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ABSTRACT

Char derived from palm kernel shell (PKS-char) was evaluated as an adsorbent for the removal of
triclosan, an antimicrobial agent used in consumer products, from aqueous medium. Despite the low
specific surface area of PKS-char, its average pore size is 4.1 nm, which is suitable for the penetration of
triclosan into the inner pores. Kinetic experiments showed that with initial triclosan concentrations of
5 and 50 mg L7, adsorption equilibrium was reached at 6 and 12 h, respectively. The Langmuir model
described the equilibrium adsorption of triclosan to PKS-char more suitably than the Freundlich
model, indicating that triclosan was adsorbed on PKS-char as a monolayer. The maximum capacity
of PKS-char for triclosan adsorption was 88.854 mg g™, which is higher than that of some commercial
activated carbon samples. Triclosan adsorption decreased gradually as the pH increased from 4 to
8, but decreased sharply above pH 8. Thermodynamic experiments showed that the adsorption of
triclosan by PKS-char is endothermic and spontaneous under the present experimental conditions.
It can be concluded that PKS-char is a low-cost but effective adsorbent for the removal of triclosan

from aqueous solutions.
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1. Introduction

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)-phenol) is
an antimicrobial agent used in consumer products such as
soap, detergent, toothpaste, mouthwash, fabric, deodorant,
shampoo, and plastic additives, as well as in other personal
care, veterinary, industrial, and household products [1,2].
The concentration in cosmetic products such as toothpastes,
mouth rinses, soaps, shampoos, deodorants, and skin care
creams is typically in the range of 0.1%-0.3% [3]. Triclosan is
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preferentially fat-soluble and easily crosses cell membranes.
Once inside the cell, triclosan can deteriorate a specific
enzyme that many bacteria and fungi need for survival [4].
The widespread use of triclosan provides a number
of pathways for it to enter the environment, which raises
concerns about its potentially harmful effects on the eco-
system and humans [5]. Triclosan has been reported to be
toxic to aquatic organisms and has also been detected in
human plasma and milk in Sweden and in human urine in
the USA [6]. Moreover, some recent findings indicate that it
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blocks bacterial lipid biosynthesis by specifically inhibiting
the enzyme enoyl-acyl carrier protein reductase, leading to
concerns about the possible development of bacterial resis-
tance to triclosan [4]. Another concern regarding the pres-
ence of triclosan in surface water is the formation of more
toxic by-products such as dioxin and endocrine disruptor
chemicals [1]. In wastewater treatment plants, triclosan is not
degraded or is partially degraded, and is therefore, detected
in almost every type of aquatic environment, including
wastewater treatment effluents, surface water, lakes, and
river sediments [5,7].

Various techniques have been applied for the removal
of triclosan from water in wastewater treatment systems.
Adsorption is regarded as a simple and efficient method for
removal of triclosan from aqueous solutions. Adsorption by
carbon is considered to be an effective treatment technology
for removing small molecular organic compounds such as
phenol, due to the high available surface area and the com-
bination of the well-developed pore structure and surface
functional group properties of the carbon adsorbents [1,8].
Some commercial powdered activated carbons [1,8], carbon
nanotubes [6,9,10], and activated carbon fibers [11] have
been reported to be effective for adsorbing triclosan in aque-
ous solutions. However, the practical application of these
materials is uneconomical. This has led to increased interest
in the production of activated carbons from low-cost precur-
sors, mainly industrial and agricultural by-products, such
as jatropha, date pits, groundnut shells, corncobs, bamboos,
rattan sawdust, oil palm fibers, coconut shells, and coconut
husk [12-14].

Palm kernel shell (PKS) is an agricultural by-product
of palm oil mills and is readily available at low cost, has a
high surface area, possess good sorption performance, and
is of high quality. Therefore, this material is a suitable raw
material for generating activated carbon [13,15]. Recent
research has focused on the use of char or activated carbon
derived from the PKS for removing pollutants from water,
and this sorbent has been proven effective for the adsorption
of dyes [12,13,16], mercury [15], and heavy metals [17-19]
from aqueous solution. The char derived from biomass is a
carbon rich and porous solid, frequently produced via slow
pyrolysis under the presence or absence of oxygen [20].
While activated carbons are obtained after an activation step,
chars are obtained via thermal treatment but without further
activation [21].

To the best of our knowledge, the use of the char derived
from PKS (PKS-char) as an adsorbent for triclosan removal
has never been studied. This study aims to investigate the
utilization of PKS-char for the removal of triclosan from
aqueous solution. The physical and chemical properties of
PKS-char are investigated. Kinetic and equilibrium adsorp-
tion experiments are performed under batch conditions to
evaluate the adsorption of triclosan to PKS-char. Further
experiments regarding the effect of the solution pH and
temperature on the removal of triclosan are also conducted.

2. Materials and methods
2.1. Materials

PKS-char used in this study was provided by Design
Factory Co. (Korea). Following the palm oil extraction

procedure, PKS-char was produced in a rotary kiln at 350°C
for 20 min. After crushing and sieving (0.85-1.18 mm),
PKS-char was washed thoroughly with deionized water to
remove the impurities and dried in an oven at 105°C for
24 h to remove moisture. The triclosan (297%) used for the
experiments was supplied by Sigma-Aldrich. Triclosan stock
solutions were prepared by dissolving triclosan in high-per-
formance liquid chromatography (HPLC) grade acetonitrile
(Burdick & Jackson, US). The stock solutions were stored
at 4°C in a dark place to prevent exposure to light, which
may cause degradation, and were used within a month of
preparation. The sample solutions for all sorption tests were
prepared by diluting the stock solution with 20% acetonitrile
(prepared with distilled water) to achieve the desired con-
centration levels. The solubility of triclosan in water and ace-
tonitrile was 0.01 and 1,078.9 g-triclosan/L-solvent at 20°C,
respectively [22,23].

2.2. Characterization of PKS-char

The physical and chemical properties of PKS-char were
investigated using various methods. A field-emission scan-
ning electron microscope (FE-SEM; S5-4700, Hitachi, Japan)
with an attached energy dispersive X-ray spectrometer was
used to investigate the surface morphology and chemical
composition of PKS-char. The specimens of PKS-char before
and after adsorption experiments were observed at 1,000x
and 10,000x magnification, respectively, at an accelerating
voltage of 15 kV. Before imaging, all samples were coated
with gold at 30 mA for 120 s to minimize the charging effect.
N, adsorption-desorption experiments was performed to
measure the specific surface area of PKS-char using a surface
area analyzer (Quadrasorb SI, Quantachrome Instrument,
USA). From the N, adsorption-desorption isotherms, the
specific surface area was determined via Brunauer—-Emmett-
Teller analysis. The functional groups on the surface of
PKS-char were characterized by attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR; Nicolet
iS10, Thermo Scientific, USA).

2.3. Triclosan removal experiment

Triclosan removal by PKS-char was conducted under
batch conditions. Batch experiments were performed by
reacting 30 mL of the triclosan solution with 0.2 g of adsor-
bent in a 50 mL polypropylene conical tube at 25°C and
agitation at the rate of 100 rpm, unless otherwise stated.
After the reaction, all samples were centrifuged to sepa-
rate the solution from the PKS-char sample using a centri-
fuge (Combi 514R, Hanil Science Industrial Co., Ltd., South
Korea). The residual triclosan concentration in the sample
then was quantified by HPLC. All batch experiments were
performed in triplicate.

Kinetic experiments were performed by varying the
reaction time from 1 to 24 h with two different initial tri-
closan concentrations (5 and 50 mg L™). Equilibrium batch
experiments were conducted with different initial triclosan
concentrations (1-500 mg L), and the samples were ana-
lyzed after 24 h. Triclosan adsorption by the adsorbents was
evaluated at different pH. In the pH experiments, 0.1 M
NaOH and 0.1 M HCl solutions were used to adjust the pH
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from 4 to 10. The initial and final pH were measured with
a pH meter (Seven-multi S40; Mettler Toledo, Switzerland).
The thermodynamic adsorption experiments were also per-
formed by reacting 0.2 g of PKS-char with 30 mL of 50 mg L*
triclosan solution for 24 h at reaction temperatures of
15°C, 25°C, and 35°C.

2.4. Chemical analysis

An HPLC system (LC-20AD Shimadzu, Japan) equipped
with a Luna C18(2) column (150 mm x 4.6 mm x 5 pm) and
a UV-Vis detector was used to measure the triclosan con-
centration. A detection wavelength of 280 nm was applied
[24]. The mobile phase used for the elution was acetonitrile/
trifluoroacetic acid (0.1%) and the flow rate of the eluent
through the column was set at 0.8 mL min™. A sample injec-
tion volume of 10 pL was used, and the column tempera-
ture was maintained at 30°C throughout the analyses. For
quantification purposes, a calibration plot was constructed
within the range of experimental concentrations used
(coefficient of determination (R?) greater than 0.99).

2.5. Data analysis

The kinetic data were analyzed using the following pseu-
do-first-order (Eq. (1)), pseudo-second-order (Eq. (2)), and
intra-particle diffusion (Eq. (3)) models [25]:

g,=q.(1-¢™) (1)
kgt
9= @
+k,q,t
1
q,=kt>+C, 3)

where g, is the amount of triclosan removed at time ¢
(mg L), g, is the amount of triclosan adsorbed onto PKS-
char at equilibrium, k, is the pseudo-first-order rate con-
stant (h™), and k, is the pseudo-second-order rate constant
(g L'h™), k (mg g™ h'?), the rate parameter of stage i, was
obtained from the slope of the straight line of g, vs. #2. C,
the intercept of stage i, provides an estimate of the thick-
ness of the boundary layer, that is, the larger the intercept,
the greater the boundary layer effect. The equilibrium data
were analyzed using the following Langmuir (Eq. (4)) and
Freundlich (Eq. (5)) isotherm models:
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where C, is the concentration of triclosan in the aqueous
solution at equilibrium (mg L), K| is the Langmuir constant
related to the binding energy (L mg™), Q, is the maximum
mass of triclosan removed per unit mass of PKS-char

(mg g™), K, is the distribution coefficient (L g™'), and  is the
Freundlich constant. The values of K, Q , K, and n can be
determined by fitting the obtained data to the Langmuir and
Freundlich models. All parameters of the models were esti-
mated by non-linear regression using Sigma-Plot 10.0 with
the Dynamic Fit Wizard function.

The thermodynamic properties of the experimental
results were analyzed using the following equations:
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AG®=-RTInK, @)
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where AG® is the change in the Gibb’s free energy (k] mol™),
AS° is the change in the entropy (J mol® K™), AH° is
the change in enthalpy (k] mol™), R is the gas constant
(J mol™ K™), K is the equilibrium constant, and o is the
amount of adsorbent (g L™).

3. Results and discussion
3.1. Characterization of PKS-char

The morphology of the surface of PKS-char was inves-
tigated using FE-SEM (Fig. 1). The external surface of PKS-
char was dominated by irregular pores with large dimen-
sions and irregular inorganic deposits were also observed
(Figs. 1a and b). After adsorption experiments, the smaller
pores of PKS-char were observed than before adsorption
experiments because of the adsorption of triclosan (Figs. 1c
and d). The elemental composition determined by energy
dispersive X-ray (EDX) analysis (Table 1) showed that PKS-
char was mainly composed of carbon with a small amount of
alkaline metal (Na and K) and alkaline earth metal (Mg and
Ca) on the surface. After adsorption of triclosan on PKS-char,
however, Na, Mg, and Ca were diminished from PKS-char
and Cl element, which is the main component of triclosan,
was observed.

The Brunauer-Emmett-Teller (BET) specific surface area
(Sgpp) was 16.04 m* g7, with a total pore volume (V) of
0.02 cm’ g! and average pore diameter (D)) of 4.1 nm, as
determined at —195.8°C. The specific surface area is slightly
smaller than that (27.3 m?g™) of chemically modified acti-
vated carbon prepared from palm shell [26]. The definition
of the pore size originally proposed by Dubinin and now
adopted by the International Union of Pure & Applied
Chemistry (IUPAC) can be divided into three basic classes:
macropores (greater than 50 nm), mesopores (2-50 nm), and
micropores (less than 2 nm) [27]. As per the IUPAC classifi-
cation, the average pore diameter of PKS-char corresponds
to mesopores, which is the most suitable size for the adsorp-
tion of triclosan. The macropores act as conduits permitting
access to the interior part of PKS-char, and hence, to the
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Fig. 1. FE-SEM images of PKS-char before (a, b) and after (¢, d) adsorption experiments. The magnifications for (a) and (c) were x1,000,
and for (b) and (d) were x10,000 (blue bar: 50 um, orange bar: 5 pm).

Table 1
Elemental composition of PKS-char before and after adsorption
experiments obtained from energy dispersive X-ray spectrometry

Element Before adsorption After adsorption
Weight (%) Atomic (%) Weight (%) Atomic (%)

C 89.78 93.19 94.27 96.07

¢} 7.29 5.68 4.58 3.50

K 1.46 0.46 0.38 0.12

Si 0.45 0.20 0.42 0.18

Mg 0.38 0.19 - -

Ca 0.35 0.11 - -

Na 0.29 0.16 - -

Cl - - 0.35 0.12

mesopores [28]. In contrast with the macropores and mes-
opores, micropores are too narrow to allow triclosan with
dimensions of 1.42 x 0.69 x 0.75 nm [29] to access to the pores.
BET analysis also showed that high adsorption of triclosan
can be achieved by adsorbents with a pore diameter closer
to the molecular size of triclosan via the pore-filling mech-
anism [30].

The FTIR spectrum of PKS-char in Fig. 2 shows a band
at ~3,400 cm™, associated with the -OH stretching vibra-
tion. The prominent band at 1,580 cm™ was assigned to C=C

stretching vibration in the aromatic rings. The band observed
at 1,170 cm™ was assigned to C-O stretching vibrations. The
FTIR band of PKS-char shows no peaks related to N-O,
which have been observed in the FTIR profiles some of com-
mercial activated carbons [29]. This result is consistent with
the EDX data (Table 1), which did not show the presence
of N on the surface of PKS-char.

3.2. Kinetic adsorption of triclosan by PKS-char

The adsorption of triclosan by PKS-char as a function
of the contact time is presented in Fig. 3. The solute uptake
rate controls the residence time for adsorbate uptake at
the solid-solution interface and is, therefore, important for
understanding the adsorption kinetics of adsorbates in gen-
eral [31]. In Fig. 3, the time to reach equilibrium with initial
triclosan concentrations of 5 and 50 mg L™ was 6 and 12 h,
respectively, indicating that more time is required to reach
equilibrium at higher concentrations of triclosan. At the ini-
tial stages of the contact period, the adsorption rate was fast,
but became slower near the equilibrium time. There were
a large number of available vacant surface sites during the
initial stage; but after an interval, occupation of the remain-
ing vacant surface sites became difficult because of repulsive
forces between the solute molecules on the solid and bulk
phases. A similar trend was observed in the adsorption of
triclosan on powdered activated carbon and multi-walled
carbon nanotubes [1,6]. The high initial adsorption rate
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Fig. 2. FTIR-ATR spectrum of PKS-char.
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Fig. 3. Experimental kinetic sorption data and model fits for
triclosan removal by PKS-char at concentration of (a) 5 mg L
and (b) 50 mg L™

was due to the adsorption of triclosan by the exterior sur-
face of the adsorbent. When saturation was reached at the
exterior surface, the triclosan molecules entered the pores of
the adsorbent and were adsorbed by the interior surface of
the particles [25].

Thus far, various kinetic models have been used to
understand the dominant mechanism of the adsorption pro-
cesses and to predict the behavior over time, because most
adsorption transformation processes of various solid phases
are time-dependent [32]. To investigate the adsorption

kinetics of triclosan, pseudo first-order and pseudo sec-
ond-order models were employed in this analysis. The
amount of triclosan adsorbed by PKS-char at equilibrium
based on the pseudo-first-order model was 10%-20% less
than that obtained based on the pseudo-second-order
model. At higher concentrations of triclosan, the higher
R?values for the pseudo-second-order model than for the
pseudo-first-order model indicate that the observed data
obtained at different reaction times are better described by
the pseudo-second-order model (Table 2). Therefore, at high
triclosan concentration, the rate of adsorption to PKS-char
is controlled by chemisorption [33].

As shown in Fig. 4b, the linear line for 5 mg L triclosan
passed through the origin, but that for 50 mg L did not
pass through the origin. This deviation from the origin may
be due to the difference in the mass transfer rate in the ini-
tial and final stages of adsorption [34]. It also indicates that
intra-particle diffusion was not the only rate limiting mech-
anism in the adsorption process at higher triclosan concen-
trations. This is consistent with the results obtained from
the pseudo-second-order model, suggesting that the rate of
adsorption at high triclosan concentration (50 mg L) is con-
trolled by chemisorption. At 5 mg L™, however, the results,
which were well described by the pseudo-first-order model,
indicated diffusion-controlled adsorption. A steeper concen-
tration gradient was achieved at higher concentration, and
diffusion of the triclosan molecules onto the surface of PKS-
char is more favorable at higher triclosan concentrations.
The value of k, for 50 mg L™ was 1.256 mg g™ h'?, which is
greater than that (0.246 mg g h'?) for 5 mg L™, indicating
that k was larger at higher initial concentrations of triclosan,
which may be due to the greater driving force at higher
concentration [35].

3.3. Equilibrium adsorption of triclosan to PKS-char

The triclosan adsorption was measured using a fixed
amount (0.2 mg) of PKS-char and 12 h contact time to con-
struct the adsorption isotherm. The adsorption isotherm
indicates how the adsorbate is distributed between the
liquid and the solid phases when the adsorption process
reaches the equilibrium state [36]. The amount of triclosan
adsorbed on PKS-char as a function of the equilibrium tri-
closan concentration with the equilibrium model fit is shown
in Fig. 5. The parameters related to fitting of the Freundlich
and Langmuir models are shown in Table 3.

The values of R*> demonstrate that the Langmuir model
provides a better fit than the Freundlich model for both
adsorbents. This result indicates that the binding of triclosan
occurs as a monolayer on the surface of PKS-char, and that
the uptake occurs on the homogenous surface by monolayer
adsorption [15]. As shown in Table 4, the maximum triclosan
adsorption capacity, Q , for PKS-char was calculated to be
88.854 mg g™, which is higher than that of commercial acti-
vated carbon reported in other studies [1,29,31]. The outstand-
ing adsorption ability of PKS-char might be ascribed to the
similarity of its pore size to the dimensions of triclosan and
its high hydrophobicity. As described in Section 3.1., the aver-
age pore size of PKS-char is similar to the molecular size of
triclosan. Because PKS-char is primarily composed of carbon,
as shown by the EDX data, the surface of PKS-char should
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Table 2

Kinetic model parameters obtained from model fitting of the experimental data for adsorption of triclosan by PKS-char at different

reaction times

Initial triclosan Pseudo-first-order kinetic model Pseudo-second-order kinetic model Observed
concentration parameters parameters data
(mg L) 9.mgg) k(M) S q.mgg")  k@mghH R 9.(mgg")
5 0.623 0.438 0.967 0.748 0.657 0.956 0.614
50 5.812 0.986 0.739 6.476 0.220 0.905 6.309
(a) 7.0 o 80 T
6.0 1 3 70 4 i
) ] T g 60 1 *
%n 5.0 3 1 g E -
= ] = 50 ]
T 40 ] I 2]
I g 407 =
z 30 4 . 2 30 v
50 ] +5mg/L 5 + Observed
B~ 50 me/L 20 4 .
] 50 mg/ 17 e Freundlich model
1.0 é . . . . 10 ‘ 7 e —— Langmuir model
0.0 1 —————————— o
0 1 2 3 4 0 20 40 60 80 100 120
Time () Coq (mg/L)
(®) 70 1 Fig. 5. Experimental equilibrium sorption data and model fits for
60 1 y=1.256 x +2.778 - the adsorption of triclosan to PKS-char.
& R2=0.972
2 50 Table 3
= 3 T Equilibrium model parameters obtained from model fitting of
2 4.0 1 1 the experimental data for the adsorption of triclosan to PKS-char
2 3.0 ] 2
E o ] *5mgll Model Parameters R
T y=0247 x 50 mg/L Langmuir Q (mgg™) K, (Lmg™) 0.927
10 R2=10.991 88.854 0.028
0o L o——-—-—‘—-—'—'—'_*‘_'_ﬁ' Freundlich K, ((mgg™) 1/n 0.546 0.871
0 0.5 1 15 2 25 (L mg™)™) 5.614
Time (h)

Fig. 4. Intra-particle diffusion model for the adsorption of
triclosan to PKS-char: (a) full x-scale and (b) initial step.

be hydrophobic. Triclosan is also highly hydrophobic [29];
thus, the interaction between PKS-char and triclosan should
be favorable. The adsorption capacity of PKS-char is also
comparable with that of other synthesized adsorbents. The
adsorption capacities of carbon nanotubes, modified activated
carbon, and iron oxide and carbon composites are higher
than that of PKS-char. The cost of PKS-char is 110 US$/ton
(provided by the manufacturer), which is cheaper than com-
mercial activated carbon and much cheaper than synthesized
adsorbents that have higher adsorption capacity for triclosan.
When the cost of the adsorbents is considered, PKS-char is a
competitive adsorbent for the removal of triclosan. Another
advantage of using PKS-char is the granular morphology
of PKS-char, allowing easy separation from the aqueous
medium after treatment, which may be achieved by filtration.

This feature of PKS-char was further confirmed by the
value of K, which is related to the energy of adsorption
between the adsorbent and adsorbate [37]. This property is
particularly important for adsorbing triclosan from water
at low concentrations, where the adsorption performance at
low concentration mainly depends on the adsorption affin-
ity rather than the adsorption capacity [38]. PKS-char has
lower affinity than other synthesized adsorbents, but the
K, value of triclosan is similar to that of commercial acti-
vated carbon. The 1/n value for the Freundlich model was
0.546, which is higher than 0.5, indicating that the binding
between triclosan and PKS-char is not strong [39].

3.4. Effect of pH on adsorption

The pH is generally a critical factor influencing the
adsorption of pollutants in water because of its ability to
affect the surface charge of the sorbent and existing form of
the sorbate [31]. Fig. 6 demonstrates the influence of the initial
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Table 4

Comparison of maximum monolayer adsorption capacity (Q, ) and adsorption affinity (K;) of various adsorbents for triclosan

Adsorbents Q, (mgg™) K, (Lmg™) Specific surface area Reference
(m?g™)
Commercial activated carbon 35 4.4 %107 212.56 [31]
Kaolinite 6.03 0.006 2.31 [1]
Montmorillonite 1.79 0.023 34.28 [1]
Cetylpyridinium bromide (CPB) modified 46.95 0.906 0 [40]
zeolites (OZ 2.5)
Coconut pulp waste activated carbon 38.91 0.2032 NA* [41]
Carbon nanotubes 40.00 NA NA [42]
Charcoal-based activated carbon 67.11 0.023 738.8 [1]
Commercial powdered activated carbon 76.3 1.0 882.63 [29]
PKS-char 88.854 0.028 27.3 This study
Multi-walled carbon nanotubes 160.66 0.03 281 [6]
Magnetic activated carbon 303 0.89 674 [43]
MIL-53(Al)-1 modified activated carbon 488 51+1.1 1,270 [44]
v-Fe,O,/carbon composites 892.9 0.69 1,311 [45]
“Not available.
6.0 charge of non-dissociated triclosan is neutral. Thus, repulsive
electrostatic interactions are minimized and the adsorption
w 5.0 1 + 3 3 capacity is enhanced [1]. . .
N 3 The present results are in agreement with reports by
= ] other researchers, where it was observed that triclosan
£ 3.0 1 adsorption to the adsorbent decreases as the solution pH
S ] increases. Similar trends were reported in the adsorption of
F 20 triclosan to activated carbon [1,31], biochar [7], and multi-
] walled carbon nanotubes [9], as well as in the adsorption of
10 4 2,4,6-trichlorophenol on oil palm empty fruit bunch-based
00 v v i i activated carbon [25].
2 4 6 8 10 12

pH

Fig. 6. Effects of solution pH on the adsorption of triclosan to
PKS-char.

pH values on the capacity of PKS-char for triclosan adsorp-
tion. With an increase in the pH from 4 to 8, the amount of
triclosan adsorbed by PKS-char gradually decreased, reach-
ing a value of 4.70 mg g™ at pH 8. With an increase in the pH
from 8 to 10, the triclosan adsorption decreased sharply from
4.70 to 3.97 mg g™. Thus, the removal efficiency decreased
from to 62.7% to 52.2% as the pH increased from 8 to 10.
Triclosan mainly exists in the protonated form when the
pH of the solution is lower than 8.14 (pKa of triclosan = 8.14).
In contrast, the deprotonated form of triclosan predominates
in solution when the pH exceeds 8.14, where this species
is negatively charged due to the proton loss [1,46]. When
adsorption occurs at a pH higher than 8 (pH > pKa), the
anionic form of triclosan dominates and the overall surface
charge of the adsorbent is negative. Therefore, the adsorp-
tion capacity is reduced above pH 8 due to repulsive forces
between deprotonated triclosan and the negatively charged
adsorbent surface. On the other hand, at acidic pH, even if
the net charge of the surface of the adsorbent is negative, the

3.5. Thermodynamic adsorption

The thermodynamic concept assumes that in an isolated
system where energy cannot be gained or lost, the entropy
change is the driving force. The thermodynamic parame-
ters that must be considered to determine the adsorption
processes are the changes in the standard enthalpy (AH°),
standard entropy (AS°), and standard free energy (AG°)
due to transfer of a unit mole of solute from solution onto
the solid-liquid interface. The values of AH® and AS° can,
respectively, be calculated from the slope and intercept of
the van't Hoff plot of In K, vs. 1/T (Fig. 7). The calculated
values of AH®, AS°, and AG® and for adsorption of triclosan
on PKS-char are listed in Table 5.

The positive AH® value indicates that the adsorption
process is endothermic. This finding is consistent with the
results obtained earlier [25], where the triclosan uptake
increased with increasing solution temperature. A decrease
in the viscosity of the solution due to temperature increase
might lead to increased rate of diffusion of the adsorbate
molecules across the external boundary layer and in the
internal pores of the adsorbent particles; this phenomenon
might explain the endothermic nature of the adsorption [25].
An increase in the adsorption with increasing temperature
might also be due to enhanced mobility of the adsorbate
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Fig. 7. Thermodynamic analysis of the adsorption of triclosan to
PKS-char.

Table 5
Thermodynamic parameters for the adsorption of triclosan on
PKS-char

Temperature (K) AH (kJ/mol) AS (kJ/mol) AG (kJ/mol)
288.15 -5.48
298.15 7.32 0.044 -5.93
308.15 -6.33

molecules [47]. It is reported that the kind of interaction can
be classified by the magnitude of AH® [48]. The AH® ranges
for van der Waals interactions, electrostatic interaction,
and chemisorption are usually <20, 20-80, and 80-450 kJ/
mol, respectively [6,48]. In this study the magnitude of AH®
(7.32 kJ/mol) suggested the existence of van der Waals inter-
actions between triclosan and PKS-char.

The positive AS° indicates the affinity of the adsorbent
for triclosan and the increasing randomness at the solid-
solution interface with some structural changes in the adsor-
bate and adsorbent during the adsorption process, whereas
the negative AG® indicates the spontaneous nature of the
adsorption process in the evaluated temperature range.

4. Conclusion

The feasibility of PKS-char for the removal of triclosan
from aqueous solution was investigated under batch condi-
tions. PKS-char is mainly composed of carbon (~90%), and
based on its average pore size, it is classified as mesoporous
material. Kinetic adsorption experiments showed that the
adsorption of triclosan at low concentrations was controlled
by diffusion, whereas chemisorption controlled the rate of
triclosan adsorption at high concentrations. The Langmuir
model was more suitable for describing triclosan adsorp-
tion than the Freundlich model, indicating that triclosan was
adsorbed onto PKS-char via monolayer adsorption. The max-
imum adsorption capacity of PKS-char was 88.854 mg g7,
which is superior to that of commercially available activated
carbon but lower than that of other synthesized adsorbents
reported in the literature. The capacity of PKS-char for
triclosan adsorption was higher under acidic rather than
alkaline conditions; the adsorption is endothermic and

spontaneous in nature. This study demonstrates that PKS-
char can be considered as an effective adsorbent for triclosan
removal from wastewater because of its low cost and high
adsorption capacity.
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Symbols

o —  Amount of adsorbent, g L™

C, —  Concentration of triclosan in the aqueous
solution at equilibrium, mg L™

AG® —  Change in the Gibb’s free energy, k] mol™

AH° —  Change in enthalpy, k] mol™

AS° Change in the entropy, ] mol™" K™

k, —  Rate parameter of stage i, mg/g h'?

K, —  Langmuir constant related to the binding energy,
L mg™

K. —  Distribution coefficient, L g™

K, —  Equilibrium constant

k, —  Pseudo-second-order rate constant, g L h

k, —  Pseudo-first-order rate constant, h™

n —  Freundlich constant

q, — Amount of triclosan removed at time {, mg L™

q, —  Amount of triclosan adsorbed onto PKS-char at
equilibrium

Q, —  Maximum mass of triclosan removed per unit
mass of PKS-char, mg g™

R —  Gas constant, ] mol™? K™
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