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ABSTRACT

The applicability of biochar derived from Aesculus turbinata seed shell (SAT-BC) was investigated
for triclosan removal, which is extensively used in personal care products and causes endocrine dis-
orders. The seed shells were pyrolyzed at 300°C-700°C, and their physico-chemical properties and
triclosan adsorption capacities were analyzed. The increase in pyrolysis temperature from 300°C to
700°C decreased the O/C and H/C of SAT-BC from 0.205 to 0.130 and from 0.071 to 0.021, respec-
tively. SAT-BC at 300°C (SAT-300) presented a higher triclosan adsorption capacity than that of
SAT-BC pyrolyzed at other temperatures. Adsorption equilibrium was achieved at a reaction time
of 6 h, and the pseudo-second-order model better fit the triclosan adsorption by SAT-300. The equi-
librium adsorption data was best represented by the Freundlich isotherm model, and the maximum
adsorption capacity was estimated to be 49.4 mg/g. The enthalpy and entropy change during triclosan
adsorption by SAT-BC were 22.2 kJ/mol and 67.9 J/K-mol, respectively, indicating that the triclosan
adsorption absorbed energy and increased the randomness during the processes. The increase of
solution pH from 3 to 11 decreased triclosan adsorption from 33.0 to 7.4 mg/g, and a sharp drop
in adsorption amount (23.5-14.6 mg/g) was observed between solutions pH 7 and 9. Increasing the
SAT-300 dose from 1.7 to 10.0 g/L decreased the triclosan adsorption per unit mass of adsorbent, but
increased the removal percentage; 8.3 g/L of the adsorbent dose removed more than 90% of triclosan.
The biowaste turbinate seed shell pyrolyzed at 300°C can be potentially used for triclosan adsorption.

Keywords: Triclosan; Biochar; Pyrolysis temperature; Aesculus turbinata; Hydrogen bonding;
Elemental composition

1. Introduction

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol), an
antimicrobial agent that offers an immediate and broad-
spectrum antimicrobial activity, is found in consumer prod-
ucts such as soap, deodorants, lotions, toothpaste, and hand
and body wash [1]. According to previous studies, per-
sonal care products contain 0.1%-0.3% of triclosan, which
enter the wastewater treatment facilities [2]. The global
concentration of triclosan ranges from 1.4 to 40,000 ng/L;
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due to its incomplete removal from wastewater treatment
plants, it continues to flow into aquatic environments such
as seas, lakes, and rivers [3,4]. Triclosan and its by-prod-
ucts have been recently reported to cause problems such
as microbial resistance, skin irritation, endocrine disor-
ders, an increased incidence of allergies, changes in thyroid
hormone metabolism, and tumor development [5]. Trace
amounts of triclosan can be detrimental to aquatic organ-
isms such as algae, invertebrates, and fish [6]. Triclosan has
been repeatedly detected in both the influent and effluent
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of wastewater treatment plants, and low-level triclosan
removal and runoff are particularly problematic in waste-
water treatment with short residence time, such as trickling
filters [7].

In recent studies, various techniques have been explored
for removing triclosan from water or aqueous media.
Methods such as chlorination, ozonation, Fenton treatment,
and electrochemical oxidation that have been used for tri-
closan treatment require relatively advanced technology
and high cost [8]. Adsorption, the interactions between the
adsorbate and adsorbent due to various sites and moieties
on the adsorbent [9], has been widely applied in triclosan
removal [10]. This is because adsorption produces less sec-
ondary pollution to the environment and does not require
a high cost of construction and operation, energy, or highly
skilled operation [9,11,12]. Activated carbon and carbon
nanotubes exhibit increased efficiency in the removal of
triclosan [13,14]. In particular, activated carbon has well-
formed pores and a large surface area; therefore, it is effec-
tive in removing small organic compounds [15,16]. However,
this material has a relatively high cost, which poses a chal-
lenge in removing micro-contaminants on a large scale [13].
Thus, biochar is used as an alternative to activated carbon
because of its ability to function as an effective and inex-
pensive adsorbent for removing micro-contaminants [17].

Biochar, a carbon-rich by-product produced by the
thermochemical conversion of various biomass types, has
been used in various fields, including as an adsorbent for
remediating contaminated soil and water [18,19]. The feed-
stock to produce biochar include wood, industrial waste,
activated sludge, and lignocellulosic biomass, and their
properties can be altered depending on the pyrolysis tem-
perature and treatment time [18]. Lignin is a carbon-rich
material, and researchers have reported that biochar man-
ufactured from lignin-containing biomass can be used to
remove aromatic contaminants [20,21]. Aesculus turbinata
is a plant in Hippocastanaceae family, and its fruits mainly
contain carbohydrates, in addition to lignin, cellulose, and
proteins [22,23]. A. turbinata seeds have been used as a
valuable food resource since ancient times and have been
regarded as a food preservative because of their long stor-
age characteristics [24]. A recent study revealed that A. tur-
binata seeds contains saponins, which effectively attenuate
an increase in blood glucose levels and fat digestion in vivo
[25]. Further research on using the biowaste, that is, shells
after the use of seeds is required. To our best knowledge,
the researchers have never tried to apply biochars derived
from the A. turbinata seed shell (SAT-BC) as an adsorbent for
removing triclosan from an aqueous solution.

This is the first study to investigate the applicability
of SAT-BC for triclosan removal, and the chemical/physi-
cal properties and triclosan adsorption capacity of SAT-BC
were analyzed to confirm their characteristics as adsorbents.
Furthermore, the relationship between the physico-chem-
ical properties and triclosan removal capacity of SAT-BC
pyrolyzed at different temperatures was evaluated. Kinetic,
equilibrium, and thermodynamic adsorption experiments,
and mathematical model analysis were performed to quan-
tify triclosan removal by SAT-BC and investigate its adsorp-
tion mechanism. The effect of the solution pH and various
doses of SAT-BC on triclosan adsorption were also studied.

2. Materials and methods
2.1. Chemicals

Triclosan (297%) was purchased from Sigma-Aldrich
(USA), and stock solution (200 mg/L) was prepared by dis-
solving 200 mg triclosan in a mixture containing 0.2 L of
high-performance liquid chromatography (HPLC) grade
acetonitrile (Samchun, Korea) and 0.8 L of deionized water.
The stock solution was stored in a dark bottle to inhibit pho-
todegradation loss and used within a month. A standard
solution of the desired concentration was prepared by dilut-
ing the stock with 20% acetonitrile in deionized water. HCI
(Samchun, Korea) and NaOH (Samchun, Korea) reagents
were used to adjust the pH.

2.2. Preparation of biochar derived from A. turbinata seed shell

The seed shell of A. turbinata used in this study was col-
lected from the campus of Hankyong National University,
Anseong, Korea. All impurities from the material surface
of the seed shell was removed using deionized water. After
washing, the seed shell was oven-dried at 80°C for 24 h to
remove moisture. The prepared seed shells (15 g) were
injected for each batch and pyrolyzed using a muffle furnace
with a stainless-steel tube (5.5 cm diameter x 55 cm length).
Pyrolysis was performed for 1 h under different tempera-
tures (300°C, 400°C, 500°C, 600°C, and 700°C) at a heating
rate of 25°C/min, and nitrogen with a purity of >99.9% was
injected to the furnace at a rate of 0.5 L/min to maintain
anoxic conditions.

2.3. Characterization of biochar

The physical and chemical characteristics of the raw seed
shells (SAT-Raw), and the seed shell biochar pyrolyzed at
300°C, 400°C, 500°C, 600°C, and 700°C (SAT-300, SAT-400,
SAT-500, SAT-600, and SAT-700, respectively) were ana-
lyzed and studied. The functional groups on the seed shell
were analyzed using Fourier-transform infrared spectros-
copy (FTIR; Nicolet 6700, Thermo Fisher Scientific, United
Kingdom). The surface morphology and chemical element
composition of the seed shell were analyzed using field-
emission scanning electron microscopy (FE-SEM; S-4700,
Hitachi, Japan) and an energy-dispersive X-ray spectrometer
(EDS) attached to FE-SEM, respectively. The contents of C, H,
N, and S were measured using an automatic elemental ana-
lyzer (EA, Flash Smart, Thermo Fisher, USA). A surface area
analyzer (Quadrasorb SL, Quantachrome Instruments, USA)
was employed to measure the specific surface area, pore vol-
ume, and pore diameter of the SAT-BC pyrolyzed at differ-
ent temperatures. The obtained N, adsorption—desorption
isotherm curves were analyzed using the Brunauer—
Emmett-Teller (BET) equations. Thermogravimetric anal-
ysis (TGA) was conducted using a thermogravimetric
analyzer (Pyrisl, PerkinElmer, USA) under N, injection
and the mass change of the seed shell was observed as the
temperature increased from 25°C to 800°C.

2.4. Triclosan removal experiment

The batch experiment for triclosan adsorption by
SAT-BC at various temperatures was performed by treating
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30 mL of 100 mg/L triclosan solution with 0.05 g of each
adsorbent. The resulting mixtures were stirred at 25°C
for 24 h at 100 rpm in a thermostatic shaking incubator
(SJ-808SF, Sejong Science, Korea). In all subsequent batch
experiments, the temperature and stirring speed of the
shaking incubator were constantly maintained. After the
reaction, all samples were filtered using glass microfiber
filters (Whatman, USA) to separate the adsorbent from the
triclosan solution. A Luna C18(2) column and a UV-visible
detector included in the HPLC (LC-20AD, Shimadzu, Japan)
unit were used to quantify triclosan concentration at a wave-
length of 280 nm [26-28]. Acetonitrile/trifluoroacetic acid
(0.1%) was used as the mobile phase, and the flow rate of
the eluent was 0.8 mL/min. The sample (10 pL) was injected
for analysis, and the column temperature was maintained
at 30°C. For quantification purposes, standard curves were
obtained for the experimental concentration ranges (coeffi-
cient of determination, R? > 0.99). All experiments were con-
ducted thrice, and the averages of the experimental values
were calculated and used for analysis.

Triclosan adsorption kinetics for SAT-300 was per-
formed using an initial triclosan concentration of 100 mg/L,
and experiments were performed at different reaction times
from 0.25 to 12 h. Thereafter, all reactions were performed
by combining 0.05 g SAT-300 with 0.03 L of 100 mg/L tri-
closan solution and reacting at 25°C for 12 h, unless oth-
erwise specified. The equilibrium of triclosan adsorption
on SAT-300 was performed using different initial triclosan
concentrations (5-100 mg/L) with 0.02 g SAT-300, and mix-
tures of 0.02 g SAT-300 and 30 mL of triclosan solution at
each concentration were reacted for 12 h. SAT-300-media-
ted triclosan adsorption was performed at different pH
conditions of 3-11. The pH of the 100 mg/L triclosan solu-
tion was adjusted by adding 0.1 M NaOH or 0.1 M HCI
solution, and the initial and final pH was measured using
a pH meter (SevenMulti 540; Mettler Toledo, Switzerland).
Triclosan adsorption using different doses of SAT-300
(0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 g) was also conducted by
reacting with a fixed volume (30 mL) of 100 mg/L triclosan
solution. Thermodynamic adsorption experiments were
performed by varying the reaction temperature to 15°C,
25°C, and 35°C under similar experimental conditions,
except at the designated temperatures.

2.5. Data analysis

The kinetic data were analyzed using pseudo-first-order
[Eq. (1)], pseudo-second-order [Eq. (2)], and intraparticle
diffusion [Eq. (3)] models, and the equations are as follows:

g,=q.(1-¢™) (1)
kg’
q[ — th (2)
1+kyqt
q,=Kt"”+C, ®)

where g, is the amount of triclosan adsorbed at time t (mg/g),
g, is the amount of triclosan adsorbed onto SAT-300 at

equilibrium (mg/g), k, is the rate constant of pseudo-first-
order adsorption (h™), and k, is the rate constant of pseudo-
second-order adsorption (g/mg/h). In Eq. (3), C, is the
intercept (mg/g), and K is the intraparticle diffusion rate
constant (mg/g-h'?).

The equilibrium data were analyzed using Langmuir
[Eq. (4)] and Freundlich [Eq. (5)] isotherm models, and the
equations are as follows:

K,C

qf — Qm L”e (4)
1+K,C,

9. =K.C" ®)

where C, is the triclosan concentration in the aqueous solu-
tion at equilibrium (mg/L), K, is the Langmuir constant
related to the binding energy (L/mg), Q, is the maximum
adsorption capacity of triclosan removed per unit mass of
SAT-300 (mg/g), K, is the Freundlich isotherm constant, and
((mg/g)-(L/mg)¥") and 1/n is the adsorption intensity. The
values of K, Q , K, and n were determined by fitting the
experimental data to the Langmuir and Freundlich mod-
els. All parameters of the models were measured by non-
linear regression using the Dynamic Fit Wizard function of
Sigma-Plot 10.0.

The thermodynamic properties of the experimental
results were analyzed using the following equations:

AG® = AH® — TAS® (6)
AG®=-RTInK, @)
Ink = AS®  AH ®
R RT
g
K =— 9
= ©)

where AG° is the change in Gibb’s free energy (kJ/mol),
AS° is the change in entropy (J/mol-K), AH® is the change
in enthalpy (kJ/mol), R is the ideal gas constant (J/mol-K),
K, is the equilibrium constant (-), and a is the amount of
adsorbent dose (g/L).

3. Results and discussion

3.1. Characterization of A. turbinata seed shell pyrolyzed under
different temperatures

The physical and chemical composition of SAT-BC
pyrolyzed at different temperatures were characterized.
Fig. 1 shows the surface morphologies of the SAT-BC
obtained using FE-SEM. The SAT-BC surface became coarser
and disintegrated into debris with the increase in pyrolysis
temperature. The low specific surface area of raw A. turbinata
did not observe substantial change during heat treatment
(i.e., pyrolysis). This result is inconsistent with the literature,
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Fig. 1. FE-SEM images of biochar derived from Aesculus turbinata seed shells at different temperatures. (a) Non-treated seed shell,
(b) biochar derived from seed shell at 300°C (SAT-300), (c) 400°C, (d) 500°C, (e) 600°C, and (f) 700°C.

where an increase in temperature can form larger pores on
the biochar and increase its specific surface area [29]; but
excessive pyrolysis temperature can reduce the specific
surface area because of particle shrinkage and pore sealing
[30]. Biochar pores are classified into micropores (<2 nm),
mesopores (2-50 nm), and macropores (>50 nm) according
to their pore size [31]. As shown in Table 1, SAT-BC was
mainly composed of mesopores and macropores.

The chemical compositions of SAT-BC at different tem-
peratures were obtained from EDS analysis and EA, and

the results are presented in Table 1. SAT-BC was mainly
composed of C, O, K, and H, and their percentages differed
depending on the pyrolysis temperature. Although ele-
mental analysis using EA was performed to measure the C,
H, N, and S contents of SAT-BC, N and S were not detected.
The EDS and EA results revealed that the C content of
SAT-BC increased, but the O and H contents decreased
as the pyrolysis temperature increased. The increase
in pyrolysis temperature from non-treatment to 700°C
decreased the O/C ratio from 0.360 to 0.130, indicating a
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Table 1
Specific surface area, pore structure, and elemental composition of Aesculus turbinata seed shell-derived biochar under different tem-
peratures
Pyrolysis Elemental composition Pore structure Elemental composition  pH
temperature (weight %) (weight %)
Q) C (@) K o/C Specific surface ~ Pore volume  Pore C H H/C
area (m%/g) (cm¥/g) size (nm)
69.7 251 51 42.8 5.6 5.94¢
-treated . 2.2 .0067 7 1
Nontreated 56 106 103 030 22 0.006 > 202 w01 0P s
799 164 3.7 57.3 4.1 8.36
300 52 431 419 0.205  2.02 0.0059 11.6 102 102 0.071 8.99
786 156 5.8 61.7 3.4 9.50
400 05 07 413 0.198 144 0.0047 13.0 412 201 0.055 8.56
821 128 52 65.6 2.8 9.89
500 04 131 <16 0.156  2.10 0.0062 59.2 +0.8 0.0 0.043 9.36
80.0 121 8.0 66.9 1.7 9.75
600 101 +18 415 0.151 211 0.0062 11.8 +0.9 0.1 0.026 0.48
826 108 6.1 65.9 1.4 9.75
700 5 427 5 0.130  1.39 0.0068 19.7 08 101 0.021 9.77

“Elemental composition obtained from an energy-dispersive spectrometer;

Elemental composition obtained using an elemental analyser;
‘Upper pH value obtained from the reaction with deionized water;

‘Lower pH value obtained from reaction with triclosan solution (100 mg/L).

decrease in the hydrophilicity of the biochar surface [32].
A reduction in the O/C ratio by increasing the pyrolysis
temperature also promoted the degree of carbonization
[33]. An increase in the pyrolysis temperature from non-
treated to 700°C resulted in a decrease in the H/C ratio
from 0.130 to 0.021. The H/C ratio is an index of aroma-
ticity, and smaller the value, the higher the aromaticity of
the biochar [34]. The low H/C and O/C ratios obtained at
high pyrolysis temperatures indicate that the carbon in
the biochar was unsaturated [35]. Thus, as the pyrolysis
temperature increased, the aromaticity increased, and the
hydrophilicity and polarity decreased [36].

Fig. 2a shows the ATR-FTIR spectra and compares the
evolution of the SAT-BC pyrolyzed at different tempera-
tures. Various peaks were observed for the SAT-Raw. The
observed peak in the region of 3,300 cm™ is due to -OH
stretching, which emerges because of adsorbed water mol-
ecules, hydroxyl, and carboxylic acid functional groups,
and disappears after pyrolysis [37]. The maximum peak
at 1,030 em™ in SAT-Raw represents C-O stretching of cel-
lulose, hemicellulose, and lignin [38]. The peak observed
at 1,600 cm™ is related to aromatic C=C and C=O of conju-
gated ketones and quinones, and an increase in the intensity
of this region increases the degree of condensation of aro-
matic organic compounds [39]. The peak at 1,705 cm™ also
exists only in SAT-Raw, indicating carbonyl groups in ester
and ring structures [40]. In SAT-Raw, characteristic peaks of
cellulose and hemicellulose corresponding to polysaccha-
rides appear at 1,000-1,200 cm™, which lose their strength
with increasing pyrolysis temperature [41]. As pyrolysis
proceeds, a peak at 1,630 cm™ is typically observed, which
is attributed to C=C stretching vibration and is due to the
presence of aromatic C=C bonds or C=O ring stretching

[42,43]. After pyrolysis, a peak at approximately 1,200 cm™
was observed, and the peak present in this vicinity was
oscillated by C-O, which exists in carbon oxides such as
acids, alcohols, ethers, or esters [44]. The peaks between
870 and 600 cm™ are associated with C—Cl, and are typically
detected at higher pyrolysis temperatures [45]. A peak at
3,600 cm™ is clearly observed in SAT-300, and a peak around
this region indicates the presence of hydroxyl groups [46],
which is consistent with the high H content of SAT-300.

Fig. 2b shows the thermogravimetric (TG) and differ-
ential thermogravimetric (DTG) curves of the A. turbinata
seed shells obtained from TGA. The TG and DTG curve
plots revealed thermal degradation at distinct regions. The
weight loss in the region below 200°C occurred because of
the evaporation of the moisture content bound to the seed
shell [47]. The highest rate of weight loss of 64.9% occurred
in the range of 200°C—-400°C, during which most volatile
substances were extracted from the sample [48]. In this pro-
cess, hemicellulose and cellulose were decomposed [49]. At
temperatures above 400°C, weight was gradually reduced
owing to lignin decomposition [48].

3.2. Effect of pyrolysis temperature on the triclosan adsorption of
A. turbinata seed shell-derived biochar

The influence of pyrolysis temperature on the triclosan
adsorption capacity of SAT-Raw and SAT-BC pyrolyzed
at different temperatures was investigated. Fig. 3 shows
the adsorption results for each pyrolysis temperature,
indicating that SAT-300 exhibited the highest adsorp-
tion capacity, with robust interaction with triclosan. SAT-
Raw adsorbed 21.5 mg/g of triclosan, which increased to
31.4 mg/g when the pyrolysis temperature was 300°C.
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Fig. 2. (a) FTIR spectra of biochar derived from Aesculus turbi-
nata seed shell at different temperatures (non-treated, 300°C,
400°C, 500°C, 600°C, and 700°C) and (b) thermogram and dif-
ferential thermogram obtained via thermogravimetric analysis
of Aesculus turbinata seed shell between 30°C and 800°C.

SAT-300 exhibited the highest adsorption capacity, and
SAT-BC pyrolyzed at temperatures higher than 300°C pre-
sented a lower adsorption ability than that of SAT-300.
This indicates that extremely high pyrolysis temperature
inhibits the triclosan adsorption by A. turbinata seed shell.
This result is consistent with the results of previous studies
indicating that the pyrolysis temperature and adsorption
amount are inversely proportional [50,51]. Biochar pro-
duced at low temperatures has acidic characteristics due to
the loss of volatile compounds, resulting in the adsorption
of deprotonated acidic organic molecules, such as triclosan

Table 2

35
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Fig. 3. Effect of pyrolysis temperature on the triclosan adsorp-
tion capacity of Aesculus turbinata seed shell-derived biochar
(initial triclosan concentration: 100 mg/L; adsorbent dose:
1.67 g/L; reaction time: 24 h; reaction temperature: 25°C; agita-
tion speed: 100 rpm).

[50,52]. The increase in pyrolysis temperature from 300°C
to 700°C decreased the O/C and H/C of SAT-BC, indicat-
ing that the change in chemical composition affected the
triclosan adsorption capacity of SAT-BC. In SAT-300, a
distinct hydroxyl group exists, which forms a hydrogen
bond with triclosan. Similar hydrogen bonding between
triclosan and metal-organic-framework adsorbent has also
been reported in other literature [53]. The high solubility
of triclosan was observed in the solvents with proton-
acceptor functional groups because of the strong hydrogen
bonding between triclosan and the solvents [54].

3.3. Adsorption kinetics

The kinetic adsorption experiment for SAT-300, which
exhibited the highest triclosan adsorption capacity, was con-
ducted by varying the reaction time. The obtained results
were analyzed using kinetic adsorption models, including
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models, and the resulting parameters are listed in
Table 2. Adsorption kinetic studies provide comprehensive
information, such as the adsorption rates, adsorbent per-
formance, and mass transfer mechanisms [55]. As shown
in Fig. 4a, triclosan adsorption amounts rapidly increased
in the initial stages and then gradually increased to reach

Parameters of kinetic models obtained by fitting the model to triclosan adsorption data using SAT-300 at different reaction times

Pseudo-first-order
kinetic model parameters

Pseudo-second-order
kinetic model parameters

Intraparticle diffusion
kinetic model parameters

q, (mg/g) k1 (h) R? SEE q, (mg/g) k2 (g/(mg-h)) R? SEE Kp ((mg/g)-h'?) R?
2.51 0.935
31.8 8.25 0.968 217 32.9 0.56 0.983 1.58 0.99 0,999

g,: the amount of triclosan adsorbed onto SAT-300 at equilibrium (mg/g); k,: the rate constant of pseudo-first-order adsorption (h™);
k,: the rate constant of pseudo-second-order adsorption (g/(mg-h)); K the intraparticle diffusion rate constant ((mg/g)-h'?).
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equilibrium within 6 h. The pseudo-second-order model
presented a regression coefficient (R?) value of 0.983, with
lower sum of squared error (SEE) values, indicating a bet-
ter correlation coefficient when compared to that of the
pseudo-first-order model (R* = 0.968). The g, value obtained
from pseudo-second-order modeling was 32.9 mg/g, which
was similar to the g, value of 34.9 mg/g obtained through
the experiment. These results imply that the pseudo-second-
order model suitably described triclosan adsorption kinet-
ics by SAT-300 rather than that of the pseudo-first-order
model, which indicates that the triclosan adsorption rate
by SAT-300 primarily depends on chemisorption [56].

Fig. 4b shows an analysis of the adsorption kinetics using
the intraparticle diffusion model. The intraparticle diffu-
sion models can explain the diffusion control process of tri-
closan adsorption by SAT-300. This model is expressed as
a function of the amount of triclosan adsorbed (mg/g) and
the square root of time (h'?), and its parameters are listed in
Table 2. The diffusion rate constant of particles, which rep-
resents the adsorption rate, is k, and is expressed as the slope
value of the model [57]. The constant value of the equation
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Fig. 4. (a) Kinetic adsorption results for triclosan adsorption by
SAT-300 and model fit using pseudo-first-order and pseudo-
second-order models and (b) intraparticle diffusion model fitted
to kinetic adsorption data (time'? vs. adsorbed triclosan) (initial
triclosan concentration: 100 mg/L; adsorbent dose: 1.67 g/L;
reaction time: 0.25-12 h; reaction temperature: 25°C; agita-
tion speed: 100 rpm).

determines whether the line graph passes through the ori-
gin. A previous study showed that when the intraparticle
diffusion is the rate-controlling factor, the amount of adsorp-
tion depends on the square root of time, and when the plot
does not pass through the origin, intraparticle diffusion is
not the only rate-controlling factor [58]. In this study, the
linear graph did not pass through the origin, which implied
that pore diffusion was not the only rate-controlling factor
in triclosan adsorption [59]. The first part of the line graph
represents the diffusion process controlled by the outer sur-
face, and the second part represents the diffusion within the
particle [60].

3.4. Adsorption isotherm

The adsorption equilibrium of triclosan by SAT-300 was
analyzed by varying the initial concentrations of triclosan
(5-100 mg/L), and the results are plotted in Fig. 5. Isotherm
adsorption is a primary technique for determining the dis-
tribution of the adsorbate between the liquid and solid
phases, and the adsorption capacity of the adsorbent [61,62].
Table 3 lists the Langmuir and Freundlich isotherm parame-
ters for adsorption. The applied Freundlich model presented
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Fig. 5. Adsorption isotherm data for triclosan adsorption by SAT-
300 and model fitting using Langmuir and Freundlich models
(initial triclosan concentration: 5-100 mg/L; adsorbent dose:
0.67 g/L; reaction time: 12 h; reaction temperature: 25°C; agita-
tion speed: 100 rpm).

Table 3

Parameter of kinetic models obtained by fitting the model to the
adsorption of triclosan on SAT-300 under different triclosan con-
centration in aqueous phases at equilibrium

Model Parameters R? SEE

Langmuir  Q  (mg/g) K, (L/mg) 0.783 6.869
494 0.078

Freundlich K, ((mg/g)-(L/mg)"") 1/n 0911 4.412
10.6 0.803

Q,,; the maximum adsorption capacity of triclosan per unit mass
of SAT-300 (mg/g); K,: Langmuir constant related to the bind-
ing energy (L/mg); K: distribution coefficient ((mg/g)-(L/mg)"");
n: Freundlich constant.
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a regression coefficient (R?) value of 0.911, indicating that the
experimental adsorption data fit well with the Freundlich
model. The Freundlich isotherm describes reversible adsorp-
tion and is a model applicable to multilayer adsorption
[63]; hence, it can be inferred that triclosan adsorption by
SAT-300 proceeds in the form of multilayer adsorption. In
the Freundlich model, the affinity of the adsorption type
is expressed as 1/n, where n is a constant representing the
adsorption strength [64]. The 1/n value is also a measure of
adsorption intensity or surface heterogeneity, and the closer
the value is to 0, the higher is the heterogeneity [65]. In this
study, the 1/n value was 0.803, indicating normal adsorption
(I/n < 1: normal adsorption; 1/n > 1: cooperative adsorp-
tion) [66]. The K, value, distribution coefficient indicating
the amount of adsorbate adsorbed to the adsorbent per unit
equilibrium concentration [65], is 10.6 (mg/g)-(L/mg)"".

The maximum amount adsorbed by SAT-300 obtained
from the Langmuir model was 49.4 mg/g, which is similar
to that obtained from the experimental data (44.2 mg/g).
The triclosan adsorption capacity for commercial activated
carbon was 41.2 mg/g [13], and SAT-300 displayed a higher
adsorption capacity than that of the activated carbon. The
maximum adsorption capacity of triclosan by various types
of adsorbents investigated in other studies is shown in
Table 4, and the adsorption capacity of SAT-300 was compa-
rable with that of the other adsorbents. SAT-300 is an adsor-
bent obtained from A. turbinata seed shell, a street tree, which
is relatively easy to access. The cost for the thermal treatment
of A. turbinata seed shell at 300°C was calculated by consid-
ering the consumed electricity. For treating 15 g of A. turbi-
nata seed shell, 1.8 kW h of electricity is consumed, and its

Table 4
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cost is 109 KRW. From TGA analysis, the recovery of A. tur-
binata seed shell at 300°C for 1 h was 81.6%. The 147.1 kW h
of electricity per 1 kg of SAT-300 was consumed, and it cor-
responded to 8,907 KRW (=7.07 USD). The production cost
for SAT-300 can be reduced through the large-scale pyrol-
ysis process, and the gas generated during the production
process also can partially compensate for the price.

3.5. Adsorption thermodynamic parameters

The transfer of moles of solute units to the solid-liquid
interface changes the enthalpy (AH®), entropy (AS°), and free
energy (AG°®). Therefore, these parameters are important fac-
tors to consider when determining the adsorption process.
The adsorption of triclosan onto SAT-300 was quantified
using Egs. (6)—(9) and the thermodynamic parameters are
presented in Table 5. The enthalpy (AH®) quantified through
triclosan adsorption using SAT-300 has a positive value,
indicating that the adsorption process is endothermic. An
increase in the reaction temperature decreases the viscosity
of the solution, causing an increase in the diffusion rate of the
adsorbed water molecules across the outer boundary layer of
the adsorbent particles and the inner pores [78]. Increasing
the temperature improves the mobility of the adsorbed
molecules, thereby increasing the adsorption amount [79].
An enthalpy change (AH°®) of less than 20 kJ/mol indicates
physical adsorption, whereas a value between 80 and 200 kJ/
mol indicates chemical adsorption [80]. The enthalpy change
(AH®) for triclosan adsorbed by SAT-300 is 22.2 k]J/mol, indi-
cating that the adsorption occurs at the boundary between
physical and chemical adsorption. The positive entropy

Maximum adsorption capacity of triclosan by various types of adsorbents

Adsorbent Adsorption Initial concen- Reaction Temperature Size (mm) pH Reference
capacity tration (mg/L) time (h) (°C)
(mg-triclosan/g)
Optimized activated carbon 117.0 25-500 4 25 0.25-0.425 6.9 [67]
Char derived from palm kernel shell ~ 88.9 1-500 24 25 0.85-1.18 - [68]
Biochar derived from kenaf 77.4 5-160 24 25 0.5 6.3 [69]
Thermally treated rice husk 72.7 1-400 6 25 0.50-0.15 - [70]
Tyre crumb rubber 62.5 10-60 24 25 0.67 7 [71]
Biochar from seed shell of Aesculus 494 5-100 12 25 6.5 This
turbinata (SAT-300) study
Charcoal-based activated carbon 41.2 10-60 24 25 1.5 3 [13]
Polyvinyl chloride 40.2 2-20 24 25 0.074 [72]
Activated carbon derived from waste  38.9 10-90 1 25 0.6 5.6 [73]
biomass (coconut pulp waste)
Single-walled carbon nanotubes 33.0 1-50 24 25 7 [74]
Organo-zeolites 31.9 0-50 10 25 0.075 6.7 [10]
Kaolinite 22.0 10-60 24 25 0.006 3 [13]
Biomass of Phaeodactylum tricornutum  13.0 1-50 3 18 - 7 [75]
Commercial Activated carbon 3.5 0.025-1 4 25 - 6.7 [76]
Carbon nanotubes imprinted 0.8-1.8 0-0.04 3 - 0.005-0.015 - [77]
polymers
Wastewater biosolids-derived biochar 0.87 0-0.02 24 - - 6.5 [17]
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Table 5
Enthalpy, entropy, and Gibb’s free energy for the adsorption of
triclosan by SAT-300

Temperature AH° AS° AG°
(°C) (kJ/mol) (J/K-mol) (kJ/mol)
15 22.2 67.9 2.60
25 - - 1.92
35 B B 1.24

Initial triclosan concentration: 100 mg/L; adsorbent dose:
1.67 g/L; reaction time: 12 h; reaction temperature: 15°C, 25°C
and 35°C; agitation speed: 100 rpm.

(AS°®) value suggested an increasing randomness at the solid—
liquid interface during the adsorption process of triclosan
onto the active sites of SAT-300. The translation entropy of
the displaced water molecule is higher than that of the water
molecule lost due to triclosan adsorption, which increases
the randomness at the solid-liquid interface [81]. The com-
plex is excited during the transition state and the free energy
(AG®) value is positive, indicating the presence of an energy
barrier during the adsorption process [82]. Furthermore,
small but positive values of free energy also indicate that
the adsorption process requires additional energy [83].

3.6. Effect of pH on the adsorption of triclosan

pH value is one of the factors affecting the adsorption
of pollutants in water. A change in pH causes protonation
or deprotonation of functional groups on the surface of the
adsorbent and adsorbate, thereby affecting the charge and
causing electrostatic attraction or repulsion between them
[84,85]. Fig. 6 shows the effect of pH on triclosan adsorption
by SAT-300. An increase in pH value from 3 to 7 decreases
the triclosan adsorption amount from 33.0 to 23.5 mg/g;
when the pH values increased from 7 to 11, the adsorption
amount sharply decreased from 23.5 to 7.4 mg/g.

This is consistent with the results of previous stud-
ies indicating the decrease in triclosan adsorption with the
increase in the solution pH [72,86]. Generally, an increase
in solution pH results in completely deprotonated surface
functional groups, which is one of the reasons for the loss
of positive charge and accumulation of negative charge
[87]. The pH of the solution affected the dissociation of tri-
closan; pK  is the triclosan dissociation marginal point and
triclosan is undissociated under acidic conditions below its
dissociation constant (pK, = 8.14). The charge of the undis-
sociated triclosan is neutral, which minimizes electrostatic
repulsion and improves adsorption ability [13]. When the
net charge of the adsorbent is negative, the amount adsorbed
increases as the interaction of repulsive static electricity is
minimized [13]. In Fig. 6, triclosan adsorption onto SAT-300
sharply decreased from 23.5 to 14.6 mg/g as the initial pH
changed from 7 to 9. This is because triclosan dissociated
and converted into a negative ion when the final solution pH
increased to above 8.5. At higher pH, the surface charge of the
adsorbent becomes significantly negative, thereby increas-
ing the repulsive force between both the negatively charged
molecule and the adsorbent [88]. At pH values higher than
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Fig. 6. Effects of solution pH on the adsorption of triclosan by
SAT-300 (initial triclosan concentration: 100 mg/L; adsorbent
dose: 1.67 g/L; initial pH: 3-11; reaction time: 12 h; reaction tem-
perature: 25°C; agitation speed: 100 rpm).
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Fig. 7. Effects of SAT-300 dose on its adsorption capacity and
triclosan removal percentage (initial triclosan concentration:
100 mg/L; adsorbent dose: 1.67-10 g/L; reaction time: 12 h;
reaction temperature: 25°C; agitation speed: 100 rpm).

pK,, the total surface charge of the adsorbent becomes neg-
ative, and triclosan in the anionic form dominates in the
solution.

3.7. Effect of adsorbent dosage on the adsorption of triclosan

Fig. 7 presents the adsorption amount of triclosan accor
ding to the concentration of SAT-300 (1.7-10.0 g/L). An
increase in the SAT-300 dose from 1.7 to 10.0 g/L steadily
decreased the adsorption amount from 34.9 to 9.3 mg/g, while
the removal efficiency increased from 67.5% to 93.2%. The tri-
closan removal efficiency increased with the dose of SAT-300
within a fixed initial concentration due to more adsorption
sites. A dosage of 8.3 g/L is required to remove more than
90% of triclosan. Previous studies have shown that increas-
ing the adsorbent dosage can provide additional binding
sites for triclosan adsorption, while excess adsorbent dose
may not be completely utilized during adsorption [89,90].
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4, Conclusion

Triclosan, an antimicrobial agent widely used in per-
sonal care products, was removed using biochar derived
from the seed shell of A. turbinata, and the SAT-BC appli-
cation for TCS removal had never been tried by others
researchers. The biochar was pyrolyzed at different tem-
peratures (300°C-700°C), and their physico-chemical prop-
erties and triclosan adsorption amounts were quantified.
An increase in pyrolysis temperature decreased the O/C
and H/C of SAT-BC, indicating the reduced hydrophilicity
and increased aromaticity of SAT-BC. The SAT-300 with
the highest O/C and H/C exhibited the highest triclosan
adsorption capacity because of strong hydrogen bonding
between triclosan and SAT-300. The rate of triclosan adsorp-
tion by SAT-300 was mainly governed by chemisorption.
Freundlich model suitably described triclosan adsorption
than that of the Langmuir model, indicating that triclosan
was adsorbed onto the homogeneous surface of SAT-300
via a multilayer. The maximum adsorption capacity of SAT-
300 was 49.4 mg/g, which is comparable to that of other
adsorbents reported in the literature. The enthalpy change
of triclosan adsorption by SAT-300 was 22.2 kJ/mol, which
ranged between the boundary of physical and chemical
adsorption. Triclosan adsorption was reduced sharply at
an initial solution pH between 7 and 9 because of the dis-
sociation of triclosan molecules, leading to the increased
electrostatic repulsion between dissociated triclosan and
the negatively charged surface of SAT-300. The increase
in the SAT-300 dose increased the triclosan removal per-
centage, but reduced the amount of triclosan adsorption
per unit mass of the adsorbent. This study suggested that
the biochar derived from the biowaste of seed shells could
be utilized as a valuable adsorbent for removing triclosan
from an aqueous solution.
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