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Abstract

The objective of this study was to use hydrofluoric
acid (HF) as eching agent for chemically
activating fresh and spent diatomaceous earths
under different activation parameters including
impregnation  concentration,  holding  time,
temperature etc. The experimental results
showed that the optimal activation conditions for
fresh diatomaceous earth seemed to be at the
concentration of HF 2.5 N, holding time of 0.5 hr,
temperature of 60 ‘C and sample/solution weight
ratio of 5/100. Under these conditions, the main

physical properties of resulting product were BET
surface area of 7.04 m?/g and total pore volume of
0.0560 cm®/g as compared to 3.81 m*g and 0.0161
cm/g of its precursor, respectively.  Compared
to the foregoing, the optimal activation conditions
for spent diatomaceous earth seemed to be similar
to those of fresh diatomaceous earth except
temperature at 25 ‘C. Under these conditions,
the main physical properties of resulting product
were BET surface area of 4.85 m?/g and total pore
volume of 0.0430 cm®/g as compared to 0.43 m?/g
and 0.0036 cm®/g of its precursor, respectively.

The physical and chemica properties
characterizations of some resulting products
obtained in the chemical activation were further
examined using the analyses of surface area/pore
volume, scanning electron microscopy (SEM),
X-ray diffraction (XRD), Fourier infrared
spectroscopy (FTIR) and main elements. The
analytical results showed that these samples are
basically characteristic of types Il and IV base on
the N, isotherm, indicating mesoporous-
macroporous structure.  Finally, the optimal
porous product was used as a mineral adsorbent
for environmental hormone bisphenol-A, showing
that it has a poor adsorption capacity for the
removal of this hydrophobic organic compound
from the aqueous solution based on the fittings of
Langmuir and Freundlich isotherms, mainly due to
the electrostatic repulsion interaction between the
adsorbent with negatively-charged surface and
adsorbate with neutrally-polar structure.

Keywords: Diatomaceous earth chemical

activation ; hydrofluoric acid ; characterization
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Abstract

This work was to study the chemical modification of diatomaceous earth (DE) by using
hydrofluoric acid (HF) solution. Under the experimental conditions investigated, it was
found that the method by HF under controlled conditions significantly etched to proceed
inwardly into the interior of the existing pore structure in the clay mineral due to its high
content of silica, leaving aframework possessing a larger BET surface area (ca. 10 m? g%) in
comparison with that (ca. 4 m? g*) of its precursor (i.e., DE). Further, the results indicated
that the HF concentration has a more determining factor in creating more open pores than
other process parameters (i.e., temperature, holding time and solid/liquid ratio) do. This
observation was also in close agreement with the examinations on the silicon analysis,
scanning electron microscopy (SEM), X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR). In the adsorption tests, the adsorption kinetics and isotherm
of methylene blue onto the resulting clay adsorbent can be well described with the

pseudo-second order reaction model and the Freundlich model, respectively.

Keywords: Diatomaceous earth; Chemical modification; Hydrofluoric acid; Characterization;

Adsorption
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1. Introduction

Diatomaceous earth (DE), or diatomite typically consists of 87-91% silicon dioxide
(S10y), with significant quantities of alumina (Al,O3) and ferric oxide (Fe;Os3) [1]. Dueto
its specific properties (i.e., porous structure, high silica content, low density, low conductivity
coefficient, etc.) [1-2], DE has extensively been applied for many fields such asfilter aid [3],
adsorbent [4-10], insulating material [11], catalyst support or carrier [12], and natural
insecticide or grain protectant [13] etc. It is noted that diatomite has only weak adsorption
capacity but possesses excellent absorption power because of its macroporous structure.
Thus one of main end uses of diatomite is as absorbent for fluids such as acid, liquid fertilizer,
oil, water, and alcohol [1].

Commercia diatomite is generally produced from natural diatomite by the calcination
processing at about 900 ‘C [1]. However, in many cases the clay mineral can be
chemically treated or activated to modify their pore structure and/or the surface chemistry of
the solid. Acid activation of clay mineral (e.g., montmorillomite, bentonite) is a commonly
chemical modification to enhance its adsorption capacity and to give it certain properties for
desirable applications [14-22]. It is well known that silica (SIO,), which is the most
abundant component in the diatmoaceous earth, is quite inert, being attacked only by strong
alkali (e.g., NaOH) or hydrofluoric acid (HF) as a consequence of the formation of soluble
product (i.e., SiOs* or SiF¢%) [23]. Therefore, the wet cleaning and etching processes of
wafers in the semiconductor manufacturing industry are commonly carried out by the use of
NaOH or HF [24, 25].

Recently, we have described the NaOH activation of spent diatomaceous earth, with a
complete characterization and adsorption properties of the resulting solids [22, 26]. The
pore textures of some resulting solids thus obtained are mesoporous, indicating that they
belong to type IV according to the Brunauer, Deming, Deming and Teller (BDDT)
classification [27]. With respect to the activation of clay minera using HF, the information

published is very scarce. This study was further stimulated by the etching reaction between



SiO, and HF. The main objectives of this work were to study the feasibility of utilizing
diatomaceous earth as a precursor in the production of silica-like adsorbent by the physical
and chemical characterization, and further evaluate its adsorption properties for the removal

of methylene blue from agueous solution at 25 C.

2. Materials and M ethods

2.1. Materials

The diatomaceous earth was obtained from Shan-Hua Factory of Taiwan Tobacco &
Liguor Co. (Tainan, Taiwan). The precursor was a calcined product (Grade No.: 577; Celite
Co., USA) with a median particle size of 20.8 ym. The typica chemical compositions
from the manufacturer’s brochure mainly consist of 92.0% of SiO,, 3.3% of Al,O3 and 1.3 %
of F&03;. The sample was first dried in the oven (105 °C) at least 2 h, and then cooled to
room temperature for further characterization and chemica activation. Hydrofluoric acid
(HF, 48%), which was purchased from Merck Co. (Germany) with grade for analysis, was
selected as chemical activator in this study to etch the dried sample for the purpose of
creating more finely pores. The adsorbate used in the adsorption experiments was
methylene blue (i.e., basic blue 9; C.I. 52015) with purity of min. 99 % from Sigma Chemical

Co. (U.SA)).

2.2. Chemical modification

The apparatus and chemical modification method with HF employed in the present
work are similar to those for chemical activation with NaOH as reported previously [22, 26].
It is noted that HF is actually a very weak acid, and the fluoride ion is highly electronegative.
The etching reaction between the glass bottle (mainly composed of SiO,) and HF will thus
occur. Therefore, the solution containing diatomite and HF was first prepared in the
polypropylene (PP) plastic bottle because of its good resistance to the etching dissolution up
to 50% of HF at ambient temperature [28], and then bathed in silicone oil, which was held in

the Pyrex glass for the purpose of heating on the hot plate. Under various concentrations
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(0.2-2.5 N of HF), adsorbent dosages (2.5-12.5 grams of 100 ml HF solution), holding times
(0.5 ~ 8.0 h) and temperatures (25 ~ 100 C), the chemica modification of the dried
diatomite by HF was carried out on a laboratory stirrer/hot plate (Model No.: PC-420;
Corning Co., USA) with boiler-reflux condenser. Afterward, the sample solution was
filtered in a vacuum filter flask and washed sequentially with deionized water five times to
remove theions and other residues. The resulting solid was finally dried at 105 “C for 24 h,

and stored in the desiccator after drying.

2.3. Physical Characterizations

The pore structures of diatomaceous earth and its HF-modified products (denoted as
MDE) relating to surface areas, total pore volume and pore size distribution were obtained by
measuring their nitrogen adsorption-desorption isotherms at —196 C in a surface area &
porosity analyzer (Model ASAP 2010; Micromeritics Co., U.S.A.). In order to evaluate its
precision, the pore structure of diatomaceous earth used as a reference sample was repeatedly
measured at least two times before being measured in the experiments.  As shown in Table
1, this automatic instrument has a high precision based on the standard deviations. From the
data of total pore volume (Vy) and true density (o s), the particle density ( o p) and porosity
(€ p) can be further obtained [29, 30]. A Siemens D5000 powder diffractometer (Cu-K a
radiation) was used to obtain powder XRD patterns for the purpose of observing the changes
in crystallinity between the samples. The surface textures of the samples were made using

the scanning el ectron microscopy (SEM) by a JEOL JXA-840 (JEOL Co., Japan) apparatus.

2.4. Chemical Characterizations

The carbon/hydrogen/nitrogen (C/H/N) contents of diatomaceous earth and its
HF-modified products (denoted as MDE) were used as a means of examining the residues of
the resulting products in the chemica modification processes. The C/H/N elemental
anaysis of the samples (1-3 mg) was performed by using an elemental analyzer (model

CHN-O-RAPID, Heraeus Co., Germany). For each analysis, the standard sample (i.e.,
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acetanilide) was first analyzed for checking the experimental error within £1 %. In order to
measure the quantity of silicon leached out from the modified diatomaceous earths, the
silicon contents of diatomaceous earth and its HF-modified products (denoted as MDE) were
analyzed using an inductively coupled plasma-atomic emission spectrometer (model ICAP
9000, Jarrell-Ash Co., U.SA.). Prior to analysis, the samples were first digested in the
concentrated nitric acid/hydrofluoric acid solution to form the solution samples. The
Fourier transform infrared spectroscopy (FTIR) analysis has been used for the observation of
functional groups on the surface of the samples (KBr). The spectrum was measured and

recorded (500 ~ 2000 cm™) on a spectrometer (model DA 8.3, Bomen Co., Canada).

2.5. Adsorption tests

Adsorption behaviors of the optimal modified solid (i.e., MDE-2.5N) were tentatively
determined to evaluate their potentials for removal of methylene blue from aqueous solution
at 25.0 °C. Adsorption experiments were carried out in a ca. 3 dm? stirred batch adsorber
with four baffles as similarly described in our previous studies [22, 26]. In the present study,
the adsorption solution was maintained at the same conditions (e.g. solution volume = 2 dm?®,
MDE adsorbent dosage= 0.5 g /2.0 dm?®, agitating speed = 400 rpm, and pH = 7.0) with an
outer circulating-water bath for the adsorbability of the basic dye under various initia
concentrations (4-12 mg dm™).  For a preliminary comparison, the adsorption behavior of
diatomaceous earth under initial methylene blue concentration of 10 mg dm™ was also carried
out at the same solution conditions. The concentration of the dye filtrate was determined
immediately through the use of a spectrophotometer (Hitachi UV-2001) at the wavelength of
UV-maximum ( A max) Of 661 nm. The amounts of methylene blue adsorbed onto the two

adsorbents were determined as follows:
& = (Co—CYVIW (1)

where C, and C; are the initial and liquid-phase concentrations (mg dm®)of dye solution at t

(min), respectively, V is the volume of dye solution (ca. 2 dm®), and W is the mass of dry



adsorbent used (g).

3. Results and Discussion

3.1. Physical Characterization

Generally, the Brunauer, Emmett and Teller (BET) equation has been used for measuring
and comparing the specific surface areas of a variety of adsorbents from their nitrogen
adsorption-desorption isotherms at 77 K (=196 °C) [27]. In the present study, the BET
surface area was regarded as a comparative factor of determining the degree of pore
properties of the modified diatomaceous earths.

According to the previous study [22], it was found that the NaOH concentration seems to
have the most efficient effect on the development of pores in the base-activated samples.
Shown in Fig. 1 is the effect of HF concentration on the BET surface areas of the resulting
solids prepared under the fixed holding time of 0.5 h and solid/liquid ratio of 5 g/100 ml.
In the HF-modifed diatomaceous earth series, the pore property at 60 C is dightly larger
than that at 80 “C. Also, the increase in pore property seems to be proportiona to the HF
concentration.  The observation is consistent with H,SOs-activated solids [22] and
HaOH-activated solids [22, 26].  The optimal BET surface area (ca. 10 m® g*) can be
obtained at the temperature of 60 ‘C, HF concentration of 2.5 N, holding time of 0.5 h and
solid/liquid ratio of 5 ¢g/100 ml. As compared to the datain Table 1, it can be seen that the
HF has an etching performance to create more open pores, thus resulting in larger surface
areas. The results were further confirmed from the nitrogen adsorption-desorption
isotherms and pore size distributions shown in Figs. 2 and 3, respectively. On the basis of
the BDDT classification, the patterns of adsorption-desorption isothermsin Fig. 2 belong to a
typical type Il, indicating that the diatomaceous earth and their modified solids should be still
macroporous powders or powers with pore diameters larger than micropores [31]. The
foregoing results may be further observed in the pore size distribution curves based on pore

areas of the Barrett-Joyner-Halenda (BJH) desorption branch in the measurement of N



isotherms, as shown in Fig. 3. It is seen that the pores of these clay samples (incl., DE,
MDE-1.0 N, and MDE-2.5 N) have a heterogeneous distribution of pore diameters with
major pore ranges below about 100 A, which may be useful for their possible applications in
adsorption of component with large molecular size from liquid phase.

The effects of temperature, holding time and solid/liquid ratio under specified
maodification conditions on the BET surface areas of the resulting products are shown in Figs.
4-6, respectively. It seems that these modification parameters play a less important role in
the production of the porous materials prepared from the diatomaceous earth by HF.  For
example, with increase in the temperature from 25 °C to 100 C (boiling) at a HF
concentration of 1.0 N, the resulting solids have aimost the same BET surface area (seen in
Fig. 4). Also shown in Fig. 6, the BET surface areas of the resulting solids tend towards
gradual decrease with increasing adsorbent dosage. The decrease in pore property is
probably due to less etching rate of reaction at a higher solid/liquid ratio.

SEM micrographs of the diatomaceous earth (DE) and optimal sample (i.e., MDE-2.5 N)
are illustrated in Fig. 7, showing a great difference between the surface textures of these
samples. The porous structure examination of the precursor DE can be clearly seen in the
SEM photograph (left, Fig. 7), revealing the variety of rigid shapes and macropores/open
voids that give the diatomaceous earths with high ability to trap solids or residues for
separation from clear liquids. Obviously, the pores can be developed and further enhanced
by the chemical modification during the etching reaction by HF, which results in flaws,
cracks, crevices, and small poresin the small particles shownin Fig. 7 (right).

In order to observe changes in crystallinity as aresult of the HF-modification, the powder
XRD patterns of some typical samples (incl. DE, MDE-0.2 N, MDE-0.5 N, MDE-1.0 N,
MDE-1.5 N, and MDE-2.5 N) are shown in Fig. 8. It isclear that the XRD patterns having
the maximum silica peak at about 22.0 degree of 24 are not significantly modified by HF
etching, showing that the precursor has a high resistance to HF attack, and that its pore

property is thus not enhanced under chemical modification conditions. This phenomenon



also seems to be in line with the data shown in Fig. 1, in which the increase in BET surface

areais only from 3.9 to 9.4 m? g* with increasing HF concentration from 0.2 to 2.5 N.

3.2. Chemical Characterization
Table 2 presents the contents of carbon (C), hydrogen (H), nitrogen (N), and silicon (Si)
of MDE series. Compared with those of DE (Table 2), the MDE displayed a very
distinctive chemical composition. Their carbon contents were significantly lower probably
due to the partial dissolution of carbonates. It is particularly interesting that the MDE series
possessed a fairly lower silicon contents than that of DE, showing that the etching reaction
between silica and HF could occur, and that is also gave rise to their larger pore properties as
shown in Figs. 1-2. Notably, the etching degree, indicative of silicon content, tends to
increase with increasing in HF concentration
The study of the HF modified solids by FTIR spectroscopy confirms the presence of silica
inthem. The spectra of the samples DE and MDE series treated with 0.2, 0.5, 1.0, 1.5, and
25 N are displayed in Figure 9. Clearly, there are no significant differences between
characteristic bands ranging from 1400 and 400 cm™ (i.e., 1200-1000, and 795 cm™) due to
silicates structure [16, 33], which was also seen in the XRD peaks at 24 of 21-22 degree
(Fig. 8). Thisis consistent with the data on the BET surface areas shown in Fig. 1. The
wide bands centered at ca. 1090 cm™ should be due to Si-O-Si in-plane vibration
(asymmetric stretching). Similar observations can be seen at ca. 795 cm', which are aso
characteristic of silica  Again, the weak absorption peak at 616 cm™ was possibly attributed

to Si-O deformation and Al-O stretching [32].

3.3. Adsor ption property

In the adsorption experiments, the optimal solid MDE-25 N was chosen as a
representative adsorbent. The effect of initial dye concentration on the adsorption intake of
methylene blue at the adsorbent dosage of 0.5 g 2.0 dm, initial pH of 7.0, temperature of 25

‘C and mixing speed of 400 rpm was carried out, and further anayzed using



pseudo-second-order kinetic model with its linear form as studied previously [22, 26]:
t/g = U(k. ge®) + (Uge).t @)

where k is the pseudo-second order rate constant (g mg‘min™), ge is the amount of methylene
blue adsorbed at equilibrium (mg g, q:is the amount of methylene blue adsorbed at time t
(mgg?). Rate parameters, k and ge, can be directly obtained from the intercept and slope of
the plot of (t/q) against t. Vaues of k and g, computed from Eq. (2), are listed in Table 3.
As a preliminary evauation, the starting precursor DE was used as another adsorbent for the
adsorption of methylene blue with the initia concentration 10.1 mg/L. From the data in
Table 3, it is clear that the kinetics of methylene blue adsorption on the HF-modified
adsorbent follows this model with the regression coefficients of higher than 0.99 in this study.
Also, it is consistent with the results based on the data in Fig. 2, namely, the adsorbent
MDE-2.5N has a higher capacity for the adsorption of methylene blue than that of the

adsorbent DE because of the larger BET surface areain the former.

Based on the trend on the adsorption capacity (i.e., ge) VS. equilibrium concentration
(i.e, Cg) in Table 3, the Freundlich model was used to describe the adsorption isotherm

because of its superiority to the Langmuir model from the fitting results:

ge = Ke G (3)

Table 4 presents the results of Freundlich isotherm values by using the adsorption capacity
data (Table 3) at 25 C. Obvioudly, it can be seen that the uptake amount of the modified
clay adsorbent is significantly lower than those of the NaOH-activated adsorbents as reported
previously at the same C¢ [22, 26]. Asalso illustrated in Table 4, the value of 1/nis close to

1.0 that indicated a linear adsorption isotherm.
4. Conclusions

In conclusion, the etching treatment of diatomaceous earth changes the surface properties

by using HF solution. It was found that the HF concentration is a determining factor in
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creating more open pores, thus resulting in larger surface area as compared to other
parameters like temperature, holding time and solid/liquid ratio. The BET surface area of
the optimal resulting solids thus obtained in the study is about 10.0 m? g*, which is
significantly larger than that (i.e., 3.8 m? g of the starting material. This observation was
also in close agreement with the results on the elemental analysis, SEM, XRD and FTIR. In
contrast, the optimal product thus prepared was used as mineral adsorbent for adsorption of
methylene blue (basic dye 9) at 25 ‘C. The adsorption kinetics and isotherm of methylene
blue under various initia dye concentrations can be well described with the pseudo-second

order reaction model and the Freundlich model, respectively.
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Tablel
Surface area and porosity of diatomaceous earth (DE)

d f
Seer” S°P Vi€ O's 0p Ep

(mg™ (mg™ (cm*g™) (gcm ) (gcm ) ()

381 +0019 2117 + 0.40 0.0155 + 0.0009 2.82 + 0.05 270+ 0.04 0.043 + 0.004

4BET surface area.

P |angmuir surface area

¢ Total pore volume.

4 True density.

® Particle density, calculated by: p =1/ [V +L 0 s)], Wwhere p s was determined by pycnometer.
" Particle porosity, computed by: ¢ p=1-(0pl 05

9Mean + standard deviation for two determinations.
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Table 2
Contents of C, H, N, and Si of DE and modified diatomaceous earths (M DEs)

(% oven-dried weight)

Sample ID C H N Si

(%) (%) (%) (%)

DE 0.18 0.33 0.10 41.9
MDE-0.2N 2 0.05 0.38 0.14 41.8
MDE-0.5N @ 0.02 0.34 0.07 415
MDE-1LON? 0.06 0.22 0.09 41.3
MDE-15N 2 0.07 0.21 0.05 40.9
MDE-25N 2 0.04 0.13 0.17 38.8

® Prepared in the conditions of temperature of 60 “C, holding time of 0.5 h,
solid/liquid ratio of 5 g/100 g, and various HF concentrations (i.e., 0.2, 0.5,
1.0, 1.5, and 2.5 N).
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Table 3
Kinetic parameters for methylene blue adsorption onto DE and MDE-25N @

Adsorbent Co k Oe Correlation Ce
(mgdm?) (gmgmin?)  (mgg?) coefficient (mg dm)

DE 10.1 0.606 2.68 0.999 9.3

3.9 0.522 1.15 0.999 3.6

6.1 0.227 2.36 0.999 5.5

MDE-25N " 8.0 0.165 2.64 0.999 74

9.7 0.206 2.85 0.998 9.0

11.9 0.099 4.27 0.997 10.8

2 Adsorption conditions: adsorbent dosage=0.5 g 2.0 dm®, agitation speed —400 rpm, pH=7,
and temperature = 25 C.

® MDE-2.5 N: produced from HF concentration=2.5 N, temperature =60 °C, solid/liquid
ratio=5 g/100 g, and time = 30 min.
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Table4
Parameters in the Freundlich isotherm model of MDE-25N at 25 C.

Kr 1/n R?
[mg g™ (dm® mg™)*"] ()

0.32 1.063 0.927
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FIGURE CAPTIONS

Figure 1. Effect of HF concentration on BET surface areas of modified diatomaceous earths
prepared at the temperatures of 60 and 80 °C, holding time of 0.5 h and

solid/liquid ratio of 5 g/100 mL

Figure 2. Nitrogen adsorption/desorption isotherms of diatomaceous earth (DE) and
modified diatomaceous earths (i.e., MDE-1.0 N and MDE-2.5 N).

Figure 3. Pore size distributions of diatomaceous earth (DE) and modified diatomaceous
earths (i.e., MDE-1.0 N and MDE-2.5 N) based on BJH desorption dA/dD pore
area

Figure 4. Effect of temperature on BET surface areas of modified diatomaceous earths
prepared at the HF concentration of 2.5 N, holding time of 0.5 h and solid/liquid
ratio of 5 g/100 mL

Figure 5. Effect of holding time on BET surface areas of modified diatomaceous earths
prepared at the HF concentration of 1.0 N, temperatures of 25-100 ‘C and
solid/liquid ratio of 5 g/100 mL

Figure 6. Effect of solid/liquid ratio on BET surface areas of the resulting solid prepared at
the HF concentration of 1.0 N, temperature of 80 ‘C and holding time of 0.5 h.

Figure 7. SEM photographs (x 4000) of diatomaceous earth (DE) and modified
diatomaceous earth (i.e., MDE-2.5 N).

Figure 8. XRD diffractograms of diatomaceous earth (DE) and modified diatomaceous
earths (i.e.,, MDE-0.2 N, MDE-0.5N, MDE-1.0 N, MDE-1.5 N and MDE-2.5 N).

Figure 9. FTIR spectra of diatomaceous earth (DE) and modified diatomaceous earths (i.e.,
MDE-0.2 N, MDE-0.5 N, MDE-1.0 N, MDE-1.5 N and MDE-2.5 N).
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Abstract

The adsorption behaviors of bisphenol-A, which has been listed as one of endocrine
disrupting chemicals, from agueous solution onto four minerals including andesite,
diatomaceous earth, titanium dioxide, and activated bleaching earth, and two activated carbons
with coconut-based and coal-based virgins were examined in this work. Based on the
adsorption results at the specified conditions, the adsorption capacities of activated carbons are
significantly larger than those of mineral adsorbents, implying that the former is effective for
remova of the highly hydrophobic adsorbate from the agueous solution because of its high
surface area and low surface polarity. The adsorption capacities of bisphenol-A onto these
mineral adsorbents with different pore properties are almost similar in magnitude mainly due
to the weakly eectrostatic interaction between the mineral surface with negative charge and
the target adsorbate with hydrophobic nature.  Further, a simplified kinetic model,
pseudo-second-order, was tested to investigate the adsorption behaviors of bisphenol-A onto
the two common activated carbons at different solution conditions. It was found that the
adsorption process can be well described with the pseudo-second- order model. The kinetic
parameters of the model obtained in the present work are in line with the pore properties of the

two adsorbents.
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1. Introduction

In recent years, the environmenta pollution of endocrine disrupting chemicas (EDCs) in
water sources and factory effluents has aroused the public concerns.  Among these
anthropogenic chemicals, bisphenol-A, which has been listed as one of EDCs [1], is widely used
in the plastic industry as a monomer for the production of polycarbonate and epoxy resin [2].
Its annual production capacity in Taiwan has now exceeded 390,000 metric tons in response to
the increasing needs in the compact discs and construction materials [3]. As expected, its
environmental distribution will be highly widespread. Because of its reported threats to human
health and reproductive biology [4], an environmental technoloy for the rapid remova of
bisphenol-A from the water body is required.

Conventional methods for the removal of organic pollutants in effluents may be divided
into three main categories. physical, chemical, and biological [5]. Among them, physical
adsorption is generally considered to be an effective method for quickly lowering the
concentrations of organic molecules in an effluent because common adsorbents including mineral
clay and activated carbon generally possess large accessible internal surface and/or external
surface. It iswell known that the unique surface property of activated carbon, in contrast to the
other non-carbon adsorbents (e.g., clay), is that its surface is non-polar or only slightly polar [6].
In this regard, activated carbon is now the most widely used adsorbent for removal of organic
molecules. However, the published information on the adsorption of bisphenol-A onto mineral
and carbon adsorbentsis limited. Nakanish et al. [7] investigated the adsorption characteristics
of bisphenol-A onto the carbonaceous adsorbents produced from a variety of wood chips.

Based on the adsorption isotherms at 25 ‘C onto the carbonaceous materias by the Freundlich
model, the results indicated that the affinity between bisphenol-A and the carbonaceous material

wassimilar. Asadaet al. [8] pointed out that porous carbon produced from the carbonization of
bamboo could be used as an effective adsorbent for remova of bisphenol-A from the agueous
solution. According to the results from the adsorption isotherm, the adsorption amount of
bisphenol-A increased as the carbonization temperature increased, which is in line with the
corresponding BET surface area. They aso found that carbon adsorbent with a low surface
polarity will be more effective for the adsorption of a high hydrophobic substance like
bisphenol-A. Choi et al. [9] examined the removal performances of three endocrine disrupting
chemicals (e.g., bisphenol-A) using activated carbons with three different base materias in the
column test, showing that bisphenol-A can be effectively adsorbed onto all carbons, and the pore
volume was found more significant to adsorption capacity than the specific surface area based on

the adsorption isotherm, but the surface charge was also profound probably due to the eectrical
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interaction between the nearly non-polar carbon surface and highly hydrophobic molecule.
Bautista-Toledo et al. [10] studied the adsorption of bisphenol-A from water on activated carbon,
showing that the system fundamentally depends on the chemical nature of the carbon surface and
the pH of the solution. The presence of mineral mater in carbons reduces their adsorption
capacity because of the hydrophilic nature of the matter.

With respect to the adsorption characteristics of bisphenol-A in the agueous solution onto
the mineral materials, and the adsorption kinetics and its modeling in the case of the activated
carbon, the information is scarce. Thus, the objectives of this work were to (1) determine the
extent of the adsorption of bisphenol-A onto various minerals and activated carbons at the
specified conditions, (2) evaluate the usefulness of pseudo-second order model for analyzing the
adsorption system between the hydrophobic adsorbate and the carbon adsorbent, and (3)
investigate the applicability of common isotherm models (i.e., Langmuir & Freundlich) based on
the adsorption capacities from the fittings of the adsorption rate model.

2. Methods

2.1. Materials
The endocrine disrupting chemicals used as target adsorbate in the present study is

bisphenol-A (99+% purity), which was purchased from Aldrich Chemical Co. (Milwaukee,
U.SAA.). Its CAS identification information and molecular weight are 80-05-7 and 228.29
g/mol, respectively. The molecular structure of this adsorbate is shown in Fig. 1. Two
different kinds of the materials were used as adsorbents, including minerals and activated
carbons. The former included andesite from local clay manufacturer (Taitung, Taiwan) with the
particle size of <0.074 mm (<mesh No. 200), diatomaceous earth from Celite Co. (Santa
Barbara, USA) with the Product Grade 577 [11], titanium dioxide (photocatalyst P-25) from
Degussa AG Co. (Frankfurt, Germany) with 80% anatase, 20% rutile and BET area of about 50
m® g %), and activated bleaching earth from Mizusawa Co. (Tokyo, Japan) with the main
components of 75.8 % SIO,, 8.8 % Al,O3 and 3.0 % Fe,O3 [12]. The later were two different
kinds of the commercial granular activated carbons from Calgon Carbon Co. (Pittsburgh, USA)
with the notations of PCB (coconut shell-based) and BPL (bituminous coal-based), respectively.
The activated carbons were ground and sieved to mesh No. ranges of 60-120 (0.125 - 0.250 mm),
120-200 (0.074 - 0.125 mm), and <200 (< 0.074 mm). These adsorbents were dried at about

100 ‘C and then stored in a desiccator, before being used in the analytical measurements and

adsorption experiments. The main pore properties of these adsorbents using an automated
nitrogen adsorption/desorption analyzer (Model No.: ASAP 2010; Micromeritics Co.; Atlanta,
USA) are given in Table 1. H,SO, and NaOH were used for adjusting initial pH value of
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aqueous sol ution to obtain the extent of the adsorption of bisphenol-A.

2.2. Adsorption studies

All the experiments of adsorption kinetics were carried out in a ca. 3-dm° stirred batch
adsorption apparatus with four baffles as similarly described in our previous studies [11-16].
All the bisphenol-A solutions were prepared with de-ionized water. The effect of agitation
speed at 200, 400 and 600 rpm on the adsorption uptake was first tested and depicted in Fig. 2,
showing that it seemed to be negligible. The adsorption uptake of the adsorbents under the
initial bisphenol-A concentration of 60 mg dm, mixing rate of 400 rpm, temperature of 25 C,

pH of 7.0 and dosage of 0.5 g 2.0 dm™ was first investigated for the purpose of studying the
effectiveness of adsorbents. From the results in Table 2, it was found that the adsorption
capacities of activated carbons are significantly superior to those of the minerals at the same
conditions. Thus, the activated carbons were further used to study the variation of adsorption at
various initial bisphenol-A concentrations (i.e., 60-100 mg dm™), pH (i.e, 3-11), adsorbent
dosage (i.e, 0.05-0.25 g dm®), and adsorbent size (i.e., <0.074, 0.074 - 0.125, and 0.125 —
0.250 mm). The solution sample (about 10 cm®) was taken at specified time up to 2 hours and
then filtrated with fiber membrane (Cat. No.: A045A025A; ADVANTEC MFS, Inc.). The
bisphenol-A concentration analysis of filtrate solution was immediately measured with
UV/Visible spectrophotometer (Model: U-2001; Hitachi Co., Japan) at a 221 nm wavelength [7].
The amount of bisphenol-A adsorbed (q;, mg g™) was determined as follows:
&= (Co— Cp) VIm 1)

where C, and C; are the initial and liquid-phase concentrations of the bisphenol-A solution
at t time (mg dm™), respectively, V is the volume (ca. 2.0 dm®) of agueous solution containing
bisphenol-A, and m is the mass of dry adsorbent used (g). In order to evaluate the statistical
significance of datain the kinetic experiments, a preliminary experiment was also repeated under
identical conditions, showing that the reproducibility of the measurements is within 5 % in the

adsorption experiments.

3. Adsor ption kinetic model

The adsorption process in a stirring chamber generally involves several transport stages [6];
i.e., externa diffusion, internal diffusion and actual adsorption process. The model of the
separation process should adequately account for the mass balance and the adsorption
equilibrium if the system isisothermal. In most cases, the resistance to internal diffusion can be

significant. However, the loca rate of adsorption is assumed to be relatively fast and the
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resistance to external diffusion is experimentally controlled to be negligible, compared to the
intra-particle diffusion. Although many theoretical model equations have been proposed for
describing the adsorption kinetics based on mass balance, pore diffusion rate and initial/boundary
conditions. These equations are not only complicated and impractica while using them, but

also require detailed data such as the characteristics of adsorbate and adsorbent.

In order to investigate the adsorption characteristics of bisphenol-A onto minerals and
activated carbons, the pseudo-second order kinetics model was used to test the adsorption
dynamics in this work because of its good applicability in most cases in comparison with

pseudo-first order model and intra-particle diffusion model [17-20]:
do/dt = K (Ge— o) ()

where k is the pseudo-second order rate constant (g mg™ min™), ge is the amount of bisphenol-A
adsorbed at equilibrium (mg g%), q:is the amount of bisphenol-A adsorbed at time t (mg g™*).
Integrating Eq. (2) for the boundary conditionst =0tot =tand g; = 0to g; = ¢, gives:

V(e — @) = 1/ge + kot ©)
Eqg. (3) can be rearranged to obtain alinear form of :
t/g = Uk ge®) + (Uae). t 4)

Rate parameters, k and ge, can be directly obtained from the intercept and slope of the plot
of (t/q;) againstt. The equilibrium concentration (i.e., C¢) can be further determined by the mass
balance principle as the value of ge has been obtained from the fitting of Eq. (4). Also, half of
the adsorption time, ty,, is the time required for the adsorbent to take up half as much paraquat as
it will at equilibrium (i.e, t =ty a ¢ = ge/2). This period of time is often used as a
measure of the rate of adsorption and is given from the rearrangement of Eq. (3) asfollows:

tiz = 1(K. Ge) (4)

On the other hand, the initial adsorption rate, h, can be further obtained using Eq. (2) at the
initial adsorption time (i.e.,t = 0 as ¢ = 0) as the value of ge has been determined from the
fitting of Eq. (3) asfollows:

h = kg ()

The equilibrium concentration (i.e., Ce) can be further calculated from Eq.(1) as the value of
ge has been obtained from the fitting of Eq.(3) asfollows.

Ce= Co— Qe.mV (6)

In the present study the effects of the initial bisphenol-A concentration, pH, adsorbent mass,

and particle size on the rate and extent of adsorption were presented and discussed as below.
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4. Results and discussion

4.1 Adsorption characteristics of bisphenol-A onto minerals and activated carbons

Adsorption studies of bisphenol-A onto minerals and activated carbons were carried out at
initial concentration of 20 g dm, adsorbent dosage of 0.5 g 2.0 dm™®, agitation rate of 400 rpm,
pH of 7.0, adsorption time of 2 hours, and temperature of 25 ‘C. Table 2 lists the results of

adsorption kinetics of each adsorbent using the fittings of pseudo-second order model. Several

noteworthy features may be obtained from the results shown in Table 2.

1. Using the regression analysis (least square method), the model obviously appears to fit the

experimental adsorption data reasonably well

2. The adsorption capacities of bisphenol-A onto mineral adsorbents (i.e., andesite, diatomaceous
earth, titanium dioxide, and activated bleaching earth) are significantly smaller than those of
carbon adsorbents (i.e.,, BPL and PCB) showing that carbon adsorbent with a low surface
polarity will be more effective than mineral adsorbent for the adsorption of bisphenol-A since
it has a high value (i.e,, 3.1) of octanol-water partition coefficient (Koy) and thus possesses a
highly hydrophobic property [9].

3. It was observed that the adsorption capacities of bisphenol-A below 1 mg g™ were obtained for
all mineral adsorbents, not in proportion to their pore properties listed in Table 1. It reveaed
that the pore volume and/or particle surface area in the cases of these mineral adsorbents are
not determining factors for the removal of bisphenol-A from the agqueous solution probably
due to the repulsive interaction between the mineral surface with negative charge and the

target adsorbate with hydrophobic structure.

4. It was observed that the total amount of the acidic groups of carbon-BPL is larger than that of
carbon-PCB as studied previously [24]. Therefore, the pore property of carbon-BPL is
slightly superior to that of carbon-PCB but the ge of carbon-PCB is exactly same as that of
carbon-BPL due to the electrostatic repulsion between the bisphenol-A and the negatively
charged surface as aresult of organic functional groups containing oxygen.

5. Consequently, the initial adsorption rates of carbon adsorbents are more rapid than those of
mineral adsorbents. In other words, the activated carbon adsorbs more nonpolar and weakly

polar organic molecules than mineral adsorbents do [6].

From the results described above, the most significant factors in determining adsorption
capacity are not only the physical characteristics of adsorbents including pore volume and surface
area but also their chemica characterizations (i.e., surface polarity). Although the activated

bleaching earth possesses a mesoporous structure with high BET surface area of ca. 260 m?/g, for
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example, its adsorption capacity (0.88 mg/q) for bisphenol-A is so low in comparison with those
(0.53 and 0.73 mg/g, respectively) of other mineral adsorbents (i.e., andesite and diatomaceous
earth) with low BET surface areas (ca. 3 and 4 m?/g, respectively) as a result of electrostatic
repulsion between the negatively charged surface and hydrophobis adsorbate (i.e., bisphenol-A).
As expected, the activated carbon could adsorb significant quantity of bisphenol-A because of its

large accessible internal surface (ca.1000 m%g) and its very low polarity in the surface.

4.2 Adsor ption kinetics of bisphenol-A onto activated carbon
4.2.1. Effect of initial concentration

The adsorption uptake and its kinetics using pseudo-second order kinetics model at different
initial bisphenol-A concentrations onto the activated carbons BPL and PCB are presented in
Table 3. As seen from Table 3, it is evident that the kinetic modeling of the bisphenol-A
adsorption onto the carbon adsorbent well follows this model with the correlation coefficients of
higher than 0.999 for al the system in the present work. The equilibrium adsorption capacity
(i.e., ge) increased as the initia bisphenol-A concentration (i.e., Cp) increased from 60 to 100 mg
dm™3, showingthat the initial concentration provides an powerful driving force to overcome the
mass transfer resistance between the aqueous and solid phases [22]. As expected from the
resultsin Table 1, the maximum loading capacities of the activated carbon BPL were higher than
those of the activated carbon PCB. For example, 357.1 mg g for the activated carbon BPL, and
270.3 mg g for the activated carbon PCB a 100 mg dm™ initial bisphenol-A concentration.
Further, it was found that the variations of rate constant (i.e., k) seem to have a decreasing trend
with initial bisphenol-A concentration increased, which is consistent with similar studies[16, 18,
19, 22].

4.2.2. Effect of initial pH

Using the fittings of pseudo-second order kinetics model, the variations of equilibrium
adsorption capacities of both carbon adsorbents with initial pH are givenin Table4. Again, the
kinetics of the adsorption follows this model with the regression coefficients of higher than 0.999,
as listed in Table 4. Obvioudly, the adsorption capacity (i.e., ge¢) exhibits a constant extent as
the pH was increased from 3 to 9, while the bisphenol-A adsorption shows a decreasing trend at a
higher pH ranging from 9 to 11. These results are consistent with those studied by
Bautista-Toledo et al. [10]. The result could be attributed to the pka value of bisphenol-A
ranging 9.6-10.2 [23], implying that the ionization of bisphenol-A occurred at around pH 9-10 to
form the bisphenolate anion. Therefore, the reduction in the adsorption capacity of the activated
carbons at very basic pH range (> 10.0) may be probably due to the electrostatic repulsion
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between the bisphenolate anion from the ionization of bisphenol-A and the dlightly negatively

charged surface as aresult of organic functional groups containing oxygen [24].

4.2.3. Effect of adsorbent dosage
The effect of varying the activated carbon mass on bisphenol-A adsorption at the initial
concentration of 60 mg dm™, pH of 7.0, agitation rate of 400 rpm, particle size of < 0.074 mm,

and temperature of 25 ‘C has been carried out. The values of parameters for the adsorption

system arelisted in Table 5. Evidently, the correlation between the experimental and theoretical
results is also good. As expected, the bisphenol-A concentration in the solution rapidly
decreased and the rate constant, k, thus increased at a larger value as the adsorbent dosage
increased. Thisimplies that the number of adsorption sites increases in parallel with increasing
adsorbent dosage. But the adsorption capacity (i.e., Q) decreased as the adsorbent dosage
increased. Such a phenomenon is similar to those of Ho & Chiang [19] and Hue et al. [25] for
the adsorption of dye onto activated clay. This leads to make a suggestion that, in order to
obtain the optimal adsorbent dosage, higher initial bisphenol-A concentrations should be tested
in conjunction with appropriate adsorbent dosage [18].

4.2.4. Effect of adsorbent size

The effect of varying the activated carbon particle size on bisphenol-A adsorption has been
investigated, and theresults arelisted in Table 6. It can be seen that the adsorption capacity (i.e.,
ge) Of the activated carbon BPL decreased from 238.0 to 137.0 mg g as the adsorbent particle
size increased from 0-0.074 to 0.125-0.250 mm, while in the case of the activated carbon PCB,
the adsorption capacity decreased from 227.3 to 80.0 mg g*. This behavior can demonstrate
that larger surface area of adsorbent particle for a given mass of activated carbon is associated
with smaller particle size [13, 19, 25], resulting in the adsorption availability increased. The
results obtained from this section of experiments also indicated that the rate constant (k) seemed
to be significantly decreased as the adsorbent size increased from 0-0.074 to 0.074-0.125 mm.

4.3. Adsorption isotherm
Two common isotherm equations have been applied to model the isotherms in the present

study: the Langmuir and Freundlich models [26, 27].
Langmuir : 1/de =U[(KL Gm) C¢] +1/Om (7)

Freundlich : Oe—Kg Ce™" (8)
In Eq. (7), Ce and ge are the concentration (mg dm™) and amount (mg g*) of bisphenol-A
adsorbed at equilibrium, respectively, K, is a direct measure of the intensity of the adsorption
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process (dm® mg™), and g, is a constant relating to the surface area occupied by a monolayer of
adsorbate, reflecting the adsorption capacity (mg g*). Based on the data of g from the fittings
of the pseudo-second order adsorption rate model, gmand K. can be determined from its slope
and intercept from a typical plot of 1/ge vs. /Ce. In Eq. (8), Kr is a constant for the system,
related to the bonding energy. Kg can be defined as adsorption or distribution coefficient and
represents the general capacity of bisphenol-A adsorbed onto adsorbents for a unit equilibrium
concentration (i.e., Ce =1 mg dm™>). The slope 1/n, ranging between 0 and 1, is a measure for
the adsorption intensity or surface heterogeneity.

The results of the Langmuir and Freundlich isotherms fitted by using the data of adsorption

capacity from the regression of Eq. (2) at 25 C are presented in Table 7. Obvioudly, it can be

seen in Fig. 3 that the Freundlich model yields a somewhat better fit than the Langmuir model [7,
8], as reflected with correlation coefficients (R?) of 0.951 vs. 0.770 and 0.963 vs. 0.854 for the
activated carbons BPL and PCB, respectively. It has been known that the magnitudes of K, and
Kr indicate a measure of the adsorbent capacity. Asindicated in Table 7, the values of K_ and
Kr of adsorbent BPL are larger than those of adsorbent PCB. Thisis consistent with the results
based on their pore propertiesin Table 1. The adsorption isotherms revealed that the activated
carbon can uptake over 200 mg g in relatively low concentration of the bisphenol-A in aqueous
medium. As aso illustrated in Table 7, the values of 1/n are significantly less than unity
indicating a favorabl e adsorption system.

5. Conclusions

The uses of minerals and carbon adsorbents for the adsorption of bisphenol-A from agueous
solution have been examined. The results showed that the adsorption capacities of bisphenol-A
onto mineral adsorbents are significantly smaller than those of carbon adsorbents. It seemed
that carbon adsorbent with a low surface polarity will be more effective than mineral adsorbent
for the remova of the hydrophobic adsorbate from the aqueous solution. Furthermore, the
adsorption kinetics of bisphenol-A onto the activated carbon can be well described by
pseudo-second order reaction model. The kinetic parameters thus obtained from the fittings of
the model were dependent on initial adsorbate concentration, pH, adsorbent dosage and
adsorbent particle size.  From the isotherm data obtained from the fittings of the pseudo-second
order model, the Freundlich model yields a somewhat better fit than the Langmuir model in the
adsorption of bisphenol-A onto activated carbon.
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Tablel
Main physical properties of minerals and activated carbons used as adsorbents

in the present study #

Sample Ser’(m’gh)  S°(m’gh) W i(em’g?)
Andesite® 2.7 17.1 0.0098
Diatomaceous earth 3.8 21.2 0.0155
Titanium dioxide 50.1 408 0.247
Activated bleaching earth 257 388 0.374
Activated carbon- PCB ? 916 1606 0.576
Activated carbon- BPL 2 1060 1958 0.714

2 Particle sizeis less than 0.074 mm.
PBET surface area

¢ Langmuir surface area.

4 Total pore volume.
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Table 2
Pseudo-second order parameters for the adsorption of bisphenol-A onto the minerals and
activated carbons @

Sam | k qe t1/2 h Ce 2
e 1. X ) 4 .- _

P (gmg’min) (mgg?) (min) (mgg'min®) (gdm?)
Andesite 12.00 053 0.16 3.36 19.87 1.000
Diatomaceous earth 7.46 0.73 0.18 3.95 19.82  1.000
Titanium dioxide 48.01 0.33 0.06 5.23 1992 1.000
Activated bleaching earth 4.02 086 0.29 2.98 19.78  1.000
Activated carbon- PCB 0.08 7813 0.16 476 0.47 1.000
Activated carbon- BPL 0.23 78.13 0.05 1429 0.47 1.000

2 Adsorption conditions: initial concentration = 20 g dm™, adsorbent dosage = 0.5 g 2.0 dm™®,
agitation rate = 400 rpm, pH = 7.0, and temperature=25 C.
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Table3

Pseudo-second order parameters for the adsorption of bisphenol-A onto the activated

carbons at various initial concentrations @

Initial concentration

Pseudo-second order

Activated carbon (mg dmr) ko e . )
(9 mg~min™) (mggr)
60 10.25x 103 238.0 1.000
70 5.95%10 2 270.3 1.000
BPL 80 436x10°3 303.0 1.000
90 3.21x10°2 333.3 1.000
100 2.70x1073 357.1 0.999
60 3.28x10°° 227.3 0.999
70 2.21x10°7° 243.9 0.999
PCB 80 2.19x10°7° 250.0 0.999
20 212x10°7° 263.2 0.999
100 1.93x10°2 270.3 0.999

2 Adsorption conditions: adsorbent dosage = 0.5 g 2.0 dm™®, agitation rate = 400 rpm,

pH = 7.0, particle size =<0.074 mm, and temperature =25 C.
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Table4
Pseudo-second order parameters for the adsorption of bisphenol-A onto the activated

carbons at various initial pH 2

Pseudo-second order

Activated carbon Initial pH k e 5
@mg'min’)  (mgg" §
3 10.28x 10 3 237.6 1.000
5 10.32x 103 238.6 1.000
BPL 7 10.25% 10 3 238.0 1.000
9 0.05% 10 239.1 1.000
11 351%x10 196.1 0.999
3 3.04%x 10 238.1 0.999
5 3.30% 10 232.6 0.999
PCB 7 3.28x 10 227.3 0.999
9 3.03x10° 227.3 0.999
11 4.38% 10 140.8 0.999

2 Adsorption conditions: dosage = 0.5 g 2.0 dm™®, initial concentration = 60 mg dm™
, agitation rate = 400 rpm, particle size =< 0.074 mm, and temperature=25 C.

42



Table5

Pseudo-second order parameters for the adsorption of bisphenol-A onto the activated

carbons at various adsorbent dosages ®

Pseudo-second order

Activated carbon Adso(rgznr;g)o 0e k Oe R?
(gmg*min™) (mgg™)
0.05 1.78x10 73 400.0 0.999
0.10 1.93x107° 384.6 0.999
BPL 0.15 2.63x107° 344.8 0.999
0.20 471x10°3 285.7 1.000
0.25 10.25x 102 238.0 1.000
0.05 1.65x102 270.3 0.999
0.10 1.60x10°2 277.8 0.999
PCB 0.15 1.85x10 263.2 0.999
0.20 2.03x107° 250.0 0.999
0.25 3.28x 103 227.3 0.999

2 Adsorption conditions: initial concentration = 60 mg dm, pH = 7.0, agitation rate =
400 rpm, particlesize= <0.074 mm, and temperature=25 C.
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Table 6
Pseudo-second order parameters for the adsorption of bisphenol-A onto the activated

carbons at various adsorbent sizes ®

Pseudo-second order

) Adsorbent size
Activated carbon k Oe >
(mm) P 4 R
(g mg™min™) (mgg”)

<0.074 10.25x 102 238.0 1.000

BPL 0.074 - 0.125 063x10°2 188.7 0.995

0.125 - 0.250 071x10°2 137.0 0.994

<0.074 3.28x10 3 227.3 0.999

PCB 0.074 - 0.125 088x10 3 137.0 0.996

0.125 - 0.250 1.66%x103 80.0 0.996

2 Adsorption conditions: initial concentration = 60 mg dm™, pH = 7.0, dosage =
0.5 2.0 dm™, agitation rate = 400 rpm, particlesize= < 0.074 mm, and temperature =25 C.



Table7
Parameters in the Langmuir and Freundlich adsorption isotherm models of bisphenol-A onto the
activated carbons at 25 C °

_ Langmuir Freundlich
Activated carbon 5 >
Om KL R Ke 1/n R
(mgg?) (dm’mg?) [mgg* (dm’mgH™ ()
BPL 328.3 497 0.770 253.8 0.140 0.951
PCB 263.2 181 0.854 206.1 0.072 0.963

2 Adsorption conditions: initial concentration = 60 ~ 100 mg dm, adsorbent dosage =
0.5 g 2 dm™, agitation speed = 400 rpm, particlesize= < 0.074 mm, and pH = 7.0.
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Figure captions

Fig. 1. Molecular structure of bisphenol-A used as adsorbate in the study.

Fig. 2. Plots of adsorbed bisphenol-A amount versus time onto the activated carbon (BPL) at
various agitation speeds (adsorption conditions; adsorbent dosage = 0.5 g 2.0 dm™, initial
concentration = 20 mg dm', pH= 7.0, particle size = <0.074 mm, and temperature = 25 C;
Symbols: experimental data, full lines: calculated from pseudo-second order kinetics model).

Fig. 3. Adsorption isotherms of bisphenol-A in agueous solution onto the activated carbons (i.e.,
BPL and PCB) at 25 °C (Adsorption conditions: dosage = 0.5 g 2.0 dm™, agitation rate = 400 rpm,
particle size = <0.074 mm, and pH = 7.0; symbols e/m: experimenta data, full lines. calculated
from the Freundlich model, dotted lines: calculated from the Langmuir model).
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