte was less than 1 M. The
dsorption constant (K) of EV increased with increasing temper-
ture, while that of BPR decreased (Fig. S11A). From the enthalpy
hanges (�H) (Fig. S11B), the adsorption of EV is endothermic while
hat of BPR is exothermic, which explains why increasing temper-
ture favors the adsorption of EV but not that of BPR. The entropy
hanges (�S) indicate that the adsorption of EV on the hybrid sor-
ent was driven by an increase in entropy, but that of BPR was
riven by enthalpy. According to the �G values, the adsorption of
ationic dyes is generally spontaneous.

The sorption of EV and BPR on the BaSO4–APRB hybrid sorbent
ith an SSA of only 0.89 m2/g was compared with the classical

ctivated carbon powder with an SSA of 800–1000 m2/g (Fig. 3).
he adsorption of EV on the BaSO4–APRB hybrid material was
ompleted in 2 min (Fig. 3D). From curves 2–4, the removal of EV
reated with activated carbon becomes apparent only after vigor-
us mixing for 30 min. In order to overcome the capillary effect,
ctivated carbon must be used over a long period with strong mix-
ng [31]. Although the final rates of EV removal are similar, the

ybrid material removes EV much more quickly than activated car-
on. All curves in Fig. 3E point to the same conclusion. However,
uch less BPR is finally absorbed by the hybrid material than by

ctivated carbon. This may be due to the saturation of the hybrid
orbent by BPR. The above observation indicates that the hybrid
f 0.01% BaSO4-only (column 1), BaSO4/APRB surface-modified (2) and BaSO4/APRB
g/L Phe (curve 1), 0–0.50 mg/L Flu (2), 0–0.50 mg/L Bip (3) and 0–40 mg/L BPA (4).
(C) The relationship between Kpw and Kow.

sorbent acts by a quite different mechanism from activated carbon.
The former depends mainly on the electric charge carried, but the
latter depends on the SSA.

The chemical structure of APRB is shown in Fig. S1; it has a
long alkyl chain, a –C12H25 group. Thus, APRB molecules embed-
ded on the outside surface of the material will form a hydrophobic
shell that adsorbs lipophilic organic substances, e.g. toxic benzene
derivatives and esters, and carcinogenic POPs [32]. Four poly-
cyclic aromatic hydrocarbon (PAHs), phenanthrene (Phe), fluorene
(Flu), biphenyl (Bip) and biphenol A (BPA), were used to examine
the adsorption capacity of the hybrid material, and their rates of
removal were calculated, as shown in Fig. 4A. POPs treated with
the hybrid material were removed much more quickly than those
treated with the BaSO4-only and BaSO4–APRB surface-modified
materials. This indicates that the in situ chemical co-precipitation
of APRB with BaSO4 particles may produce a much more hydropho-
bic surface than surface modification with APRB. As demonstrated
by the curves in Fig. 4B, the amount of POP captured does not
show a constant tendency, which is very different from the case
of the cationic dye (Fig. 4A). All plots of � vs. cR′ demonstrated
good linear relationships. Therefore, the adsorption of POPs on the
hybrid sorbent accorded with the octanol–water partition law; a
hydrophobic interaction may occur between the long alkyl chain
of APRB and the POP. The partition coefficients (Kpw) of the POPs in
the BaSO4–APRB hybrid material are given in Fig. 4C. Kpw is directly
proportional to the corresponding Kow [33] with a slope of 0.552,
i.e. 2 g of the hybrid sorbent removes the same amount of POP as
1 g of pure octanol. The time-dependence of Phe adsorption indi-
cates that adsorption is completed in 2 min, and temperature has
no obvious effect between 10 and 40 ◦C.

3.5. Treatment of wastewater

Recycling and reuse of waste has long been studied in
order to conserve the environment and reduce costs [12]. The
BaSO4–APRB hybrid sorbent was prepared directly with APRB-
producing wastewater instead of commercial APRB, and it was
applied to the treatment of two dye wastewaters: (1) MB wastew-
ater with a chromaticity of 140,000 and COD = 3800 mg/L; (2)
cationic brilliant red 5GN (CBR) wastewater with a chromatic-
ity of 28,000 and COD = 1280 mg/L; and one chemical wastewater

with 0.16 mg/L Phe, 0.19 mg/L Flu, 0.25 mg/L Bip and 4.0 mg/L BPA.
According to Fig. 5A, the chromaticities of the two dye wastew-
aters clearly decreased with increasing sorbent percentage. With
1% hybrid sorbent, the decolorization was over 97% and the COD
decreased by 88% (Fig. 5B). According to the changes in column
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Fig. 5. (A) Changes in color of EV (1, initial chromaticity: 140,000) and CBR
(2: 28,000) wastewaters with increasing amounts of BaSO4/APRB hybrid sorbent
directly prepared from APRB-producing wastewater. (B) Changes in chromaticity
(
a
a
0

h
l

r
r
C
e
a
d
i
c
a
t
s
s
a

4

t
p
i
c
r
o
v
r
a
p
r
R
h
a
r
i
a
t
r
d
t

[

[

[

[

[

[

[

[

[

[

[

[

[

1-EV and 2-CBR) and COD (3-EV and 4-CBR) after treatment with 1% of the original
nd 5-times regenerated sorbents. (C) Removal rates of POPs in chemical wastew-
ter containing 0.16 mg/L Phe, 0.19 mg/L Flu, 0.25 mg/L Bip or 4.0 mg/L BPA, where
.03% (black) or 0.05% (white) of the hybrid sorbent was added.

eight (Fig. 5C), the rates of removal for the various POPs is corre-
ated positively with their Kpw values.

The sludge that adsorbs EV and CBR dyes was collected and
egenerated by the recommended procedure. The decolorization
ates of both EV and CBR wastewaters were still over 95%, and the
OD was decreased by more than 83% when the sorbent regen-
rated at each cycle was used (all 1%) (Fig. 5B). Therefore, the
dsorption capacity of the recovered sorbent is not significantly
ifferent from that of the original hybrid. Moreover, only approx-

mately 5% of the sorbent solid is lost in each recovery cycle. In
ontrast to conventional treatment methods, e.g. electrolysis and
dvanced oxidation, the hybrid sorbent does not destroy the struc-
ure of the cationic dye pollutant. The cationic dye adsorbed in the
ludge was released and concentrated over 50-fold when the hybrid
orbent was regenerated. Thus, the cationic dye may be extracted
nd recovered as a useful product.

. Conclusions

In summary, a new, highly effective sorbent was developed by
he chemical co-precipitation of APRB with growing BaSO4 from
roducing wastewater. The molar ratio of BaSO4 to APRB is 11:1

n the sorbent. The nano-sized BaSO4–APRB aggregate particles
arry many negative charges and lipophilic groups. The efficient
emoval of EV, MB and BPR and of four kinds of POPs, and treatment
f relevant wastewaters, indicated that the hybrid material has a
ery high adsorption capacity. The adsorption of cationic dyes cor-
esponded to the Langmuir isotherm model and involved charge
ttraction, and that of POPs corresponded to the octanol–water
artition law and involved hydrophobic stacking. The skeleton
eactants are readily available and harmless to the environment.
euse of dye wastewater and simple and easy regeneration of the
ybrid sorbent from sludge saves on production and usage costs of
n efficient sorbent. The sludge adsorbing various dyes may also be
eused as a color paste in rubber, plastic, paint and paper-making
ndustries. Not only has the recommended method allowed both

cidic and basic dye wastewaters to be treated synchronously, but
he cationic dye adsorbed was also concentrated for recovery and
ecycling during regeneration of the hybrid sorbent. This work has
eveloped a simple, eco-friendly and practical method for the syn-
hesis of an efficient and cost-effective sorbent, and it can be used

[

[

aterials 175 (2010) 179–186 185

to solve problems resulting from conventional flocculants such as
color reversion of treated water, large volumes of sludge, and sec-
ondary pollution.
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