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Abstract

The potential of base treated Shorea dasyphylla (BTSD) sawdust for Acid Blue 25 (AB 25) adsorption was investigated in a batch
adsorption process. Various physiochemical parameters such as pH, stirring rate, dosage, concentration, contact time and temperature
were studied. The adsorbent was characterized with Fourier transform infrared spectrophotometer, scanning electron microscope and
Brunauer, Emmett and Teller analysis. The optimum conditions for AB 25 adsorption were pH 2, stirring rate 500 r/min, adsorbent
dosage 0.10 g and contact time 60 min. The pseudo second-order model showed the best conformity to the kinetic data. The equilibrium
adsorption of AB 25 was described by Freundlich and Langmuir, with the latter found to agree well with the isotherm model. The
maximum monolayer adsorption capacity of BTSD was 24.39 mg/g at 300 K, estimated from the Langmuir model. Thermodynamic
parameters such as Gibbs free energy, enthalpy and entropy were determined. It was found that AB 25 adsorption was spontaneous and

exothermic.
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Introduction

The release of synthetic dyes into the ecosystem is a major
source of aesthetic problem and can be harmful to aquatic
life. Textile, paper mills and leather are among the major
industries that release hazardous dyes into the environment
(Mui et al., 2010a). According to Garg et al. (2004), dyes
impede light penetration, retard photosynthetic activity,
inhibit the growth of biota, and have a tendency to chelate
metal ions. Removing synthetic dyes from the industrial
effluents is a great challenge since most dyes are stable
to light and heat, high in organic content, have complex
aromatic structures and not biodegradable. A number of
organic (Azlan et al., 2009; Saha, 2010) and inorganic
adsorbents (Atar and Olgun, 2007; Ferrero, 2010), com-
posites (Anirudhan and Suchithra, 2009; Liu et al., 2010)
and microorganisms (Ali, 2010; Colaklak et al., 2009; Wu
et al., 2009) have been used for dyes removal. Activated
carbon is the most commonly used adsorbent nowadays
due to its large surface area (Tsang et al., 2007), but
its high cost limits its application. As an alternative way
to reduce costs, many agricultural wastes and byproducts
of wood and forest industries of cellulose origin have
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been successfully utilized, including sawdust (Ozacar and
Sengil, 2005; Shi et al., 2007), palm kernel seed (Oladoja
and Akinlabi, 2009), hazelnut shells (Ferrero, 2007) and
fibers (Ghali et al., 2010). Dried activated sludge has also
been used to remove reactive and basic dyes (Batzias and
Sidiras, 2007).

This project attempts to remove Acid Blue 25 (AB 25)
from aqueous solutions by base treated Shorea dasyphylla
(BTSD) sawdust as an adsorbent. In Malaysia, Shorea
dasyphylla (SD) sawdust is in abundance and is generated
from furniture industries. The sawdust was treated with a
strong alkaline solution (NaOH) to remove pectin, lignin
and hemicelluloses (Ghali et al., 2010) and liberate new
adsorption sites on the sawdust surface. This type of
treatment was effective for removing toxic heavy metal
ions (Wan Ngah and Hanafiah, 2008a). The reactions that
took place can be represented as follows:

carboxylic acid:
—RCOOH + NaOH — —RCOO™Na* + H,0O (1)
ester:

—RCOOR’ + NaOH — —RCOO™Na* |+ R’-OH 2)
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hydroxyl:
-ROH + NaOH — -RO™-Na* + H,0 3)

The main objective of this work was to determine
the effects of physiochemical parameters (pH, dosage,
stirring rate, concentration, contact time and temperature)
on AB 25 adsorption onto base treated Shorea dasyphylla
(BTSD). Understanding the mechanisms of AB 25 uptake
is crucial, therefore, the characterization of the adsorbent
by spectroscopy and quantitative analyses was performed.

1 Materials and methods

1.1 Reagents

AB 25 was purchased from Sigma Aldrich. The required
concentration of solutions was prepared by diluting 1000
mg/L of stock solution of AB 25 with deionized water.
The molecular weight of AB 25 is 416.4 g/mol and the
molecular structure is given in Fig. 1. All other chemicals
were of analytical reagent grade. The pH of AB 25 solution
was adjusted by adding 0.1 mol/L HCI or NaOH solution.

1.2 Preparation of base treated Shorea dasyphylla

The dark reddish-brown colored sawdust of SD was
collected from a wood processing industry in Penang,
Malaysia and was sieved to a size of < 400 um. One gram
of SD was mixed with 50 mL (0.25 mol/L) NaOH solution
and the mixture was stirred at 300 r/min for 1 hr at room
temperature (300 K). The mixture was washed several
times with deionized water to remove excess NaOH, and
then dried overnight in an oven at 333 K. A dark effluent
was noticed during washing the sawdust with deionized
water, which according to Meena et al. (2008), would
indicate the removal of lignin and base soluble extractives
from the sawdust. The base treated Shorea dasyphylla was
designated BTSD.

1.3 Characterization of BTSD

The pH of aqueous slurry (pHgury) was determined by
adding 1.0 g of BTSD in 50 mL distilled water and
stirred for 24 hr. It was then filtered and the final pH
was measured. To determine the pHzpc,1.0 g of BTSD
was added in 50 mL (0.01 mol/L) KNOj solutions. The
initial pH (pH;) of solutions was adjusted from 2 to 10.
After 24 hr of stirring, the final pH (pHy) was recorded.

NH, 0
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e

Fig.1 Chemical structure of Acid Blue 25.

The value of pHzpc can be determined from the curve
that cuts the pH; axis of the plot ApH (pH;—pHs) versus
pHi. Sawdust is known to contain lignin, hemicellulose,
cellulose and tannin as the major components (Gaballah
etal., 1997; Gode et al., 2008). Various types of functional
groups such as carboxyl, alcohols, amines, phenolic (Bulut
and Tez, 2007), might be involved during the adsorption
process. To identify the functional groups of SD and
BTSD, Fourier transform infrared (FT-IR) (FT-IR System
1600 Model, PerkinElmer, USA) spectroscopy was carried
out in the range of 4004000 cm™' using a KBr disc
technique. The surface area and average pore diameter
were determined using a Micromeritics ASAP 2010 gas
adsorption surface analyzer according to the Brunauer,
Emmett, and Teller (BET) multipoint technique. BTSD
was degassed under vacuum for 24 hr at 343 K prior
to BET analysis. The surface morphology of BTSD was
analyzed using a scanning electron microscope (SEM, Leo
Supra S0VP, Carl-Zeiss SMT, Germany).

1.4 Batch adsorption experiments

The effects of pH, adsorbent dosage, stirring rate, initial
concentration and contact time on AB 25 adsorption were
performed at room temperature (300 + 1 K). BTSD with
a weight of 0.1 g of was added into 50 mL (10 mg/L)
solution of AB 25 and the mixture was stirred for 1 hr.
The initial pH of AB 25 solution was fixed at 2 while
the stirring rate was fixed at 500 r/min (unless otherwise
stated). The effect of pH was studied at pH range of 2-6.
The adsorbent dosage was studied by varying the weight
of adsorbent from 0.01 to 0.10 g. The effect of stirring
rate was studied by varying the stirring rate from 100
to 600 r/min. The kinetic study was carried out at three
different concentrations of AB 25 (10, 20 and 30 mg/L).
For isotherm study, the experiment was carried out at
300, 310 and 320 K using initial AB 25 concentrations
of 10 to 70 mg/L. After adsorption, BTSD was filtered
and the final concentration of AB 25 was recorded using
UV-Visible spectrophotometer (U-2000 Model, Hitachi,
Japan). The maximum wavelength (Ap,x) of AB 25 value
was 601 nm. Each adsorption experiment was conducted
in duplicate and the average is taken as the results. The
amount adsorbed and the percentage of AB 25 removed
(R) was calculated using the following equations:

4.0

T
210 4.0 6.0 8.0 10.0 12.0

pH,
Fig.2 pHzpc plot of BTSD.
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where, g. (mg/g) is adsorbed or adsorption capacity, Cy
(mg/L) and C. (mg/L) are the initial and final concentra-
tions of AB 25, respectively; V (L) is the volume of AB 25
solution and W (g) is the weight of BTSD.

R= Q)

2 Results and discussion

2.1 BTSD characterization

It was found that BTSD is a basic adsorbent. The value
of pHyjury is 8.02. This is due to the presence of more
nucleophilic groups such as RCOO™ and RO~ on BTSD
surface after the treatment with NaOH. The pHzpc is a
characteristic that determines the pH at which the adsor-
bent surface has net electrical neutrality. In addition, it
can give important information on electrostatic interactions
between adsorbent and adsorbate. Anion adsorption is
more favorable when pH is lower than the value of pHzpc
since the surface of the adsorbent is positively charged
(Ofomaja and Ho, 2008). The pHzpc plot for BTSD is
shown in Fig. 2 and was determined as 8.25. Therefore,
AB 25 will preferably be adsorbed at pH < 8.25. The
SEM images at 500x magnification of SD and BTSD are
shown in Fig. 3. The micrograph of SD particles (Fig.
3a) reveals low porosity and irregular surface structure.
BTSD has a macroporous structure due to the presence
of large pores (Fig. 3b). The BET and Langmuir surface
areas of BTSD were 1.62 and 10.52 m?/g, respectively.
SD recorded BET and Langmuir surface areas of 1.59 and
10.44 m?/g, respectively. Therefore, it can be concluded
that base treatment did not cause a significant increase
in surface area. The average pore diameter of BTSD,
determined by Barrett-Joyner-Helenda (BJH) method, was
1115 A.

To confirm the presence of functional groups in the ad-
sorbent, FT-IR analysis was conducted. Figure 4 presents

the spectra of SD and BTSD before and after AB 25
adsorption. For SD, it can be seen that there is a broad and
strong band from 2500 to 3600 cm™!, which indicates the
presence of carboxylic acid (RCOOH), alcohol (ROH) and
amino (RNH;) groups. This is consistent with the peaks
at 1055 and 1163 cm™! due to alcoholic C-O and C-N
bending vibration (Wan Ngah and Hanafiah, 2008b). The
band at 2907 cm™! can be assigned to C—-H stretching
of the methylene group (Abdel-Ghani et al., 2007). SD
spectrum also displays a strong band at 1730 cm™!, which
is assigned to the carbonyl group stretching from ester or
the carboxylic acid group. The peak at 1616 cm™' may
be attributed to N-H bending or C=C stretching of the
aromatic rings, while bands located at 1509 and 1461
cm™! are the characteristic of amine deformation (Kamari
and Wan Ngah, 2010). The peaks located at 1400-1600
cm™! are assigned to aromatic skeletal vibrations. The
strong peak observed at 1054 cm~' might represent the
C-O-C of an ether group. The band at 1245 cm™! is
assigned to phenolic hydroxyl group in lignin. The broad
peak at 597 cm™! is assigned to the bending modes of
C-H group. After treatment with NaOH, the peak at 1730
cm™! disappeared because base treatment resulted in the
conversion of esters or carboxylic acid to carboxylate (Wan
Ngah and Hanafiah, 2008b). The intensity of the peaks
in the region of 1400 to 1600 cm~' and at 1245 cm™!
for BTSD was reduced, possibly due to the removal of
aromatic or lignin. However, after adsorption of AB 25, the
peak at 1730 cm™! appeared which indicated the presence
of the carboxylic acid group since the AB 25 solution was
acidic. The interaction between AB 25 and carboxylic,
amino and hydroxyl groups was detected by the shift in
wavenumber from 3415 to 3409 cm™!. The peak at 1166
cm™! that represented C-N bending vibration had shifted
to 1159 cm™! after AB 25 adsorption. All the findings from
FT-1IR spectra led to a conclusion that O and N-containing
groups are the main adsorption sites for AB 25.

2.2 Effect of pH

The pH of the solution has a significant impact on the
amount of AB 25 that can be adsorbed. pH can influence
the dissociation of adsorption sites and the solution chem-
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Fig.3 SEM images of SD (a) and BTSD (b) at 500X magnification.
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Fig.4 FT-IR spectra of SD and BTSD, before and after AB 25 adsorption.

istry of AB 25, particularly the degree of ionization. The
maximum amount of adsorption was observed at a very
acidic condition (pH 2) but decreased with the increase
in pH values (Fig. 5). A similar finding was reported
by Tsang et al. (2007) in AB 25 adsorption by activated
carbon. At a very low pH, the concentration of H* in the
bulk solution would be high and the carboxyl, hydroxyl
and amino groups of BTSD would be protonated, thus
enhancing the electrostatic attraction between adsorbent
and AB 25. In the aqueous solution, the sulfonate groups
of AB 25 were dissociated and converted to anionic form
as indicated below:

RSO;Na —> RSO3 + Na* ©6)

Therefore, the attraction between sulfonate groups and
positively charged BTSD surface can be represented by
Egs. (7) to (9):

RCOOH;" +RSO; & RCOOH;" - -- "03SR @)
ROH; + RSO; &= ROH; - -- "O3SR (®)
RNH; + RSO; & RNHj; --- "O3SR )

6

5+

q, (mg/g)

01 2 3 4 5 6 7

pH
Fig. 5 Effect of pH on AB 25 adsorption.

As the pH increased, the number of positively charged
adsorbent surface would be reduced. This would not favor
the adsorption of AB 25 due to the reduction in the
electrostatic attractions. In addition, due to the presence of
various functional groups in BTSD as demonstrated by FT-
IR spectra, other adsorption mechanisms such as hydrogen
bonding and chemical adsorption could not be ruled out but
require further investigation. Based on this finding, pH 2
was selected as the optimum pH for subsequent adsorption
experiments.

2.3 Effect of dosage

The effect of BTSD dosage on the amount of AB 25 ad-
sorbed was investigated for six different adsorbent dosages
in the range 0.2-2.0 g/L and the results are shown in Fig.
6. It can be seen that adsorbent dosage is another important
parameter that determines the amount of AB 25 adsorbed.
As the dosage increased from 0.01 to 0.10 g, the percentage
of AB 25 adsorbed also increased from 14% to 98%. At
a low dosage, AB 25 molecules had to compete among
each other due to low availability of BTSD surface area.
Therefore, most of the dye molecules remained in the bulk
liquid and the percentage of removal was very low. The
highest amount of AB 25 adsorbed (g.) at 0.01 g was
attributed to the sufficient coverage of available adsorption
sites on BTSD by AB 25. Due to low dosage, most of
the adsorption sites on BTSD were covered by AB 25
molecules, which resulted in the highest amount of AB 25

adsorbed. However, a reverse trend was observed—as—tie
dosage was increased from 0.01 to 0.10 g. As the initial
concentration of AB 25 in the solution| was kept constant
at 10 mg/L, an increase in dosage to (.10 g would mean
a surplus on the number of adsorption| sites compared. to
AB 25 molecules. The accessible AB PS5 molecules were
insufficient to cover all the adsorption sites on( BTSD,
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= 460} shows that as the initial concentration of AB 25 increased,
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g 4.40f 10 to 30 mg/L. According to Kamari and Wan Ngah
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< 4.25} . .
420k collision between adsorbate and adsorbent surface. Based
4'15 on the graph, there was a rapid rate of AB 25 adsorption

0 100 200 300 400 500 600 _ 700
Stirring rate (r/min)
Fig. 7 Effect of stirring rate on AB 25 adsorption.

hence, resulting in the low amount of AB 25 adsorbed.
Equation (4) also indicated an inverse relationship between
g and adsorbent weight, therefore a decrease in the value
of g. was expected to be observed as more BTSD was
added. Another important factor is attributed to a decrease
in total surface area of BTSD and an increase in diffusion
path length (Garg et al., 2004). The adsorbent dosage of
0.10 g was selected for subsequent adsorption experiments
to ensure the maximum removal percentage of AB 25.

2.4 Effect of stirring rate

Stirring can influence the distribution of solute in the
bulk solution and the formation of the external boundary
film (Batzias and Sidiras, 2007). The study on the effect
of stirring rate on AB 25 adsorption was carried out to
find the optimum stirring rate. As shown in Fig. 7, at a
higher stirring rate (> 200 r/min), there were more frequent
collision between AB 25 and BTSD surface compared to
lower stirring rate (100 r/min). According to Wan Ngah
and Hanafiah (2008b), at a higher stirring rate, a good
degree of mixing could be achieved, and the boundary
layer thickness around the adsorbent particles could be
reduced. Hence, the concentration of AB 25 near the BTSD
surface would be increased. However, at stirring rate > 500
r/min, the amount of AB 25 adsorbed was found to remain
constant. Thus, the stirring rate of 500 r/min was chosen as
the optimum rate for the removal of AB 25.

2.5 Effect of concentration, contact time and Kinetic of
AB 25 adsorption

To establish an appropriate contact time, the amount of AB
25 adsorbed was measured as a function of time. Figure 8

within 20 min and equilibrium was reached after 60 min.
At the beginning of adsorption, the rate was fast because
all the adsorption sites were vacant. However, as these
sites were progressively covered, the rate of adsorption
decreased.

To determine the adsorption kinetic of AB 25, the
pseudo first-order (Ho and McKay, 1998) and pseudo
second-order kinetic (Ho and McKay, 2000) models were
applied as indicated by Eqgs. (10) and (11), respectively:

k
log(ge — q1) = logge — mt (10
t 1 t
— = - = (11)
q: k2qg qe

where, g. (mg/g) and g, (mg/g) are the amount of AB 25
adsorbed at equilibrium and at time ¢ (min), respectively,
ki(1/min) is the pseudo first-order rate constant and k;
(g/(mg-min)) is the pseudo second-order rate constant. The
pseudo first-order model assumes that the rate of adsorp-
tion is proportional to the number of free adsorption sites.
The straight-line plots of log(g.—q;) versus ¢ were used to
determine the rate constant (k;), which can be obtained
from the slope of the plots (plots not shown). According to
Taty-Costodes et al. (2003), in most cases, the pseudo first-
order equation did not apply well throughout the whole
range of contact times and is generally applicable to the
initial 20-30 min of the adsorption process. Although these
plots show good linearity, the calculated values (ge calc)
showed a large difference with the experimental values

(geexp)- Therefore, the adsorption process did ot Tolfow
the pseudo first-order model. The pseudo second-order ki-
netic model relies on the assumption that the rate-limiting
step may be adsorption, involving valehce forces through
the sharing or exchanging of electrons petween adsorbent
and adsorbate (Ho and McKay, 1998), The straight line
plots of t/g; versus ¢t were used to detgrmine the(amount
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Table 1 Pseudo first-order and pseudo second-order constants at different concentrations of AB 25.
AB 25 conc. (mg/L) Geexp(mMg/g) Pseudo first-order Pseudo second-order
ki (1/min) R Ge.calc (Mg/2) k2 (g/(mg-min)) R Ge.cale(ME/g)
10 4.24 0.09 0.990 1.67 0.14 1.000 4.35
20 8.57 0.08 0.905 4.84 0.04 0.999 8.84
30 13.74 0.07 0.987 541 0.03 1.000 14.12

of AB 25 adsorbed and the rate constant, which can be
obtained from the slope and intercept (plots not shown),
respectively. Based on the correlation coefficients (R?)
obtained, and comparison of the values between g exp and
e.calc (Table 1), the adsorption of AB 25 was best described
by the pseudo second-order kinetic model since the values
of R? were greater than 0.99 and the g. c,c values agreed
with the experimental values (g exp)-

2.6 Adsorption isotherm

Adsorption isotherm is defined as the relationship between
the amount of adsorbate adsorbed at a constant temper-
ature and its concentration in the equilibrium solution.
Isotherm is important for estimating the maximum amount
of adsorbate adsorbed by a given amount of adsorbent.
Figure 9 shows the adsorption isotherms at three different
temperatures. According to classification of Giles et al.
(1974), the isotherms seemed to be of the L-type, which in-
dicated the monolayer coverage and AB 25 molecules were
adsorbed in a flat wise manner on the surface of BTSD.
Obvious difference between isotherms occurred at C, >
10 mg/L. The adsorption process was further analyzed
by two isotherm models, Langmuir and Freundlich. The
Langmuir model is based on assumptions that adsorption
occurs at specific homogeneous sites, energy of adsorption
is constant and there is no transmigration of adsorbate in
the plane of the surface, and is written as:

C. 1 N C.

qe Qmaxb Qmax

where g, (mg/g) is the amount of AB 25 adsorbed, C,
(mg/L) is the equilibrium concentration of remaining AB
25 in the solution, Qm.x (mg/g) is the maximum amount
of AB 25 adsorbed, and b (L/mg) is a constant that
relates to the heat of adsorption. The value of maximum
adsorption capacity was obtained from the slope of the
plot of C./q. versus C.. The plots for the three different

12)

25
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15

q, (mg/g)

10

O- 1 1 1 1 1
0 5 10 15 20 25 30

C. (mg/g)
Fig. 9 Isotherm plots of AB 25 at different temperatures.

temperatures were found to be linear (plots not shown),
and the maximum adsorption capacities of AB 25 by
BTSD were 24.39, 22.32 and 21.01 mg/g at 300, 310 and
320 K, respectively (Table 2). These values were much
higher than the value obtained by bamboo char (16.90
mg/g) as reported by Mui et al. (2010b). As fewer AB
25 molecules were adsorbed at higher temperatures, this
was an indication of an exothermic adsorption process. The
Freundlich isotherm model is derived to model the mul-
tilayer adsorption, applicable to a highly heterogeneous
surface, and is given as:

1
logge = logK; — —logCe (13)
n

where, Kr (mg/g) is maximum adsorption capacity and n is
related to adsorption intensity. The plots were also linear
(plots not shown) and the values of n were greater than 1
(Table 2), indicating that AB 25 molecules were favorably
adsorbed by BTSD. Based on Table 2, Langmuir isotherm
model was found to agree well with the experimental
isotherm data.

2.7 Thermodynamic study

The Langmuir adsorption isotherm constants (b) obtained
were used to calculate thermodynamic parameters such as
Gibbs free energy (AG, kJ/mol), enthalpy (AH, kJ/mol)
and entropy (AS, J/(K-mol)), as represented by Egs. (14)
and (15):

AG = —RTInb (14)

AS AH

Inb = -
2.303R  2.303RT

15)

where, R is gas constant (8.314 J/(K-mol) and 7'(K) is the
temperature.

The Van’t Hoff plot of Inb against 1/T (plot not shown)
gave a straight line from which AH and AS were calculated
from the slope and intercept, respectively. The observed
thermodynamic values are given in Table 3. The negative
values of AG at all temperatures indicated that the ad-
sorption process was spontaneous and AB 25 has a good
affinity for BTSD surface. However, as the temperature

decreased, the AG values were found o have decreased,
suggesting that AB 25 adsorption wap less favorable at
higher temperatures. The negative valug of AH confirmed
that the adsorption process was exothgrmic. The positive
value of AS indicated an increase in fandomness at the
solid/solution interface after AB 25 adsorption on BTSD
surface.
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Table 2 Langmuir and Freundlich isotherm constants and correlation coefficients at different temperatures

Temperature (K) Langmuir isotherm

Freundlich isotherm

Omax (mg/g) b (L/mg) R K¢ (mg/g) n R?
300 24.39 0.430 0.975 8.45 3.84 0.985
310 22.32 0.361 0.981 7.52 3.06 0.993
320 21.01 0.302 0.985 7.41 2.86 0.989

Table 3 Thermodynamic parameters of AB 25 adsorption

Temperature AG AH AS

(K) (kJ/mol) (kJ/mol) (J/(K-mol))
300 -32.19

310 -30.72 -11.49 72.76

320 —29.28

3 Conclusions

A new adsorbent produced from BTSD for AB 25 removal
has been explored under batch mode. pH 2 was determined
as the optimum pH for adsorption due to the strongest
electrostatic attraction between positively charged BTSD
surface and the negatively charged AB 25 molecules. The
amount of AB 25 adsorbed was found to vary with dosage,
initial concentration, contact time and temperature. A fast
removal of AB 25 was noticed as more than 90% of AB
25 was removed in 60 min. The adsorption data fitted
well to the Langmuir model and the recorded maximum
adsorption capacity was 24.39 mg/g at 300 K. However,
the adsorption capacity decreased with increasing temper-
ature, an indication of an exothermic adsorption process.
Adsorption kinetic was found to follow the pseudo second-
order model. Due to the high availability and satisfactory
rate of removal, BTSD can be a potential adsorbent for
removing AB 25 from aqueous solutions.
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