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Abstract

Background, aim, and scope Over the years, organic
pollution in the environment has aroused people’s concern
worldwide, especially persistent organic pollutants (POPs).
Particularly in developing countries, plenty of concentrated
organic wastewaters treated noneffectively are discharged
into aquatic environments from chemical, textile, paper-
making, and other industries to seriously threaten the
surface and drinking water. The conventional wastewater
treatment techniques are often helpless due to high cost
with multilevel processing. Adsorption as an efficient
method is often applied to the treatment of wastewater.
The aim of this work is to develop an eco-friendly and cost-
effective wastewater-sorbing material with weak acidic pink
red B (APRB) and calcium carbonate (CaCOs3) by reusing
highly concentrated dye wastewater.

Materials and methods On the basis of the chemical
coprecipitation of APRB with growing CaCOj; particles,
an inclusion material was prepared. The composition of
material was determined by atomic absorption spectrome-
try, thermogravimetric analysis, and transmission electron
microscopy (TEM)-energy dispersive X-ray, and its mor-
phology characterized by X-ray diffraction, scanning
electron microscopy, TEM, and particle-size analysis. Two
cationic dyes, ethyl violet (EV) and methylene blue (MB),
and four POPs, phenanthrene (Phe), fluorene (Flu), biphenyl
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(Bip), and biphenol A (Bpa), were used to investigate the
adsorption selectivity, capacity, and mechanism of the new
material, where spectrophotometry, fluorophotometry, and
high-performance liquid chromatography were used for
determination. An APRB-producing wastewater was reused
for preparing the cost-effective wastewater-sorbing material
instead of the APRB reagent and then treating cationic dye
wastewaters. The remove rates of colority and chemical
oxygen demand (COD) were evaluated.

Results and discussion The CO;> —~APRB—Ca’>" addition
sequence is most favorable for the occlusion of APRB into
the growing CaCOj particles, and the occlusion of APRB
corresponded to the Langmuir isothermal adsorption with
the binding constant (K) of 5.24x 10* M and the Gibbs
free energy change (AG) of —26.9 kJ/mol. The molar ratio
of Ca’*" to CO;> and APRB was calculated to be
1:0.94:0.0102, i.e., approximately 92 CaCO; molecules
occluded only one APRB. Approximately 78% of the
inclusion aggregates are between 3 and 20 mm and the
particles are global-like with 50-100 nm. The element
mapping on Ca, S, and C indicated APRB distributed a lot
of CaCOs;, i.e., the APRB layer may be pressed between
both sides of CaCOj layers. The molar ratio of Ca to S was
calculated to 44, i.e., 88 CaCO; molecules carried one
APRB, according to the above data. During the growing of
CaCOj; particles, APRB may be attracted into the tempo-
rary electric double layer in micelle form by the strong
charge interaction between sulfonic groups of APRB and
Ca”" and the hydrophobic stack of long alkyl chains. Four
dyes were adsorbed: reactive brilliant red X-3B and weak
acid green GS as anionic dyes and EV and MB as cationic
dyes. The removals of EV and MB are extremely obvious
and the saturation adsorption of EV and MB just neutralized
all the negative charges in the inclusion particles. The
selectivity demonstrated the ion-pair attraction, i.e., the
cationic adsorption capacity depends on the negative charge
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number of the inclusion material. By fitting the Langmuir
isotherm model, the monolayer adsorptions of EV and MB
were confirmed. Their K values were calculated to be 2.4 x
10% and 7.3x10° M ', and AG was calculated to be 36.4
and —33.4 kJ/mol. The adsorption of four POPs on the
material obeyed the lipid—water partition law, and their
partition coefficients (Kj,,) were calculated to be 9,342 L/kg
for Phe, 7,301 L/kg for Flu, 1,226 L/kg for Bip, and 870 L/kg
for Bpa. The K, is the direct ratio to their lipid—water
partition coefficients (K,) with 0.314 of slope. Besides this,
a cost-effective CaCO;/APRB inclusion material was pre-
pared with an APRB-producing wastewater instead of APRB
reagent, and it was used in the treatment of two practical
cationic dye wastewaters (samples A and B). The colority and
COD in sample B are 18 and 13 times high as those of
sample A. The decolorization of sample A is over 96%, and
the removal of COD is between 70% and 80% when more
than 0.3% adsorbent was added. However, those of sample B
are over 98% and 88% in the presence of over 1% adsorbent.
The adsorbent added in sample B, which was only two to
three times as high as that in sample A, brought a similar
removal rate of colority and COD. The inclusion material is
more efficient for treatment of a highly concentrated dye
wastewater because it may adsorb the most cationic dye up to
saturation.

Conclusions A cost-effective onion-like inclusion material
was synthesized with the composition ratio 9042 of CaCOj
to APRB, and it carried a lot of negative charges and
lipophilic groups. It has a high adsorption capacity and
rapid saturation for cationic dye and POPs. The adsorption
of cationic dyes corresponded to the Langmuir isothermal
model and that of POPs to the lipid—water partition law.
The adsorbent is suitable for treatment of concentrated
cationic dye and POPs wastewater in neutral media. The
addition quantity of the calcium carbonate—APRB adsor-
bent was suggested below: only 3-5 kg per ton of
wastewater (<1,000 colority or <2 mg/L POPs) and 20—
30 kg per ton of highly concentrated wastewater (>20,000
colority or >50 mg/L POPs).

Recommendations and perspectives The skeleton reactants
are low-cost, easily available, and harmless to the ecological
environment; additionally, the APRB reactant can reuse APRB-
producing wastewater. The dye-contaminated sludge can
potentially be reused as the color additive in building material
and rubber and plastics industries. However, the APRB and dye
contaminant would be released from the sludge when exposed
to an acidic media (pH <4) for long time. This work has
developed a simple, eco-friendly and practical method for the
production of a cost-effective wastewater-sorbing material.

Keywords Adsorption - Calcium carbonate - Chemical

coprecipitation - Inclusion material - Wastewater treatment -
Weak acidic pink red B
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1 Background, aim, and scope

Environmental pollution by dyes and persistent organic
pollutants (POPs) is a threatening problem for ecology and
public health in affected areas. Over 100,000 dyes have
been synthesized worldwide and more than 700,000 tones
is produced annually, over 5% of which is discharged into
aquatic environments (McMullan et al. 2001; Gong et al.
2005). Especially in developing countries, plenty of dye
wastewater is not treated effectively (Chen et al. 2002). As
an example, over 100 dye plants and users are distributed in
the economically developed Yangtze Delta Area of China,
where Taithu Lake is the major drinking water source. In
recent years, discharge of plenty of dye wastewater has
seriously limited the local economic development and
seriously affected people’s health (Yang et al. 2008; Pandit
and Basu 2004; Guo 2007). POPs, such as polycyclic
aromatic hydrocarbons (PAHs), are commonly detected at
elevated concentrations in stormwater runoff and waste-
water streams. POPs originate from predominantly anthro-
pogenic sources, such as complete combustion of fuels and
discharges from industrial and wastewater treatment plants.
Once in the environment, dyes and POPs are recalcitrant
due to their high chroma or low solubility and resistance to
biodegradation. The majority of the dyes and POPs are
toxic and even carcinogenic and cause damage not only to
aquatic life but also to humans (Schenker et al. 2007; Fu
and Viraraghavan 2001; Monson et al. 1995; Arfsten et al.
1996). Most aromatic dyes and POPs are stable and
resistant to temperature, heat, and light. Azo dyes are
resistant to breakdown in microbe media (Talarposhti et al,
2001). There are many methods used for treatment of
organic wastewater, such as adsorption, electrocoagulation,
electro-oxidation, biological degradation, advanced oxida-
tion processes, chemical coagulation, flocculation and
filtration, etc. (Ugurlu and Kula. 2007; Xing et al. 2008;
Banate et al. 1996; Atkinson et al. 1998; Crini 20006).
Currently, there is no such economical and easy solution to
the treatment of highly concentrated organic wastewater.
Adsorption, as one of the simple and effective methods, is
often applied to the treatment of dye and POPs waste-
waters. Especially, various adsorbents, e.g., activated
carbon, wood sawdust, bentonite, waste leave, and sludge,
are utilized (Gonzalez et al. 2008; Laasri et al. 2007,
Gomez et al. 2007; Crini and Badot 2008). However, low
adsorbing capacity, lack of selectivity, slow adsorption
equilibrium, and difficult reproduction (Robinson et al.
2001, Vijayaraghavan and Yun 2008) often restrict the
extensive use of adsorbents. The purpose of this work is to
develop an effective and low-cost wastewater-sorbing
material by using CaCO; with occlusion of weak acidic
pink red B (APRB) from wastewater, with the aim to reuse
and recycle organic wastewater.
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2 Materials and methods
2.1 Instruments and apparatus

A Model S-4100 Photodiode Array Spectrophotometer
(Scinco Instruments, Korea) with Labpro plus software
(Firmware Version 060105) was used to determine APRB.
A Model Analyst 400 Atomic Absorption Spectrophotometer
(Perkin-Elmer Instruments, USA) was used to determine
calcium content in the inclusion material. A Model TG16-WS
centrifugal machine (Hunan Xiangyi Instruments, China) was
used to separate the inclusion material from the solution. A
Model LS230 Particle Size Analyzer (Beckman Coulter,
USA) with a Model LFC-101 Laser Channel (Ankersmid,
Holland) was used to measure the size distribution of the
inclusion material with the LS v3.29 operation software
installed. A Model D/max2550VB3+/PC X-ray diffractome-
ter (XRD) (Rigaku Intern., Japan) was used for identifying the
crystal structure and size. A Model Quanta 200 FEG scanning
electron microscopy (SEM) (FEI, USA) was used to
investigate the size and structure of the inclusion material.
Elemental analysis and element mapping on carbon, oxygen,
natrium, sulfur, and calcium were conducted with a JEM-
2100 (Japan Electron Kabushiki Kaisha) transmission elec-
tronic microscope equipped with an energy dispersive X-ray
spectroscopy (EDX) of inca oxford (England, Oxford). A
high-resolution transmission electronic microscopy
(HRTEM) (Model Tecnai G2 F20 S-Twin, FEI, USA)
(120 kV, 2.4 A resolution) was used to measure the
distribution of CaCO; and APRB in the particle fragments.

2.2 Preparation and characterization of the inclusion
materials

A commercial APRB reagent (CAS No.15792-43-5)
(Fig. 1) was purified with DMF and chloroform before
preparation of the inclusion material. Two hundred milli-
liters of 1.0 mmol/l APRB was added into one 2,000-ml
beaker with 600 ml of ethanol; 200 ml of 100 mmol/lI CaCl,
was then added and mixed thoroughly by stirring before
200 ml of 50 mmol/l Na,CO; was added slowly. The
reaction liquid was stewed for precipitating the suspending
substances, and then the precipitate was washed with

NHCOCH;

OH
CIZHZSON =N ‘O

Nan,S SO3Na

APRB (C.I. 18073)

Fig. 1 The chemical structure of APRB

2,000 ml of deionized water three times. The final
suspending substance liquid with concentrated CaCO5/
APRB inclusion material was used as the product. In order
to yield a practical and cost-effective sorbent, APRB
wastewater was tested as a reactant in this work. An
ABPR-producing wastewater [pH 8.6, 23,000 mg/I chemical
oxygen demand (COD) and 0.074% APRB] was collected
from a chemical plant. With the same method, the CaCO5/
APRB inclusion material was prepared with the above
APRB wastewater instead of APRB reagent. The APRB
concentration in the liquids was determined at 518 nm by
spectrophotometry and the suspending substances produced
in the reaction were centrifuged at 5,000 rpm for 5 min. By
dissolving the CaCO3/APRB inclusion material in 0.1 mol/L
ethylenediaminetetraacetic acid (EDTA), Ca content was
determined by inductively coupled plasma-optical emission
spectrometry, APRB by spectrophotometry. The CO5>~ in
the adsorbent was determined by the carbon dioxide
quantity released in 1 mol/L hydrochloric acid (GB/T
218-1996 1996). The thermogravimetric analysis (TGA),
XRD, SEM, and transmission electron microscopy of both
the CaCOs-only and CaCO3/APRB inclusion material
powders were measured for determination of the composi-
tion ratio and analysis of microstructure of the materials.
The size distribution and surface electricity of the
suspending adsorbent in liquid were measured by a laser
particle-size analyzer and a C-potential detecting-device,
respectively.

2.3 Adsorption of dyes and POPs

Four dyes, reactive brilliant red X-3B (CAS No. 12226-03-8),
weak acid green GS (CAS No. 6408-57-7), ethyl violet (EV)
(CAS No. 2390-59-2), and methylene blue (MB) (CAS No.
7220-79-3), and four POPs, Phe, Flu, Bip, and Bpa, were
prepared for investigating the adsorption selectivity, perfor-
mance, and mechanism of the CaCOz/APRB inclusion
material, where the concentration of dyes was determined
by spectrophotometry and that of POPs by fluorophotometry
and high-performance liquid chromatography. Meanwhile,
the adsorption ability of the inclusion material was compared
with powder-activated carbon with 800-1,000 m?/g of
specific surface area (SSA).

2.4 Treatment of dye wastewaters with the inclusion
material

Two cationic dye wastewaters were sampled from Jinjiang
Dye Factory (Hangzhou, China), and they were treated
with the inclusion material prepared from the APRB
wastewater. The colority and COD of wastewaters were
determined with spectrophotometer and a rapid COD
analyzer, respectively.
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3 Results and discussion
3.1 Synthesis and composition of the inclusion material

Chemical coprecipitation as a classical method is often
applied to the enrichment of a trace substance (Geets et al.
20006; Sathe et al. 2006; Mustafa et al. 2008; Baumann and
Hatmaker 1961) and synthesis of a functional material
(Wisian-Neilson 2003; Schur et al. 2003). From change of
the absorption spectra of the CaCOs-only liquid, the
gradient increased with increase in ethanol (supporting
information online Fig. S1A). It indicates that ethanol may
slow down the growth of CaCO; and thin the particles (Gao
1992). When ethanol was over 40%, the particle size was
too small to settle down. The occlusion of APRB in CaCO3
particles remained maximal when ethanol was over 20%
(Fig. SIB). From the effect of three addition sequences
(Fig. S1C), the third sequence, COs* —~Ca**~APRB, gives
the least capture amount of APRB. The reason is that
CaCOgj particles were formed before the addition of APRB.
Thus, APRB was adsorbed only into the colloidal electric
double layers on the outside surface of CaCOj; particles
(Baumann and Hatmaker 1961). The particles prepared by
this way were the CaCO3/PRB surface-modifying material.
The second sequence, Ca>*~APRB—CO5>", obtained greater
occlusion of APRB than the third sequence. First of all,
Ca®" reacted with APRB to form the Ca—APRB complex,
which is ineffective for the adsorption of cationic dye.
Thus, the following CO5>~ must competitively replace the
APRB binding to Ca®* to form the CaCO3/APRB inclusion
material. Therefore, it is possible that the sediment formed
in the second addition sequence contained a lot of the
ineffective Ca—APRB complex. The first addition sequence,
CO;? —APRB—Ca”", is most favorable for the occlusion of
APRB into the growing CaCO; particles in layer-on-layer.
As a result, such a sequence was used to prepare the object
material. From the effect of Ca®" concentration on the
formation of CaCOj; particles (Fig. S1D), the particle size
decreased with an increase of Ca”’, but the sediment
amount increased. In addition, the ineffective Ca—APRB
compound with 5.2x107® of the solubility product constant
(Kp) (Fig. S2) would be formed if the initial Ca*" is too
excessive. The initial mole ratio of Ca’" to CO;>~ was
selected at 2.

The complexation among APRB (R), Ca**, and CO5>~
(M) may be expressed as:

K —
N APRB?” + Ca®* 4 CO} == [CaCO;(APRB),|*"

Initiation CoR  COM 0

Equlllbrlum CR CM—0 CoM
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The symbol N is the saturating number of APRB and K
is the adsorption constant. ¢y g and cg v are the initial molar
concentrations of APRB and CO327, while cgr and ¢y
represent their equilibrium molarity. ¢y, approaches zero
when the molarity of Ca®" is higher than that of CO3>". The
mole number (y) of APRB including into CaCOj particles
is calculated by the relation y = ncor / com, wWhere the effec-
tive fraction (/) of APRB is calculated by n = 1 — cg / CoR-
With increasing APRB molarity, y approaches N. From the
effect of initial APRB molarity (cor) (Fig. S3A), the
occlusion of APRB approached a constant maximum at
N=0.018 when co r/com is more than 0.025. It indicated that
56 CaCO3 molecules can occlude a maximum of one APRB
molecule. The Langmuir isothermal model was used to fit
the experimental data (Fig. S3B) and the binding constants
(N; K; and the Gibbs free energy change, AG) were
calculated to be N=0.02, K=5.24x 10* M! and AG=
—26.9 kJ/mol. Therefore, the inclusion of APRB in CaCO;
particles corresponded to the spontaneous chemical adsorp-
tion. APRB may be attracted into the temporary electric
double layer (TEDL) in micelle by the affinity of sulfonic
groups with Ca®" and the hydrophobic stack of long alkyl
chains. However, 1 decreased with an increase of cor/com
(Fig. S3A), i.e., excess APRB would react with excess Ca**
to form the ineffective material. Therefore, cor/com 1is
suitably selected between 0.015 and 0.020. The effect of
pH on the occlusion of APRB was determined (Fig. S4). The
CaCO; particle sediment was dissolved when pH was less
than 3. y remains at an almost constant maximum when pH
is more than 4.5. The preparation of the inclusion material is
selected in neutral media in this work. According to the
above optimal experimental conditions, a suspending solid
(SS) liquid of the CaCOs/APRB inclusion material was
synthesized. After the SS liquid rested for 2 h and the
supernatant was removed, the solid content of the final
concentrated SS liquid was determined to be 23%. Unlike
the conventional flocculate, the solid particles are non-
flocculated. After the SS was dissolved in an EDTA solution,
Ca®" was determined to be 10.1:£0.1 mmol per milligram of
solid, CO;* 9.5+0.1 mmol/mg, and APRB 0.103+
0.001 mmol/mg. Thus, the molar ratio of Ca®" to CO5>~
and APRB in the inclusion material was calculated to be
1:0.94:0.0102. Therefore, the addition of APRB has not
affected the formation of CaCO;. No covalent bond was
formed between APRB and CaCOs;, i.e., APRB was
occluded via the strong charge interaction (Cong et al.
2007). Approximately 92 CaCO; molecules occluded only
one APRB in the work material, which is only half of the
saturation binding number of APRB above. It is attributed to
the fact that the coexistence of some unknown organic
substances in the APRB wastewater, e.g., excessive reactants,
by-products, and electrolytes, may interfere with the layer-on-
layer inclusion of APRB.
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3.2 Characterization of the particles

From TGA of three kinds of materials, e.g., APRB-only,
CaCOg;-only, and CaCO3;/APRB inclusion particles (Fig.
S5), APRB could undergo a thermal decomposition at
below 600°C, and the weight loss was 70%. The weight
loss of APRB powder was 26% around 280°C and 27%
around 430°C. The former may be caused by the
volatilization of alkyl chain —C,,H,s and the latter by
the decomposition of azo naphthol amide. Above 600°C,
the two sulfonic groups of APRB could be transformed into
sodium sulfate. Above 760°C, the obvious weight loss of
CaCOs; occurred owing to the thermal decomposing into
CaO. The weight loss of APRB in the CaCOs; inclusion
material was 5% between 200 and 600°C by correcting
with the CaCOs-only material. Therefore, the mass per-
centage of APRB was calculated to be 7% in the CaCOs;/
APRB inclusion material, i.e., the molar ratio of APRB to
CaCO; is approximately 1:90. The self-aggregate of
CaCOs-only particles in aqueous liquid is highly nonuni-
form, and most of them are between 3 and 40 um (Fig.
S6A). However, approximately 78% of the inclusion
aggregates are between 3 and 20 um (Fig. S6B), and the
big particles over 20 um decreased obviously. Therefore,
the participation of APRB affected the self-aggregation of
CaCO; particles. From the SEM images (Fig. 2a), the

Fig. 2 SEM images of CaCOs-
only (a) and CaCO3/APRB in-
clusion material (b). ¢ The ele-
ment mapping of the inclusion
material with elemental analysis
measured by EDX, d HRTEM
of a CaCO5/APRB aggregate,
and e cartoon illustration of
APRB including into CaCO;

CaCOs-only particles are nonuniform like the mushrooms
of varying sizes, most of which are more than 2 um. This is
attributed to the dense packing of CaCOj; layers. On the
contrary, the CaCO3/APRB inclusion particles are global-
like with 50-100 nm of size and the mutual adhesion of
nanoparticles formed the shapeless aggregates with the
clear particle borderline (Fig. 2b). Therefore, the participa-
tion of APRB inhibited the self-stack of CaCO3; molecules
but did not alter the formation of CaCO;s from the XRD
data (Fig. S7). The active species of the inclusion material
not only exposed enough (see Fig. 2b) but the aggregates
also settled down easily. Thus, the inclusion material may
be suitable as an adsorbent of cationic organic substances.
The elemental analysis and element mapping on Ca, O, Na,
S, and C were performed by EDX (Fig. 2c). The S
indicating APRB (yellow points) always distributes around
a lot of Ca points (red). The molar ratio of Ca to S was
calculated to 44, i.e., 88 CaCO; molecules carried one
APRB molecule in the work material. Besides this, the Na
points (blue) (see Fig. 2c) indicated that Na' may be
attracted in the solid inclusion particles for maintaining the
charge equilibrium together with Ca®". From almost the
same N values of APRB obtained by various detection
methods above, approximately 45 mol of CaCO; carried
only 1 mol of negative charges in the work material. From
the HRTEM image of a fragment of CaCO;/APRB

co,”
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inclusion particles (Fig. 2d), the APRB layer is fixed as a
sandwich between striated CaCOj; layers. The onion-like
inclusion particles were formed and they further aggregated
together.

From the above results, APRB was adsorbed and
occluded in CaCOj; particles, and the formation process of
negatively charged CaCO3/APRB coprecipitate is illustrated
in Fig. 2e. APRB with a long alkyl chain formed micelle
aggregates in aqueous phase. During the slow growing of
CaCO; particles, APRB was adsorbed on the TEDL and
bound with the inner CaCOjz; by complexation. The
aggregation of APRB formed a micelle layer via the
hydrophobic stack of the long alkyl chains. Immediately,
Ca”" bound on the polar heads of the outer APRB layer, but
then, CO5” captured the Ca®" to form an inorganic CaCOs
encircling shell because K, of CaCO; is much less than
that of the Ca—APRB complex. The inclusion material
carried a lot of negative charges, confirmed by measure-
ment of the z-potential of the materials’ liquids: —21.0 mv
for the inclusion material and only —11.5 mv for CaCOs-
only. Without doubt, the inclusion material can be used as
an efficient adsorbent to treat organic wastewater contain-
ing cationic organic substances, e.g., cationic dyes.

3.3 Adsorption of cationic dyes and POPs

The dye-inclusion materials are often synthesized for solar
cell and functionized membrane (Zhang et al. 2008; Bach et
al. 1998; Takahashi et al. 2006; Sourisseau 2004). Never-
theless, no inclusion material was used as adsorbent applied
in pollution control. The adsorptions of four dyes on the
CaCO5/APRB inclusion material were carried out: reactive
brilliant red X-3B and weak acid green GS as anionic dyes
and EV and MB as cationic dyes. At the same time, the
CaCOs-only and CaCO;/APRB surface-modifying mate-
rials were used to compare the adsorption performance
according to the same operation instead of the inclusion
material. From Fig. 3, both anionic dyes A and B were
hardly adsorbed by the two materials. On the contrary, the
removals of EV and MB (C and D) are extremely obvious
when treated with the inclusion material while the surface-
modifying material is effective to adsorb both dyes. The
CaCOs-only material has no obvious removal effect for all
the dyes. Therefore, such a sorption selectivity clarified that
the interactions of cationic organic compounds with the
material are mainly due to the charge attraction. Moreover,
the inclusion material contains more negative charges than
the surface-modifying material. This again confirms that the
CaCO5/APRB inclusion particle will form a negatively
electronic aggregate in aqueous phase.

Studies on the adsorption mechanism are a prerequisite
to understand the adsorbate—adsorbent interaction. The
adsorptions of EV and MB on the CaCO5/APRB inclusion

@ Springer
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Fig. 3 Images of the dye solutions containing reactive brilliant red X-
3B (a), weak acid green GS (b), EV (c¢), and MB (d); all are 100 pM.
1 Dye-only. From 2 to 4 treated with the CaCOj3 only, CaCO3;/APRB
surface-modifying, and CaCO5;/APRB inclusion materials. e Cartoon
illustration of adsorption of cationic dye L (EV or MB) on the
inclusion material. f Plots y vs. ¢ o of EV and MB, and g variation of
colority of the EV solutions treated with the inclusion material at
5 min and activated carbon at 30 and 60 min

material were investigated in detail. From plots y vs ¢
(see Fig. 3f), y values of EV and MB remain at constant
maximums: 0.020 and 0.025 when their initial concen-
trations are more than 30 mmol/L, i.e., 40-50 mol of
CaCOgj; can capture only 1 mol of EV or MB at saturation.
By contrasting N of APRB including in CaCOs;, the
saturation adsorption of EV or MB just neutralized all the
negative charges of the onion-like inclusion particles, i.e.,
the reaction occurred: [(CaCOs),,(APRB),]*" +2nL*=
L,,[(CaCO3),,(APRB),] ~ (L: EVor MB, m~90n) illustrated
in Fig. 3e. It again gives evidence of the electronic charge
pairing interaction. As a deduction, APRB is the unique
active species occluded in the CaCO; skeleton. Further-
more, the APRB included in the CaCO; particle inside is
able to play the charge attraction role, i.e., the cationic
adsorption capacity of the inclusion material depends on the
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particles. Therefore, all the negative charges of the = | /O /_, o | zdceg:gk:g;it\nloar;rr:‘t: '1.6x104%:
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model, the monolayer adsorptions of EV and MB on the = 9 0
inclusion material were confirmed. Their K values were £ 4o | [ HE colority 240 W colority F8.0x10° £
calculated to be 2.4x10° and 7.3x10° M, respectively, E: [ cop § —Jcop ‘g
and their AG —36.4 and —33.4 kJ/mol. Therefore, the  § 00 £ -40x10° S
interaction of cationic dye with the inclusion material «

belongs to the spontaneous chemical adsorption.

In addition, the natural settling of the particles adsorbing
MB was investigated for the requirement of the practical
wastewater treatment. The results indicate that most of the
particles were separated completely at only 1 h in an A/d=1
columnar pool (4, pool height, and d, pool diameter) and
3 hin an #/d=3 pool (Fig. S8). Moreover, the water ratio of
the final settlement sludge was only 75% (w/w), which is
much less than that generated with the conventional
ferriferous or aluminiferous flocculation agents. The sorp-
tion of EV on the CaCO3/APRB inclusion material with
only 0.54 m*/g of SSA was compared with the classical
activated carbon powder with 800-1,000 m*/g of SSA.
From Fig. 3g, the adsorption of EV on the CaCO;/APRB
inclusion material was complete in only 5 min. However,
the colority of EV treated by activated carbon becomes
minimal only when a strong mixing is performed over
60 min. In order to overcome the capillary effect, activated
carbon must be used under a long-time strong mixing
(Bacaoui et al. 2002; Gupta et al. 2006). Though the final
removal rates of EV are similar using both materials, the
inclusion material is much quicker than activated carbon in
the adsorption of EV. Without doubt, the inclusion material
has quite a different mechanism from that of activated
carbon. The former depends mainly on the carrying electric
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Fig. 4 a Plots y vs ¢ of POPs where 0.03% (w/w) of the CaCO5/
APRB inclusion adsorbent were added in 50-500 pg/L Phe, 25—
200 pg/L Flu, 0.05% in 25-300 pg/L Bip, and 5-48 mg/L Bpa, and b
the correlation between K, and K,
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Fig. 5 The decolorization rate and COD removal rate of two dye
wastewaters. a Treatment of low-colority wastewater with the CaCO3/
APRB inclusion material added from 0.1 to 0.7% (w/w); b treatment
of high-colority wastewater with the adsorbent added from 0.5% to
4.0% (w/w)

charge quantity, but the latter depends on the SSA. As a
result, use of the CaCO;/APRB inclusion material in
treatment of a cationic dye wastewater has the advantages
of, e.g., high adsorption capacity, fast adsorption equilibrium,
quick settlement, and low sludge volume. The effects of pH
and ionic strength on the adsorption of EV were investigated
with the CaCO3/APRB inclusion material (Fig. S9). g of EV
increased with increasing pH from 3 to 4 and remained
almost constant at pH over 4. This is due to the dissolution
of CaCO; particles. y of EV decreased rapidly with
increasing electrolyte from 0 to 1.0 M. This indicated that
the adsorption capacity of CaCO;/APRB inclusion material
was influenced by ionic strength. Therefore, the adsorbent is
more suitable for treatment of weakly acidic and neutral
wastewater with less than 5,000 mg/L of salinity.

Besides, APRB owns a long alkyl chain, —C;,H,5 group
(see Fig. 1) and the APRB molecules adsorbing on the
outside surface of the material will form a hydrophobic
shell to adsorb lipophilic organic substances, e.g., strongly
cancerogenic POPs (Arnot and Mackay 2008; Chung et al.
2007). In this work, three PAHs, phenanthrene (Phe),
fluorene (Flu), biphenyl (Bip) and biphenol A (Bpa), were
used as POPs for examining the adsorption capacity of the
inclusion material. y of POPs were calculated as shown in
Fig. 4a. Different from the cationic dye (see Fig. 3f), the
adorption of POPs has no equilibrium tendency. Plots y vs
¢y demonstrated a good linear relationship. Therefore, the
adsorption of POPs on the inclusion material accorded with
the lipid—water partition law and the hydrophobic inter-
action occurred between the long alkyl chain of APRB and
POPs. Their partition coefficients (K,y) in the CaCOs/
APRB inclusion material were calculated to be 9,342 L/kg
for Phe, 7,301 L/kg for Flu, 1,226 L/kg for Bip, and 870 L/kg
for Bpa (Fig. 4b). The K, is the almost direct ratio to the
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corresponding K, (Dong and Chang 2000; Qu et al. 2007)
with 0.314 of slope, i.e., 3 g of the inclusion material played
the role equivalent to 1 g of octanol in the removal of POPs.
The effect of time and temperature on the adsorption of Flu
indicated that the saturation adsorption is complete in 2 min
(Fig. S10) and that temperature has no obvious effect
between 10 and 40°C. In order to evaluate the competitive
adsorption of various POPs, a uniform solution mixed with
Phe, Flu, and Bip (each 0.100 mg/L) and Bap (2.00 mg/L)
was treated with the CaCO;/APRB inclusion material. From
the removal of POPs (Fig. S11B), the removal rates of Phe,
Flu, and Bip increased synchronously with an increase in the
material percentage. No Bpa was removed when the material
was less than 0.1%. By comparison with the single POP
(Fig. S11A), the removal rates of both Flu and Phen
decreased by 30%, that of Bip changed little, and that of
Bpa decreased from 30% down to 0. This indicated that
PAHs were adsorbed on the adsorbent prior to Bpa.

3.4 Treatment of dye wastewater

Recycle and reuse of waste has attracted more and more
attention (Liu et al. 2008; Gilbert et al. 1976; Tal 2006; Ng
et al. 2007). The CaCO;/APRB inclusion material was
prepared with an APRB-producing wastewater instead of
APRB reagent, and it was applied to the treatment of two
typical cationic dye wastewaters. From change of the
column height (Fig. 5), the colority of two wastewaters
decreased obviously with an increase in the adsorbent
percentage. The decolorization of sample A is over 96%
(see Fig. 5a) and the removal rate of COD is between 70%
and 80% from curve 4 when more than 0.3% of the material
is added. Similarly, the removal rates of colority and COD
of sample B are over 98% (Fig. 5b) and 88% from curve 4
when more than 1% of the material was added. The colority
and COD of sample B are 18 and 13 times as high as those
of sample A. Interestingly, when the adsorbent in sample B
was only two to three times as high as that in sample A, it
caused similar removal rates of colority and COD. This is
attributed to the fact that the material may adsorb the most
cationic dye molecules up to saturation in a more
concentrated dye wastewater. On the contrary, the adsorbent
has not adsorbed enough cationic dye molecules in a
diluted dye wastewater. The inclusion material is more
efficient when treating a concentrated cationic dye waste-
water. From a wastewater stream, the addition quantity of
the calcium carbonate—APRB inclusion material was
suggested: only 3-5 kg per ton of wastewater (<1,000
colority or <2 mg/L POPs) and 20-30 kg per ton of
concentrated wastewater (>20,000 colority or >50 mg/L
POPs). As a multipurpose reuse prospect, the contaminated
adsorbent, i.e., sludge produced during a dye wastewater
treatment, has potential as the raw material of caustic lime-
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making or as a color additive used in building materials and
rubber and plastics industries. However, the latter reuse
may cause the release of APRB and dye contaminant from
the sludge when exposed to an acidic media (pH <4) for a
long time.

4 Conclusions

A new, highly-effective adsorbent was developed by the
coprecipitation of APRB with CaCO;. The composition
ratio of adsorbent is 90+2 of CaCO; to APRB. As the
aggregate of the CaCO;—APRB nanosized particles, it
carried a lot of negative charges and lipophilic groups.
The removals of EV, MB, four kinds of POPs, and
treatment of the practical dye wastewaters indicated that
the inclusion material has a very high adsorption capacity
for cationic dye and POPs. The adsorption of cationic dyes
corresponded to the Langmuir isothermal model via the
charge attraction and that of POPs to the lipid—water
partition law via hydrophobic stacking. The skeleton
reactants are low-cost, easily available, and harmless to
the environment; additionally, the APRB reactant may
reuse a concentrated APRB-producing wastewater instead.
This work has developed a simple, eco-friendly, and
practical method for large-scale production of an efficient
and low-cost inclusion material. It will be very significant
for environmental conservation and the protection of the
health of people.
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