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ABSTRACT

From the adsorptive precipitation of SCN-, tetrachloro-tetrabromofluorescein (TBTCF) and Ag*, we found
in-situ embedment of TBTCF into growing silver thiocyanate particles to form ternary electronegative
inclusion material. The composition, size and phase of the material were determined by spectropho-
tometry and ICP and characterized by XRD, SEM, etc. The results showed that in-situ inclusion particles
{[Ag(SCN)];n(TBTCF)},2"~ (m =33 + 11) were formed. The inclusion particles adsorbed cationic dyes selec-
tively and rapidly. A representative cationic dye, ethyl violet (EV), was used to investigate the performance
of the ternary inclusion particles and the mechanism involved. The equilibrium adsorption capacity of
the Ag(SCN)/TBTCF inclusion particles is 202 mg/g EV, over 14 times higher than absorption to the silver
thiocyanate—only particles and slightly more than activated carbon. Moreover, the adsorption approached
the equilibrium in 10 min, which is much less than that with activated carbon in about 2 h. In this work,
a simple preparation method of the inclusion material as dye adsorbent was established and it will play
an important role in the removal or recovery of cationic organic substances from aqueous.

Dye adsorption

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Environmental pollution today has far-reaching negative con-
sequences on human lives. Degradation of organic pollutants
that have deleterious effects on human well-being has become
a focus of current scientific research effort. Pollutants emitted
from various sources pose severe ecological problems because
their bio-degradation is often very slow and conventional treat-
ments are mostly ineffective and not environmentally compatible
[1]. Dye pollutants are an important source of environmental con-
tamination. Over 100,000 dyes have been made and more than
7 x 10° tones are produced annually [2]. More than 10,000 dyes
are commercially available and 5-10% of these are discharged into
wastewaters by textile industries [3]. Dye wastewaters offer con-
siderable resistance to biodegradation because the dyestuffs are
synthetic aromatic compounds containing a variety of functional
groups and are resistant to light, heat and oxidation agents. Some
dyes are reported to cause allergy, dermatitis, skin irritation, can-
cer and mutations in humans [4,5]. Thus, it is important to remove
dyes from effluents before they mix with unpolluted natural water
bodies.

* Corresponding author. Tel.: +86 21 65988598; fax: +86 21 65988598.
E-mail address: hwgao@mail.tongji.edu.cn (H.-W. Gao).

0927-7757/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2008.09.039

Physico-chemical processes are generally used to treat dye-
laden wastewater. These processes include flocculation, electro-
flotation, precipitation, electro-kinetic coagulation, ion exchange,
membrane filtration, electrochemical destruction and irradiation
[6]. Increasing numbers of novel environmental materials are being
found for removing organic dyes, such as nano-sized TiO, photo-
catalysts [7,8]. However, all these processes are costly and cannot be
used by small industries to treat a wide range of dye wastewaters
[9]. Adsorption is one of the most efficient methods of removing
pollutants from wastewater [10,11]. Adsorbents may be of natural,
mineral, organic or biological origin [12]. Many different types have
been found to be effective in removing certain colors from aqueous
effluents. Activated carbon has been used most commonly [13,14]
because of its high adsorption capacity, though its cost is also high.
Other natural biosorption materials have also been investigated
[15-21]. Recently, several new and efficient types of adsorbents
have been synthesized, for example polymer and resin [22,23],
magnetic [24] and modified natural materials [25]. Ever since the
adsorption technique was first used to remove toxic chemicals from
wastewater there have been efforts to find new, economic and com-
petent adsorbents, particularly waste materials. Thus, many waste
materials such as shells, husks, plant leaves, etc. have been tried as
adsorbents.

Some well-known adsorptive precipitation reactions with color
indicators were developed in the middle of the last century and
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Fig. 1. (A) Absorption spectra of reactions of Ag* (20.0 pg/ml), SCN~ (1.0 pg/ml)
and TBTCF (0.0100 wmol/ml) in various pH media from 1 to 5: pH 3.36, 3.81, 4.39,
4.96, 5.51 and 1.0 in the addition subsequence SCN--TBTCF?~-Ag*. 6: the same as
A2 but in the addition subsequence SCN~-Ag*-TBTCF?-. 7: The same as A2 but in the
addition subsequence Ag*-TBTCF2~-SCN-. (B) The absorption spectra of the solution
containing SCN~ (1.0 wg/ml), TBTCF (0.0100 pmol/ml) at pH 3.81 and Ag*. From 1 to
7: 1.0, 3.0, 5.0, 10.0, 20.0, 30.0 and 50.0 pg/ml.

found early uses in Fajans titration of halogenides or thiocyanates
[26,27]. However, we recently found that the mode of adsorption
is not the only a surface binding type; the organic color adsorbate
can enter the inner part of the precipitate by electrostatic attrac-
tion to form the ternary inclusion particles. This is quite important
for preparing novel types of adsorbent. In the present work,
tetrachloro-tetrabromofluorescein (TBTCF) (Fig. 1) was selected as
the inclusion substance and the precipitation reaction between Ag*
and SCN~ used for skeleton material. The structure, size and pat-
tern of Ag(SCN)-TBTCF inclusion material were characterized by UV
absorption, ICP, particle size analysis, XRD, and SEM. The adsorption
of ethyl violet (EV) was used to investigate the removal of cationic
dye with the inclusion material. The in-situ embedment adsorp-
tion material preparation (IEAMP) methodology was established
to be helpful for us to develop new types of advanced adsorption
materials.

2. Experimental
2.1. Materials and chemicals

Silver nitrate and potassium thiocyanate were of analyti-
cal grade purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Tetrachloro-tetrabromofluorescein was pur-
chased from Shanghai Specimen Model Factroy (Shanghai, China).
All other reagents were of analytical grade purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

2.2. Equipments

The absorption spectra of TBTCF were recorded with a Model
Lambda-25 Spectrometer (PerkinElmer Instruments, USA) with the
UV-WinlLab software (version 2.85.04). A Model Optima-2100DV
ICP-OES (PerkinElmer Instruments, USA) was used to determine
silver content in the inclusion particles. A Model Zetasizer Nano-
Z Zeta-potential Analyzer (Malvern Instruments, UK) was used to
measure the zeta-potentials of the particles. AModel TG16-WS cen-

trifugal machine (Hunan Xiangyi Instruments, China) was used to
separate the inclusion particles from solution. A Model LS230 Par-
ticle Size Analyzer (Beckman Coulter, USA) with a Model LFC-101
Laser Channel (Ankersmid Ltd., Holland) was used to measure the
size distribution of the inclusion particles with the LS v3.29 opera-
tion software controlled by computer. AModel D/max2550VB3+/PC
X-ray diffractometer (XRD) (Rigaku Intern. Co. Japan) was used for
identification of the crystal structure and size. A Model Quanta 200
FEG SEM (FEI Co., USA) was used to size and pattern of the inclu-
sion materials. A Model JY92-II Ultrasonic Cell Disruptor (Ningbo
Xinzhi Instruments, China) was used to crush the AgSCN-only and
inclusion particles for the similar particle size.

2.3. Addition subsequence of various solutions

All studies were carried out in 10.0ml calibrated flasks to
which 1.0ml acetic acid-acetate buffer, pH 3.81 and other solu-
tions were added according to the following three subsequences:
SCN-— (10 g)-TBTCF2~ (0.100 pmol)-Ag* (200 pg), SCN~ (10 pg)-
Ag* (200 pg)-TBTCF2~ (0.100 wmol) and Ag* (200 wg)-TBTCF2~
(0.100 wmol)-SCN~ (10 g). Thus, the three Ag(SCN)-suspending
liquids were prepared, respectively, and their absorption spectra
were measured by spectrophotometry against the corresponding
reagent without SCN~. In addition, the liquids were centrifuged at
11,000 rpm and the precipitates washed with 20% DMF to remove
TBTCF adsorbed on the particle surface. The final pellets were
dissolved in ammonia solution and measured to estimate the occlu-
sion of TBTCFin Ag(SCN) particles. The effects of pH and electrolytes
on light absorption by the precipitates were investigated in order
to find an optimal synthesis condition.

2.4. Determination of composition of the particles

Acetic acid-acetate buffer (1.0 ml, pH 3.81) was mixed in a series
of flasks with 100 g SCN— and 0, 0.0050, 0.010, 0.020, 0.030, 0.050,
0.075,0.10, 0.125, 0.150, 0.175 and 0.200 wmol TBTCF?~ and diluted
to approximately 5 ml with deionized water. Ag* (2 mg) was added
and the mixture was diluted to 10 ml. After 10 min, the precipitates
were centrifuged at 11,000 rpm. The absorbances of the super-
natants were measured at 539 nm and thus the unbound TBTCF
was determined. The precipitates were washed repeatedly with
50% DMF and centrifuged. The final pellets were dissolved in 0.4 ml
ammonia solution and diluted to 10 ml. The Ag* and SCN~ concen-
trations in the clear solutions were measured by ICP-OES [28] and
spectrophotometry. Simultaneously, the absorption of each solu-
tion was measured at 539 nm and the TBTCF2~ concentration was
calculated. Thus, the Ag/SCN and TBTCF/SCN molar ratios were cal-
culated to characterize the adsorptive precipitates.

2.5. Preparation and characterization of particles

For convenient separation and easy use, micron-size ternary
and Ag(SCN)-only particles were prepared. 5 mg of SCN—, 7.5 pmol
of TBTCF and 5.0 ml of pH 3.81 buffer were mixed and diluted to
about 20 ml. 100 mg of Ag* was added. After reaction for 30 min,
25 ml of 50% DMF was added to dissolve the TBTCF only adsorb-
ing on the particle surface. The supernatant was removed. Into
the pellet, 25ml of 50% DMF was added to again remove the
surface adsorption of TBTCF and the liquid was diluted to 50 ml.
According to the different addition sequences, the three liquids,
respectively, containing Ag(SCN)-only, Ag(SCN)/TBTCF adsorption
and Ag(SCN)/TBTCF inclusion particles were prepared. They were
measured with a particle size analyzer for determining the particle
size distribution and evaluating the aggregation of the crystal cells.
Besides, the suspending particles in the liquids were separated by
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centrifugation and dried and then the XRD and SEM of the Ag(SCN)-
only and Ag(SCN)/TBTCF inclusion powders were measured.

2.6. Adsorption selectivity of particles

According the above preparation, after sedimentation of the
three liquids for 30 min, the terminal pellets were re-suspended
and dispersed in deionized water (50 ml) by ultrasonication for
x x 10 s (xis from 1 to 10) at 200 W interspersed until the target par-
ticles with the similar mean size were prepared in the three liquids.
In addition, the SCN~ content in each of the liquids was determined
by spectrophotometry. An acetic acid-acetate buffer (1.0 ml, pH 6)
and one of liquids (1.0 ml) were mixed into 10 ml of dye solutions,
two of which contained anionic dyes (0.010 wmol/ml acid violet 52
and 0.020 pmol/ml reactive brilliant red) and the others cationic
dyes (0.030 pwmol/ml EV and 0.050 wmol/ml new methylene blue).
After centrifugation, the color change in each supernatant was com-
pared with that of the corresponding dye solution.

The acetic acid-acetate buffer (1.0 ml, pH 6) and one of the par-
ticles liquids (1.0 ml) prepared above were added into a series of
10 ml solutions containing 0.100, 0.200, 0.300, 0.500, 0.700, 1.000,
1.500 and 2.000 ml of 0.100 mM EV. After mixed for 10 min, the
mixtures were centrifuged at 11,000 rpm for 20 min and the excess
EV in the supernatants was determined at 596 nm. The amounts
of EV absorbed were calculated from the difference between the
initial concentration and the excess free concentration of EV. Thus,
appropriate adsorption models were established.

3. Results and discussion
3.1. Effect of the addition subsequences

Curves 1-5 in Fig. 1A show the absorption spectra of the solu-
tions in various pH media according to the addition subsequence:
SCN~-TBTCF-Ag*. By comparing curve 2 with the others, the peak-
valley absorbance interval is the most at pH 3.81. In this work,
pH 3.81 buffer was used. From curve 6, the addition subsequence:
SCN~-Ag*-TBTCF was tried but the peak-valley absorbance inter-
val was much less than the above subsequence. It is attributed to
the fact that Ag(SCN) particles had been formed before the addi-
tion of TBTCF. TBTCF was adsorbed only onto the outer surfaces
of the Ag(SCN) particles by colloidal electric double layers. From
curve 7, the third addition subsequence: Ag*-TBTCF-SCN~ achieved
a less peak-valley absorbance interval than the first addition sub-
sequence. The Ag(SCN) particles formed rapidly because the Ag*
concentration (10 mg/l) remained high. Thus, there was not enough
time for TBTCF to be adsorbed on the growing Ag(SCN) parti-
cles. However, in the addition subsequence: SCN—-TBTCF-Ag"*, only
1.00 mg/l1 SCN~ remained. When Ag* was added drop by drop, the
Ag* concentration rose gradually from 0 to 10.0 mg/l. The forma-
tion of Ag(SCN) particles became slow so that TBTCF was adsorbed
efficiently by the growing particles; moreover, it was embedded
into them. From the chemical structure of TBTCF (Fig. 1), two neg-
atively charged groups are favorable for the ion-pair attraction
with Ag* and eight halogen substituents have a strong affinity to
Ag*. The free electrons of TBTCF embedded in the ternary par-
ticles would migrate towards the outer particle surface because
of electrostatic induction [29]. This notable electron transfer of
TBTCF resulted in both the obvious spectral red shift from 539 to
569 nm and the marked absorbance change in the first solution.
From curves 1-7 in Fig. 1B, the peak-valley absorbance interval
approached a maximum when the concentration of Ag* is over 20
times than that of SCN~. Thus, SCN~ could be precipitated com-
pletely.
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Fig. 2. Plots ! vs. (i of the solutions at pH 3.81containing 10.0 wg/ml SCN-,
200 pg/ml Ag* and TBTCF from 0 to 0.020 pwmol/ml. 1: the Ag(SCN)/TBTCF inclusion
and 2: the Ag(SCN)/TBTCF adsorption system. Image 1: the Ag(SCN)/TBTCF inclu-
sion and image 2: Ag(SCN)/TBTCT adsorption particles were dissolved in ammonia
aqueous.

3.2. Inclusion of TBTCF into Ag(SCN) particles

The ternary reaction of TBTCF, Ag* and SCN— may be expressed
as:

NTBTCF?*~ + Ag* + SCN~ > Ag(SCN)(TBTCF)y |
Initiation Cio(A239,n) Cmo O
Equ111br1um CL(A539nm) Cvu—0 CMO

where Cig and Cyg are the initial molar concentrations of TBTCF
and SCN—, C; and Cy are their molar concentrations at equilibrium,
N is the saturating number of TBTCF molecules and K is the adsorp-
tion constant. C; can be determined by measuring the absorbance
of the centrifugal supernatant of the liquid at 539 nm. Thus, the
molar ratio (y) of TBTCF binding to the Ag(SCN) particles can be
calculated by the relations:

Cio
= —0 1
y=nxe (1)
where
Co—-C.
= 2
n o (2)

The term 7 is the effective fraction of TBTCF binding to the
Ag(SCN) particles. With increasing TBTCF concentration, y will
approach N. From plots y~!vs. (| shown in Fig. 2, the surface
adsorption of TBTCF on Ag(SCN) particles and its embedment
plus surface adsorption in the Ag(SCN)/TBTCF inclusion particles
remain the maximal constants when the molar ratio of TBTCF
to SCN~ is more than 0.05. Thus, N of TBTCF is 0.040+0.008
in the Ag(SCN)/TBTCF inclusion particles and 0.010+0.002 in
the Ag(SCN)/TBTCF adsorption particles. Thus, the saturation
embedment of TBTCF in the inclusion particles is 0.03 & 0.01/mol
SCN~. It means that mean 33 SCN~ molecules would bind with
only one TBTCF molecule, i.e. the ternary inclusion particles
{[Ag(SCN)]m(TBTCF)},2"~ (m =33 + 11) could be formed. Plots y vs.
C. were fitted by the classical Temkin isotherm equation [30]:

NRT

y = —A—an(KCL) (3)
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AQ=Q%—Q° where Q° and Q° are, respectively, the adsorp-
tion free enthalpies at saturation (y=N) and the initial state
(y=0), Ris the gas constant (8.314] mol~! K~1) and T the tempera-
ture (298.15K). Both K and AQ were calculated as 1.17 x 107 M~!
and —10.5k]J/mol for the Ag(SCN)/TBTCF inclusion particles and
1.71 x 10’ M~1! and —9.3kJ/mol for the Ag(SCN)/TBTCF adsorp-
tion particles, respectively. The adsorption of TBTCF is exothermic
and the binding between TBTCF and Ag(SCN) particles is non-
covalent from the little AQ values [31,32], involving e.g. affinity
between Ag* and eight halogen groups of TBTCF, ion-pair attraction
between Ag* and -COO~ and -O~ groups. Thus, TBTCF adsorbing
during the growth of Ag(SCN) particles was not able to release
immediately into aqueous so that it was embedded to form the
inorganic-organic hybrid adsorption material.

To demonstrate the in-situ embedment of TBTCF, DMF [33] was
used to remove all the TBTCF molecules adsorbed onto the outer
surfaces of the Ag(SCN) particles and ammonia aqueous was then
used to dissolve them, releasing any embedded TBTCF. Their images
were given in Fig. 2. From the image of solution 2, the TBTCF adsorb-
ing onto the surface of the Ag(SCN) particles may be removed by
DMF. However from the image of solution 1, the ammonia solution
of the ternary particles after wash with DMF indicated a concen-
trated TBTCF color. Therefore, the embedment of TBTCF into the
Ag(SCN) particles was confirmed.

3.3. Composition, size and pattern of the particles

For convenient for separation and easy to use, micron-size
ternary and Ag(SCN)-only particles were prepared according to
the same procedures as the first solution above, involving cen-
trifugation of the particles and surface-washing with water. These
particles were dissolved in ammonia aqueous for determination of
Ag*, SCN~ and TBTCEF. The concentration of SCN~ was determined
by colorimetry with Fe3* [34] to be 0.304 mg/ml of the Ag(SCN)-
only particles liquid, 0.226 mg/ml of the Ag(SCN)/TBTCF adsorption
particles liquid and 0.142 mg/ml of the Ag(SCN)/TBTCF inclusion
particles liquid. These were used to calculate the equilibrium
adsorption capacity of the particle materials. TBTCF was deter-
mined by spectrophotometry and Ag* by ICP. The molar ratios of Ag*
to SCN~ and TBTCF in these particles are calculated to be 0.91:1:0
for the Ag(SCN)-only particles, 0.97:1:0.042 for the Ag(SCN)/TBTCF
adsorption particles and 0.95:1:0.081 for the Ag(SCN)/TBTCF inclu-
sion particles. The addition of TBTCF has not affected the ratio
of Ag* to SCN~ at constant 1:1. Thus, the embedment of TBTCF
into the Ag(SCN) particles is 0.039/mol of Ag(SCN), i.e. 50% TBTCF
was embedded into the Ag(SCN) particles. As a result, only one
TBTCF molecule could be included into 26 Ag(SCN) molecules,
which is in the above N scope. The Ag(SCN)/TBTCF inclusion par-
ticle, {[Ag(SCN)],6(TBTCF)},2"~ was formed, where the binding of
TBTCF is non-covalent. Besides, the Zeta-potentials of the Ag(SCN),
Ag(SCN)/TBTCF adsorption and the Ag(SCN)/TBTCF inclusion par-
ticles were measured to be —29.11, —50.04 and —40.60 mV. Thus,
the Ag(SCN)/TBTCF inclusion particles carried the most negative
charges and the Ag(SCN)-only particles aggregated most easily.

The size distribution of the suspending articles was measured
as shown in Fig. 3. From Fig. 3A, over 70% of the Ag(SCN)-only parti-
clesare over 3 pmindiameter and approximately 0 more than 5 wm
of diameter. However, from Fig. 3B and C over 50% of the adsorp-
tion and inclusion particles are less than 2 um in diameter but the
diameter range became very wide from 0.6 to 10 p.m, in which 20%
of particles are more than 5 pm. Increase of particle size is favor-
able for separation of particles. These indicated that the addition of
TBTCF altered the surface property of particles to result in change
of the crystal cell aggregation ability. From the XRD data in Fig. 4,

45 100
(A) 90
36 80
70
27 60
50
18 40
30
9 20
10
0 o e St 0
15 100
(B)
12
X
S 9
3
o
[0]
S 6
o
3
0
15
(C)
12
9
6
0 —
0 1 10

Particle diameter (um)

Fig. 3. Size measurement of the Ag(SCN)-only (A), Ag(SCN)/TBTCF adsorption (B)
and Ag(SCN)/TBTCF inclusion (C) particles.

the mixing of TBTCF has not altered the crystallization process and
crystal-cell phase of Ag(SCN) because all the diffraction angles have
no change. Moreover, the doping of TBTCF reduced obviously the
particle size by comparison of the diffraction peak half-width val-
ues. However, from the higher peaks around 30° of 26 angle the
elemental silver and its oxide may be formed after the particle pow-
der was separated and exposed in air. From SEM image A in Fig. 4,
the Ag(SCN) particles are so non-uniform and they cement easily
into big sheets between 1 and 2 pm. On the contrary, from SEM
image B, the Ag(SCN)-TBTCF particles are near-spherical and uni-
form being approximately 80 nm in size. As a result, the specific
surface area of the ternary inclusion material is more than that of
the Ag(SCN)-only particles.

3.4. Adsorption selectivity of the particles

Because of the obvious particle diameter difference in three
reaction liquids (Fig. 3), the ultrasonication dispersion was car-
ried out to form the stable and size-similar suspending particles,
being convenient for the determination of absorption performance
of organic dyestuffs under the equal specific surface condition.
Two anionic dyes: acid violet 52 and reactive brilliant red, and
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Fig. 4. Powder X-ray diffractogram and SEM images for Ag(SCN)-only (A) and
Ag(SCN)/EY inclusion particles (B).

two cationic dyes: EV and new methylene blue, were added to the
above suspensions of the Ag(SCN)-only particles, Ag(SCN)/TBTCF
adsorption particles and the Ag(SCN)/TBTCF inclusion particles.
Images of the supernatants after centrifugation of the liquids are
shown in Fig. 5A-D. By comparing the color of solutions B1-B4
with that of solutions A1-A4, the Ag(SCN)-only particles has hardly
removal effects of four dyes at pH 6. From solutions C1-C4, the
Ag(SCN)/TBTCF adsorption particles can adsorb both EV and methy-
lene blue but the TBTCF was released obviously into the solution.
From solutions D1-D4, the Ag(SCN)/TBTCF inclusion particles have
the most obvious adsorption of both EV and methylene blue at pH
6. From solutions 3 and 4 in A-D, both the anionic dyes: acid vio-
let 52 and reactive brilliant red have hardly been removed. Thus,
the adsorption of dye is mainly due to the electric field effect, i.e.
the charge attraction controlled the adsorption capacity of dye.
In a cationic solution, the free electrons of TBTCF embedded in
the particles would move towards the outer particle surface by
the electrostatic induction to form numerous micro-conductors
[29,35], as illustrated in Fig. 5E. Electrostatic attraction to the par-
ticle surface results in the adsorption and enrichment of cationic
dye (R*). In contrast, anionic dye will not be attracted. Therefore,
the Ag(SCN)/TBTCF inclusion particles are a kind of selective adsor-
bents that could be very useful for the removal and recovery of
cationic dyes.

3.5. Adsorption of EV

The adsorption of EV was investigated in more detail onto the
above three particles and the classical activated carbon at pH 6 and
their plots y~! vs. C.gy is shown in Fig. 6. The adsorption of EV on

Table 1
Adsorption constants of various adsorption materials with EV as the absorbate.

CPUTY

o Ag(SCN)/TBTCF inclusion particle

~‘(?HBTCF
® Ag'
@ scv
Or

Electric
fluxline

Fig. 5. Images of the supernatants centrifuged from the liquids initially contain-
ing (A) only dye, (B) dye and Ag(SCN)-only particles, (C) dye and Ag(SCN)/TBTCF
adsorption particles and (D) dye and Ag(SCN)/TBTCF inclusion particles. 1.0 ml of
each of the particle liquids was added into 10 ml the reaction tube. Dyes: 1-3 uM
EV, 2-5 wM methylene blue, 3-10 wM acidic violet 52 and 4-20 WM reactive brilliant
red. (E) Cartoon illustrating the electrostatic adsorption of cationic dye (R*) onto the
surface of the Ag(SCN)/TBTCF inclusion particles.

the Ag(SCN)-only particles approached the saturation from curve
1 when EV is more than 5 uM, that on the Ag(SCN)/TBTCF inclu-
sion particles from curve 2 when EV is over 1.5 wM, that on the
Ag(SCN)/TBTCF adsorption particles from curve 3 when EV is over
2 uM and that on activated carbon from curve 4 when EV is over
10 M. N and equilibrium adsorption capacities of EV were calcu-
lated as given in Table 1. The Ag(SCN)/TBTCF inclusion particles
adsorbed EV over 14 times more efficiently than the Ag(SCN)-only
particles and nine times than the Ag(SCN)/TBTCF adsorption parti-
cles. The difference level at 179 mg EV between the Ag(SCN)/TBTCF
inclusion particles and the Ag(SCN)/TBTCF adsorption particles
must therefore result from the additional action of TBTCF in-situ
embedding into the Ag(SCN) particles. Thus, in-situ embedment
of TBTCF enhanced the adsorption performance markedly. By

Adsorption materials N K (x10) AQ (kJ/mol) Equilibrium adsorption capacity/time (g mg-! EV/min)
Ag(SCN)-only particles 0.0050 + 0.0002 2.09 -6.73 14/10

Ag(SCN)/TBTCF adsorption particles 0.010 + 0.002 1.78 -7.40 23/10

Ag(SCN)/TBTCF inclusion particles 0.10 &+ 0.02 13.4 -13.7 202/10

Activated carbon 0.005 + 0.001 5.58 -12.0 190/120
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comparison of the Ag(SCN)/TBTCF inclusion particles and activated
carbon, the equilibrium adsorption capacity of the Ag(SCN)/TBTCF
inclusion particles is slightly more than that of the activated carbon.
Besides, from Table 1, the adsorption of EV onto activated carbon
is very slow and it spent for over 2 h to approach the equilibrium.
However, the Ag(SCN)/TBTCF inclusion particles were complete in
10 min. Without doubt, the Ag(SCN)/TBTCF inclusion material pro-
vided an efficient and rapid removal or recovery of EV.

All plots y vs. C were fitted by the classical Temkin isotherm
equation and both K and AQ of the adsorptions were calculated
as in Table 1. The adsorptions of EV by all the particles are non-
covalent, spontaneous and exothermic. Comparison of the K and
AQvalues shows that EV interacts more strongly with the Ag(SCN)-
TBTCF embedment particles than with the others, demonstrating
that the in-situ inclusion material has a greater binding energy for
the adsorbate. This is attributable to the charge attraction for EV
by the electronegative Ag(SCN)-TBTCF micro-conductor (Fig. 5E),
in addition to the electric double layer adsorption effect shared
with the Ag(SCN)-only particles. As a result, the binding of EV to
the Ag(SCN)/TBTCF inclusion particles may be very firm. This was
confirmed from the effect of ion strength below.

3.6. Effect of pH and ionic strength

Fig. 7 shows the effects of pH and ionic strength on the adsorp-
tion of EV onto the three particles. From curve Al, y of EV remains
almost constant at about 0.013 and this indicated that the acidity
did not affect the interaction of EV with the Ag(SCN)-only parti-
cles. From curves A2 and A3, y of EV increased with increase in
pH and then remained constant when pH is more than 6. y of EV
in neutral and basic media approaches over 1.5 times that at pH 1,
i.e. the adsorption capacities of the Ag(SCN)/TBTCF inclusion par-
ticles and the Ag(SCN)/TBTCF adsorption particles raise obviously
when pH is more than 6. It is attributed to the fact that the func-
tional groups, e.g. -COO~ and -O~ of TBTCF, were protonized into
—COOH and -OH in an acidic media. Thus, TBTCF species occluded

Model: ExpDec1

800 5 Equation: y = A;exp(-x/t;) + Y,
; 1 y=20029 R*=0.9827
7004 ' )
: 2 y,=10£2 R°=0.9933
6004 3 y,=100£24 R*=0.9854

4 y,=205:23 R’=0.9396
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Fig. 6. Plots y~! vs. (i, for the adsorption of EV on the particles. 1: Ag(SCN)-only,
2: Ag(SCN)/TBTCF inclusion and 3: Ag(SCN)/TBTCF adsorption particles, and 4: acti-
vated carbon. 1.0 ml of each of the particle liquids was added into 10 ml the reaction
tube.
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Fig. 7. Variation of y of EV with pH (A) and ionic strength (B). 1: Ag(SCN)-only, 2:
Ag(SCN)/TBTCF adsorption and 3: Ag(SCN)/TBTCF inclusion particles. 1.0 ml of each
of the particle liquids and 10 wM EV were added into 10 ml the reaction tube.

in the Ag(SCN) particles decreased the attraction to cationic EV. As
a result, the Ag(SCN)/TBTCF inclusion particles are more suitable
for treatment of the neutral and basic wastewaters. From curves
B1, B2 and B3, all changes of y of EV are less than 20% with increase
in the ionic strength from 0 to 1 M. Thus, the Ag(SCN)/TBTCF inclu-
sion particles can be subject to impact of a high salt aqueous. As a
result, the ternary inclusion particles can keep a stable adsorption
capacity in a wide use environment.

4. Conclusions

By characterizing the SCN—-TBTCF-Ag* adsorptive precipitate
using various modern instruments combined with isother-
mal adsorption model, the ternary in-situ inclusion particle
{[Ag(SCN)]m(TBTCF)},2"~ (m=33 + 11), an electronegative micron-
sized adsorbent, was found to be selective and efficient in
adsorbing cationic dyes. The Ag(SCN)/TBTCF inclusion belongs to
the inorganic-organic hybrid adsorption material and it is different
from the conventional ion-exchange resins or surface adsorbents
because it raised greatly the adsorption efficiency by the synergis-
tic adsorption of ion exchange and surface binding. Moreover, the
adsorption is hardly subject to the impact of electrolyte and the
binding particles were easy to be separated and treated. Although
this work involves the use of silver, the ternary inclusion particles
can be regenerated in diluted acid and then recycled for multiple
uses. It overcomes the limitations and shortages of the conventional
adsorbents, such as low adsorption capacity, too long saturation
adsorption time, and difficult regeneration and poor recycle. This
work provided a simple and potentially useful method for preparing
efficient electronegative adsorbents to remove or extract organic
substances, e.g. dye, medicine, active components from aqueous
media.
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