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Abstract In this study, bone char (BC) was used as an adsorbent for sodium
dodecyl sulfate (SDS) in aqueous solution. Batch studies were performed to address
various experimental parameters like contact time (0-360 min), adsorbent dosage
(3,5 and 7 g/L), initial SDS concentration (0.5, 1 and 2 mg/L) for the removal of the
SDS. A greater percentage of SDS was removed with a decrease in its initial con-
centration, and an increase in the amount of adsorbent used. The maximum removal
percentage of SDS for 0.5, 1 and 2 mg/L were estimated 80.2, 76 and 60.5 %. The
maximum removal of SDS was obtained in the adsorbent dose of 7 g/L. Equilibrium
isotherms were analyzed by Freundlich and Langmuir isotherm equations. The
Freundlich equation is found to best represent the equilibrium data for the adsorption
system. The kinetic study showed that the adsorption of SDS on BC was a gradual
process. Pseudo-first order, pseudo-second order, Eluvich and intraparticle diffusion
models were used to fit the experimental data. The intraparticle diffusion model was
able to provide realistic description of adsorption kinetics.
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Introduction

Surfactants are a diverse group of chemicals that are designed to have cleaning or
solubilization properties. The surfactants have also been widely used in households,
textiles, fibers, food, paints, polymers, plant protection, cosmetics, pharmaceuticals,
mining, oil recovery, pulp and paper industries [1]. Linear alkyl benzene sulfonates,
alkyl ethoxy sulfates, alkyl sulfates, alkylphenol ethoxylates, alkyl ethoxylates, and
quaternary ammonium compounds are the commonly used commercial surfactants.
They generally consist of a polar head group, which is well solvated in water, and a
non-polar hydrocarbon tail, which is not easily dissolved in water. Hence, surfactants
combine hydrophobic and hydrophilic properties in one molecule [2-8]. Surfactants
consist mainly of three types: anionic, nonionic and cationic. Anionic and cationic
surfactants together are called ionic surfactants. Ionic surfactants demonstrate
approximately two-third of these surfactants. Cationic surfactants demonstrate less
than 10 % of the ionic surfactants and remainder is non-ionic surfactant. Therefore,
anionic surfactants are the major class of surfactants used in detergent formulations.
The common class of anionic surfactant is branched alkyl benzene sulfonate, linear
alkyl benzene sulfonate and linear alkyl sulfate. A member of the linear alkyl
benzene sulfonates family is sodium dodecyl sulfate (SDS), which is used as
detergent, as dispersant, and as anionic surfactant all over world [9, 10]. The
surfactant consumption has rapidly increased in the world, hence surfactants may be
considered as major contaminants in the environment, especially in surface waters
[11, 12]. Besides the toxic effects of surfactants, their existence in waters even under
the toxic level causes many adverse effects on biological life. They cause
pathological, physiological and biochemical effects on aquatic animals. In aquatic
plants species, they have effects such as break-up of the chlorophyll-protein
complex, death of the cell by damaging the membrane, delay in metabolism and
growth [13]. The conventional methods for surfactant removal from the water
environment involve processes such as chemical and electrochemical oxidation,
membrane technology, chemical precipitation, photocatalytic degradation, adsorp-
tion and, various biological methods [14]. Many of these processes are not cost
effective and/or not suitable for application on a field scale. Adsorption technology
can be low cost and can be applied in small devices. Adsorbents are “low cost” when
they require little processing and are abundant, either in nature, or as a by-product or
waste material from another industry [14, 15]. It therefore offers potential for use on
household scale, also in low-income households. In this research, BC was used as an
adsorbent to remove SDS from the solution. BC or animal char is a granular
substance produced by burning animal bones supplied by the animal waste rendering
industry as bone meal. From a structural viewpoint, BC consists of 80 % calcium
phosphate to form the hydroxyapatite and 10 % carbon. The carbon contained in the
porous structure of hydroxyapatite of BC is distributed throughout its structure [16].
BC has been used extensively as an adsorbent for the decolorization of cane sugar.
Also, the sorbent was proposed as the defluoridating agent [17]. To the best of our
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knowledge and based on the literature review, the use of BC as an adsorbent to
remove detergents has seldom been reported. The aim of this work was to provide
fundamental equilibrium and kinetic information in the sorption of SDS from
aqueous solution on BC.

Materials and methods
Preparation and characterization of the adsorbent

The bone from cattle was crushed into pieces of 10—15 cm in length, rinsed three
times in deionized water and boiled at least three times in distillate water for 4 h to
remove fate and residual protein pieces. After that, the bone was dried at 105 °C
overnight and cooled in desiccators. The pyrolysis of bone was accomplished in an
electric furnace that was externally heated by electric power sources. BC is derived
from the pyrolysis of the crushed animal bones by heating them to 900 °C for 4 h.
The solid yield from the pyrolysis step was transfer to a desiccator and cooled in
room temperature. BC was then pulverized using ASTM standard sieves with range
of 10-40 mesh [17].

Adsorbate

A stock solution of SDS (1000 mg/L) was prepared by dissolving SDS (Merck,
India) in double distilled water. The chemical structure of SDS is shown in Fig. 1.
The concentration range of SDS prepared from stock solution varied between 0.5
and 10 mg/L. All the chemicals used were of analytical reagent grade.

Analysis

The concentrations of SDS in the solutions before and after equilibrium were
determined by the acridine orange method. Briefly, acridine orange [(3,6-
bis(dimethylamino)], is used for the preparation of 5 x 10~3 M solution to be used
as a stock. The sample solution (10 mL) containing SDS (concentration range of
0.1-0.6 mg/L) is taken in a separation funnel. Acridine orange and glacial acetic acid
(100 pL of each) are added followed by the addition of 5 mL toluene. The contents
are shaken for 1 min and then allowed to settle for 5 min. The aqueous layer is
discarded. SDS forms a yellow colored complex with acridine orange. The toluene
layer is collected and 2.5 mL of this solution is used directly for the absorbance
measurement at a wavelength of 499 nm [13, 18]. The calibration curve is linear in

W
/\/\/\/\/\/\o/s\o— Na*

Fig. 1 Chemical structure of sodium dodecyl sulfate
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the range of 0-6.0 ppm of SDS concentration. The pH of the solution was measured
with a pH meter (Eutech, Singapore) using a combined glass electrode. The BC was
characterized by the pH of zero point charge (pHzpc) of the BC; the pHzpc of the BC
was determined using the batch equilibrium technique with 1:1,000 and 1:80 solid to
liquid ratios in 0.1 (M) KNOj; solution. Potassium nitrate was employed as an inertial
electrolyte. The initial pH value of the KNO; solution was adjusted range from 2 to
12 by adding 0.1 M HNOj; or KOH. The solutions were allowed to equilibrate for
24 h in an isothermal shaker at 25 + 1 °C. The suspensions were filtered by filter
paper, and the pH values were measured again by using of a pH meter. A blank test
without BC was also made in order to eliminate the effect of interferences.

Adsorption experiment

The adsorption isotherms for SDS removal were conducted by mixing 0.5-2 mg/L SDS
with 3—7 g/L BC. The mixtures were stirred for 6 h allowing the adsorption to reach
equilibrium. A mechanical shaker at 100 rpm was used (IKA, Germany) to provide a
reproducible and homogeneous mixing. The mixtures were filtered off afterwards. The
initial and final SDS concentrations of the solutions were measured with the acridine
orange method. The adsorption equilibrium data are conveniently represented by
adsorption isotherms, which correlate to the relationship between the mass of the SDS
adsorbed per unit mass of BC (q.) and the SDS concentration for the solution at
equilibrium (C.). The experimental data obtained were fitted to the Langmuir
adsorption isotherm applied to equilibrium adsorption assuming mono-layer adsorp-
tion onto a surface with a finite number of identical sites and is represented as Eq. 1:

4 KcCe
= — 1
9 = T K.C, (1)

where ¢, is the solid phase equilibrium concentration (mg/g), C. is the liquid-phase
equilibrium concentration of SDS (mg/L), K. is the equilibrium adsorption constant
related to the affinity of binding sites (L/mg), and q, is the maximum amount of
SDS per unit weight of BC for complete monolayer coverage [19] q,, and K, can be
calculated from the slope and intercept of plots of C./q. versus C, [20].

The Freundlich isotherm was used in study that it was known as heterogeneous
adsorption and described by Eq. 2:

logq, = log(Kg) + 1/, log(C.) (2)

where g, is the amount of SDS (mg/g), C, is the equilibrium concentration of SDS
(mg/L), k; and 1/n are the Freundlich constants. Freundlich constants can be
determined from the slope and intercept of linear plots of log q. versus log Ce,
respectively [20, 21].

Kinetic studies

Adsorption kinetic models represent the adsorption reaction. The conventional
models of adsorption reaction are pseudo-first order rate, pseudo-second order rate,
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Eluvich’s, second-order rate and the adsorption diffusion model. The models can be
described by following Eqgs. (3, 4, 5, 6):
Pseudo-first order, Eq. 3:

k
log (. — a) = log(a.) ~ 5303" (3)

where . and q, are the adsorption capacity (mg/g) at equilibrium and at time ¢, k; is
the rate constant of pseudo-first order adsorption (L/min) [21].

The values of log (qe — q,) were linearly correlated with . The plot of log (q. — qy)
versus ¢ should give a linear relationship from which k; and q. can be determined from
the slope and intercept of the plot, respectively.

Pseudo-second-order Eq. 4:

t 1 1
—=—+—t 4)
4 k@ g
where k; (1/min) and k; (g/mg min) are constants of adsorption rate, q, (mg/g) is
adsorption capacity at time ¢ (min), q. is adsorption capacity at equilibrium con-
ditions (mg/g).
The plot of (#/q,) and ¢ of Eq. 4 should give a linear relationship from which g,
and k, can be determined from the slope and intercept of the plot [22, 23].
The Eluvich equation is given as:
dgq
A (-8 5
dr (=B q) (5)
where o is the initial adsorption rate (mg/g min), f is the desorption constant (g/mg)
during any one experiment
The simplified form of the Eluvich equation is:

1 1
=—In(a- —In

4= (o ﬁ)+ﬁ (1) (6)
If SDS adsorption fits the Eluvich model, a plot of q, versus In ¢ should yield a
linear relationship with a slope of (1/f) and an intercept of (1/f) In(a-B). Recently
the Eluvich equation has also been proposed to describe the adsorption process of
pollutants from aqueous solutions, such as cadmium removal from effluents using
BC, and Cr(VI) and Cu (II) adsorption by chitin, chitosan, and Rhizopus arrhizus
[24-26]. The intraparticle diffusion or homogeneous solid diffusion model which

can describe mass transfer in an amorphous and homogeneous sphere:

logq, = logkiq + a-log() (7)

where R is the percent of SDS adsorbed, 7 is the contact time (h), a is the gradient of
linear plots, kijq is the intraparticle diffusion rate constant (1/h), a depicts the
adsorption mechanism, k43 may be taken as a rate factor, i.e. percent SDS adsorbed
per unit time [25].

The values of k;q were calculated from the slope of such plots and the R* values
led to the conclusion that the intraparticle diffusion process is the rate-limiting step.
Higher values of kjq illustrate an enhancement in the rate of adsorption, whereas
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larger k;q values illustrate a better adsorption mechanism, which is related to an
improved bonding between SDS and the adsorbent particles.

The amounts of SDS adsorbed per unit mass of the BC (q,) at any time, ¢, were
calculated from the concentrations in solutions before and after adsorption. At any
time, the amount of SDS adsorbed, q, (mg/g), by BC was calculated from the mass
balance equation as follows:

q = (C-CyVv (8)

w

where q, is the amount of adsorbed SDS on BC at any time (mg/g); Cy and C, are the
concentration of SDS before adsorption and after contact time t (mg/L); V is the
volume of SDS solution (L), and W is the mass of BC used (g).
The percent removal of SDS was calculated as follows:
%q = S =S« 100 9)
Co

where q is the amount of adsorbed SDS per gram BC (mg/g), Cy is the initial SDS
concentration (mg/L), C, is the concentration of SDS at equilibrium with the solid

phase (mg/L), V is the volume of the solution, L, and M is the mass of sorbent used
(g) [19, 25, 27-29].

Results and discussion

Some properties of the adsorbent are presented in Table 1. The by pHzpc of an
adsorbent is a very important characteristic that determines the pH at which the
adsorbent surface has net electrical neutrality. At this value, the acidic or basic
functional groups no longer contribute to the pH of the solution. Experiments
showed that the pHzpc of the BC was about 8.3. It has been reported that at any pH
below pHzpc, the surface charge is positive whereas at pH level above pHzpc the
surface charge is negative. Based on the value found for pH,y, it can be deduced
that the BC surface charge is positive as the solution pH is less than 8.3. The
positive charge on the surface of the BC may enhance the removal of endotoxins via
adsorption. Specific surface area and pore volume were determined with the BET
method. The specific surface area of BC particles was 130.75 m?*/g. The prepared
BC was able to adsorb significant amounts of iodine. The iodine number gives an
estimation of the relative surface area of two samples and is usually used to measure
the porosity for pores greater than 1.0 nm in diameter. Thus, the iodine number was
measured to evaluate the adsorptive capacity of the BC.

Effect of initial SDS concentration
The adsorption of SDS was measured at given contact time (360 min) for three
different initial SDS concentrations from 0.5 to 2 mg/L. The plot reveals that the

SDS removal efficiency is higher at the starting point (Fig. 2). This is most likely
due to the larger surface area of the BC available at beginning for the adsorption of
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Table 1 Bone char

characteristics Specifications (unit) Range
pHch 8.3
Apparent density (g/cm ) 0.768
Pore volume (cm’> /g) 8.8
BET-surface area (m*/g) 130.75
Iodine number (mg/g) 15.8
Size distribution (mm) 1.18-2
Weight loss in acid (pH 3.31) (mg/L) zero
Weigh loss t in base (pH 13.11) (mg/L) zero
= mg/L2 Conc. ¢ mg/Ll Conc. e mg/L0.5 Conc.
2.5 ]
I
I
2] T Equivalent Time |
! :
= 1.5 \:
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Fig. 2 The variation of sodium dodecyl sulfate adsorption during contact time on bone char (conditions:
time 360 min, pH 7, adsorbent dose 3, 5 and 7 g/L, mesh 20, sodium dodecyl sulfate 0.5, 1 and 2 mg/L,
shaking 100 rpm)

SDS. During the removal process, a significant decrease of SDS concentrations is
obtained at 180 min, and it remains constant after equivalent time. Maximum
removal percentages of SDS for 0.5, 1 and 2 mg/L were estimated as 80.2, 76 and
60.5 %. At higher concentrations of the adsorbate, lower adsorption yields were
observed due to the saturation of the adsorption sites [30]. An increase of BC dose
from 3 to 7 g, the adsorption capacity was increased or removal efficiency was
decreased (Fig. 3). The evaluation of adsorption conditions reveals that the higher
adsorption of SDS occurs in 90 min, and afterward the variation is not significant.

Effect of BC dosage

The removal of SDS using a different dosage of BC (3, 5 and 7 g) was considered at
different conditions. The maximum and minimum removal percentages are related
to 7 and 3 g of adsorbent doses (Fig. 4). However, the estimated removal
percentages of SDS on BC for 3, 5 and 7 g dosage about were 85.9, 88.9 and
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Fig. 3 The variation of capacity adsorption of sodium dodecyl sulfate on bone char (conditions: time
360 min, pH 7, adsorbent dose 3, 5 and 7 g/L, mesh 20, sodium dodecyl sulfate concentration 1 mg/L,
shaking 100 rpm)

92.7 %. Generally, with increasing of adsorbent dosage and constant value of SDS
in the liquid phase, the available active sites were increased. Hence, the adsorption
capacity was increased and a lower competition effect of adsorbate agents can be
observed. The adsorption of SDS increases rapidly with an increase in the amount of
BC due to the greater availability of the surface area at higher concentration of the
adsorbent. Any further addition of the BC beyond this did not cause any significant
change in the adsorption. This may be owing to the overlapping of adsorption sites
as a result of overcrowding of adsorbent particles. The maximum removal of SDS
was obtained in the adsorbent dose of 7 g/L SDS. Ozer et al. have reported that the
particle size range is constant, and the surface area is directly proportional to the
mass of adsorbent in the solution. In spite of that, the decrease in adsorption
capacity can be explained with the reduction in the effective surface area [31].

Equilibrium adsorption isotherms

For the distribution of the adsorption molecules between solid phase and liquid
solution at the time of reaching the adsorption process to an equilibrium state, the

Fig. 4 The effect of bone char 100 '|
dosage on sodium dodecyl
sulfate adsorption (conditions: = 80 -
time 360 min, pH 7, adsorbent w
dose 3, 5 and 7 g/L, mesh 20, W 60 -
sodium dodecyl sulfate o
concentration 0.5, 1 and 2 mg/L, 3 404
shaking 100 rpm) g

o 20

0

5
Bonechar Dosage (g/L)
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Table 2 Isotherm models constants and correlation coefficients for adsorption of SDS from aqueous

solution
Isotherm n K¢ (mg/g) K. (L/mg) qm (mg/g) R?
Langmuir - - 0.83 0.298 0.714
Freundlich 0.68 1.74 - - 0.97
a e1mg/L m2mg/L a0.5mg/L
O T —a—s——%—+—3— + + +
100 200 300 400
-0.5 4
s
Q [
| |
% 151
o A y=-0.0031x-1.4134
- R?2=0.8216
24
L |
-2.5 4
A
_3 . .
Time (min)
b A05mg/L e1mg/L m2mg/L
30
254,
A y=-0.0178x+22.215
2=
20 4 — R?=0.7227
- A A A A
2 154 o
i * y=-0.0144x +13.084
R?=0.6924
10 1 AN . .
.—"'ﬁm
5 -
y=-0.0051x+7.0561
0 . . R: =0.6299
0 100 200 300 400

Time (min)

Fig. 5 Pseudo-first order (a), pseudo-second order (b), Eluvich (¢) and intraparticle diffusion
(d) kinetics (conditions: time 360 min, pH 7, bone char dose 3, 5 and 7 g/L, mesh 20, sodium dodecyl
sulfate conc. 0.5, 1 and 2 mg/L, 100 rpm of shaking)

adsorption isotherm is used. Fitting the isotherm data to various isotherm models
results in suitable a model for design purposes [28]. To describe the distribution of
SDS, the mathematical models such as the Langmuir and Freundlich isotherms were
used. These isotherms relate SDS uptake per unit mass of BC (q.) to the equilibrium
adsorbate concentration in the bulk fluid phase (C.). The common sorption
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Fig. 5 continued

isotherms between SDS and BC are shown in Fig. 4. In many adsorption processes,
the Langmuir adsorption isotherm has been extensively applied. A basic supposition
of the Langmuir isotherm is that the sorption occurs at specific homogeneous sites in
the adsorbent. Furthermore, when a site is occupied by a solute, no extra adsorption
can occur at that site [32]. The constants in the Langmuir isotherm can be
determined by plotting (C./q.) versus (C.). Here k; and q,, are the Langmuir
constants and the maximum adsorption capacity for the BC (Table 2). The isotherm
was used for monolayer adsorption and smooth and homogeneous surface.

Kinetic studies

Kinetic studies are carried out to develop an understanding of controlling reaction
pathways and the mechanisms of sorption reactions, and the data can be applied to
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predict the rate at which the target contaminant is removed from aqueous solutions
[33]. In order to evaluate the SDS adsorption, four kinetic models were considered.
These models are: (i) pseudo-first order, (ii) pseudo-second order, (iii) Eluvich and
(iv) intraparticle diffusion. Fig. 5 illustrates the trends of these models. Also, the
kinetic constants are shown in Table 3. According to the obtained results, it can be
observed that the Eluvich (Fig. 5c) and intraparticle diffusion (Fig. 5d) models fit
better than other kinetic models (R > 0.921.). Also, it can be noted that the lower
concentrations of SDS correlated more with intraparticle diffusion, and the Eluvich
kinetics is desirable for higher concentrations. As obvious from Fig. 5a, there are
three distinct phases. The first step with a sharp slope confirms the external surface
adsorption, the second step with a gradual slope can demonstrate the intraparticle
diffusion, and the plateau at the end portion confirms the equilibrium. In the
intraparticle diffusion model, three different phases were observed first. The higher
values of k;y (42.36) illustrate an enhancement in the rate of adsorption, whereas
lower k;q values (30.06) illustrate a better adsorption mechanism, which is related to
an improved bonding between SDS and the BC particles (Tables 3). The high
correlation coefficient (R* = 0.955) indicates the presence of intraparticle diffusion
as the rate determining step. The correlation coefficient ranged from 0.0.932 to
0.955 as the initial concentration varied from 0.5 to 2 ppm.

Conclusions

An increase in adsorbent dosage leads to increase in SDS adsorption due to
increased number of adsorption sites. A maximum uptake capacity of SDS was
obtained at adsorbent dosage of 7 g/L. Equilibrium was attained within 180 min for
the adsorption of SDS onto BC. The result suggests that the adsorption of SDS on
BC involves a complex mechanism and in the adsorption process with two distinct
stages. The initial stages of boundary layer diffusion due to external mass transfer
effects, and the later stage, it was due to intraparticle diffusion which contributes to
the rate determining step. BC, as high potential adsorbent due to many applications
in comparison with others, was shown to be suitable for the removal of SDS, easily.
Also, by the higher conformity of the intraparticle diffusion and Eluvich models, it
can be asserted that those were considered as desirable kinetics rather than others.
Lower concentrations of SDS fitted the intraparticle diffusion better, and the
Eluvich kinetics is proper for higher concentrations. In kinetic studies, higher
amounts of R* occurred with lower concentrations of SDS. The adsorption isotherm
studies showed that the Freundlich adsorption isotherm model fits well with the
experimental data. The maximum adsorption capacity (gmax) Was obtained for SDS
(0.298 mg/g) with (R* = 0.97).
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