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Removal of triclosan from aqueous solution using thermally treated rice husks
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ABSTRACT

This study investigated triclosan removal using rice husks thermally treated at 100°C, 300°C, and
500°C. Rice husks were characterized by analyzing their surface morphologies, pore size, pore
diameter, specific surface area, elemental composition, and chemical functional groups. The rice
husks thermally treated at 300°C (RH-300) displayed higher triclosan removal efficiency than those
treated at other temperatures. Adsorption of triclosan onto RH-300 was achieved within 4 h, and the
kinetic adsorption data were well described by a pseudo-first-order model. The Langmuir model
described the equilibrium adsorption of triclosan to RH-300 more suitably than the Freundlich
model did, indicating that triclosan was adsorbed on RH-300 as a monolayer. Positive enthalpy
changes and negative free energy change obtained from thermodynamic experiments indicated that
triclosan adsorption by RH-300 was endothermic and spontaneous under these experimental con-
ditions. A decrease in triclosan adsorption with an increase in solution pH was more obvious in the
RH-300 dosage of 3.33 than 6.67 g/L. As fulvic acid increased from 0-10 mg/L, triclosan adsorption
onto RH-300 decreased by 25.3%; changes in triclosan adsorption were not distinct above 10 mg/L.
In conclusion, RH-300 is a low-cost and effective material for the removal of triclosan from aqueous

solutions.
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1. Introduction

Triclosan is a broad-spectrum anti-microbial agent
widely used in health care and veterinary products, such
as prescription and non-prescription medications; per-
sonal care products, such as toothpaste, soaps, deodorants,

* Corresponding author.

cosmetics, and skincare lotions; and other consumer goods
[1-3]. Triclosan, a biologically active compound that specifi-
cally targets bacteria, can affect the microorganisms in envi-
ronmental systems [4]. It is also a typical endocrine disruptor
that can exert adverse effects on animal organs and affect the
reproduction of aquatic organisms, including invertebrates,
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fish, amphibians, algae, and plants [4-6]. Potential human
health issues related to triclosan include antibiotic resis-
tance, skin irritation, endocrine disruption, and increased
prevalence of allergies [7].

For years, triclosan has been percolated into the environ-
ment, which raises concerns about its potentially harmful
effects on drinking water supplies, ecosystem, and human
health [3,6]. In a wastewater treatment plant, up to 90% of
triclosan can be removed from incoming flow, but complete
removal still cannot be achieved [8]. Therefore, its presence
can still be detected in water bodies. In addition, due to its
hydrophobicity, triclosan has been detected in soil and sedi-
ments, fish tissues, human plasma, breast milk, and urine [8].

In recent years, various techniques have been applied
for the removal of triclosan from aqueous media, includ-
ing direct UV photolysis [9], bioremediation of constructed
wetlands [10], biological treatment by microorganisms
[11-13], sonoelectrochemical degradation [14], and oxida-
tion [15]. In this context, adsorption has been referenced
as an efficient and easy-to-use alternative. Adsorption has
fewer processing procedures compared to other methods
and produces little sludge [16]. Using this method, environ-
mental pollutants are removed and concentrated on a spe-
cific area for better handling and disposal. Materials such
as activated carbon and clays [17] have shown a potential
pollutant adsorbent capacity due to their high surface area,
microporous structure, and a high degree of surface reac-
tivity [16]. However, there is a need to find inexpensive
and highly available materials to be used as adsorbents.
Agricultural waste is a rich source of adsorbent materials
because it is cheap, easy to collect, and environmentally
friendly [18].

Several different types of agricultural waste have been
used in previous studies as adsorbent material, including
jatropha, date pits, groundnut shell, corncob, bamboo,
rattan sawdust, oil palm fiber, coconut shell, and coconut
husk [19-21]. Rice husk, obtained from rice mills after the
separation of rice from paddy, is one of the most widely
used agricultural wastes in wastewater treatment. Rice
husk is considered suitable for application as an adsorbent
material because of its granular structure, insolubility in
water, chemical stability, high mechanical strength, and
excess availability [22]. Rice husk has been reported to pos-
sess the potential to adsorb organic pollutants, including
pharmaceutical compounds in aqueous solution [23-25]. In
addition, thermal treatment can increase the surface area
of the material, thus significantly increasing its adsorbent
capacity [24].

Little attention has been paid to the use of rice husks
as an adsorbent to remove triclosan. Therefore, this study
aimed to investigate the adsorption of triclosan using
thermally activated rice husks, which were treated under
different temperatures and characterized by analyzing their
surface morphologies, pore volume, pore size, specific sur-
face area, elemental composition, and chemical functional
groups. We evaluated the triclosan removal efficiency of
rice husks thermally treated at different temperatures. The
rice husk treatment with the highest triclosan removal effi-
ciency was then used to investigate the adsorption charac-
teristics of triclosan by performing kinetic, equilibrium, and

thermodynamic adsorption experiments under batch condi-
tions. In addition, further experiments on the effects of solution
pH and fulvic acid on triclosan adsorption were conducted.

2. Materials and methods
2.1. Chemicals

The triclosan used in this study was supplied by
Sigma Aldrich (St. Louis, MO, USA). For the preparation
of 1,000 mg/L stock solutions, 100 mg of triclosan was dis-
solved in 0.1 L of high-performance liquid chromatography
(HPLC) grade acetonitrile (Burdick and Jackson, Muskegon,
MI, US). To prevent degradation caused by light exposure,
the stock solutions were stored under dark conditions at 4°C
and used within a month of preparation. Standard solutions
were prepared by diluting the stock solutions with 20%
acetonitrile (prepared with distilled water) to achieve the
desired triclosan concentration. All other chemicals used in
this study were purchased from Sigma-Aldrich.

2.2. Preparation and characterization of rice husks thermally
treated at different temperatures

In this study, the rice husks used were obtained from
a local agriculture farm (Anseong, Republic of Korea). The
rice husks were washed with plenty of tap water and then
rinsed thoroughly using distilled water. This step ensured
that all the impurities were removed from the surface of the
materials. The clean rice husks were dried in a hot, dry oven
for 24 h at 80°C to remove the moisture content. The dried
samples were then ground using a ceramic mortar and pes-
tle and sieved to obtain uniform size using No. 30 (0.50 mm)
and No. 100 (0.15 mm) U.S. standard sieves. The rice husks
were thermally treated in a conventional tube furnace with
a horizontal stainless-steel tube (5.5 cm in diameter and
55 cm in length) at different temperatures (100°C, 300°C,
and 500°C) for 3 h. Before thermal treatment, N, gas was
injected into the tube furnace to create anoxic conditions.
The samples prepared under different conditions were then
stored in evaporating dishes for further experiments.

The physical and chemical properties of raw rice husks
(RH-NT) and rice husks thermally treated at 100°C, 300°C,
and 500°C (RH-100, RH-300, and RH-500, respectively)
were investigated using various methods. The surface mor-
phology and chemical composition of the adsorbents were
studied using a field-emission scanning electron micros-
copy (FE-SEM; S-4700, Hitachi, Japan) with an attached
energy dispersive spectrometer (EDS). The specimens of
the adsorbents were observed at x1,000 magnification 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 were
performed to measure the specific surface area of rice husks
using a surface area analyzer (Quadrasorb SI, Quantachrome
Instrument, USA). From the N, adsorption—desorption iso-
therms, the specific surface area, pore volume, and pore
diameter were determined by Brunauer-Emmett-Teller
(BET) analysis using a surface area analyzer. Attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
analysis spectroscopy (Nicolet iS10, Thermo Scientific, USA)
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was conducted to identify the chemical functional groups
on the surface of the rice husks.

2.3. Triclosan adsorption experiments

Triclosan removal by rice husks thermally treated under
different temperatures was compared by reacting 0.2 g of
each adsorbent with 30 mL of 50 mg/L triclosan solution.
The mixtures were then stirred at a speed of 100 rpm at
25°C for 6 h. The speed and temperature of the shaking
incubator (SJ-808SF, Sejong Scientific Co., Korea) were
maintained constant to ensure that the reacting condition
was the same in all the experiments. All batch experiments
were performed under these conditions unless otherwise
stated. After the reaction, all samples were centrifuged
at 4,000 rpm to separate the solution from the rice husks
(Combi 514R, Hanil Science Industrial Co., Ltd., South
Korea). The residual triclosan concentration in the sam-
ple was then quantified using HPLC. All the experiments
were conducted in triplicate, and the averages were cal-
culated and used in further analyses. Once the material
with the best triclosan removal was found, further batch
experiments including kinetic, equilibrium, and thermody-
namic experiments and analyses of the influence of pH and
fulvic acid on triclosan adsorption were conducted.

Kinetic experiments were performed by varying the
reaction time from 0.5 to 6 h with two different initial tri-
closan concentrations (5 and 50 mg/L). Equilibrium batch
experiments were conducted under different initial triclosan
concentrations (1-400 mg/L), and samples were analyzed
after 6 h of reaction. The thermodynamic adsorption exper-
iments were performed by reacting 0.2 g of rice husk with
30 mL of 50 mg/L triclosan solution for 6 h at reaction tem-
peratures of 15°C, 25°C, and 35°C. The effect of the initial
pH on the adsorption of triclosan was evaluated by varying
the pH in the range of 4-10 with two different adsorbent
dose amounts (3.33 and 6.67 g/L). The original pH of the
triclosan solution was 5.6. The pH was adjusted by add-
ing either 0.1 M hydrochloric acid (HCI) or 0.1 M sodium
hydroxide (NaOH). The initial and final pH were mea-
sured with a pH meter (seven-multi 540; Mettler Toledo,
Switzerland). The influence of the presence of fulvic acid
on triclosan removal was investigated by varying the ful-
vic acid concentration from 10 to 100 mg/L. Fulvic acid was
purchased from Sigma-Aldrich. The triclosan concentra-
tions and adsorbent dose were fixed to 50 mg/L and 6.7 g/L,
respectively.

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 um) and
a UV-vis detector were used to measure the triclosan con-
centrations. A detection wavelength of 280 nm [9,26,27] was
applied. Acetonitrile/trifluoroacetic acid (0.1%) represented
the mobile phase used for the elution and the flow rate was
set at 0.8 mL/min through the column. A sample injection
volume of 10 pL was used and the column temperature was
maintained at 30°C throughout the analyses. For quantifi-
cation, a calibration plot was performed within the range of

experimental concentrations and used when its determina-
tion coefficient (R?) was greater than 0.99.

2.5. Data analysis

The kinetic data were analyzed using the follow-
ing pseudo-first-order [Eq. (1)] and pseudo-second-order
[Eq. (2)] models:

g, =q.(1-¢*) (1)
kgt
q, = 2. )
1+k,q,t

where g, is the amount of triclosan removed at time ¢ (mg/L),
g, is the amount of phosphate removed at equilibrium, k,
is the pseudo-first-order rate constant (1/h), and k, is the
pseudo-second-order rate constant (g/L/h). The equilibrium
data were analyzed using the following Langmuir [Eq. (3)]
and Freundlich [Eq. (4)] isotherm models:

q — QmKLCe (3)
° 1+K.C,
1
qe = KFCEH (4)

where C, is the concentration of triclosan in the aqueous
solution at equilibrium (mg/L), K, is the Langmuir con-
stant related to the binding energy (L/mg), Q  is the max-
imum amount of triclosan removed per unit mass of rice
husk (mg/g), K, is the distribution coefficient ((mg/g)-(L/
mg)*"), and n is the Freundlich constant. Values of K, Q ,
K,, and n can be determined by fitting the Langmuir and
Freundlich models to obtain the experimental data. All the
parameters of the models were estimated by non-linear
regression using Sigma-Plot 10.0 with the dynamic fit wiz-
ard function.

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

AG® = AH®° —TAS® 6)
AG®=-RTInK, @)
Ink - AS°_AH &
R RT
aq
K ="l 9
= ©)

e

where AG® is the change in Gibb’s free energy (kJ/mol), AS°
is the change in the entropy (J/mol/K), AH® is the change in
enthalpy (kJ/mol), R is the gas constant (J/mol/K), K, is the
equilibrium constant between solid and aqueous phases of
triclosan (-), and a is the amount of adsorbent (g/L).
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3. Results and discussion
3.1. Characterization of rice husks

The surface morphologies of rice husks thermally treated
at different temperatures were investigated using FE-SEM
and the resultant images are shown in Fig. 1. Both non-
treated and thermally treated rice husks had nodules on
their surfaces. As temperatures increased, the valleys between
the nodules became deeper. Similar results were observed by
Daffalla et al. [28], who reported that pores developed from
the decomposition of the raw rice husk structure by heat,
converting it to smaller particles with a larger surface area.
At 300°C, micro-fragments were observed on the surface of
rice husks and these micro-fragments were still present on
the surface of rice husks thermally treated at 500°C.

The specific surface area, pore volume, and pore diam-
eter were obtained from a specific surface area analyzer
(Table 1). Rice husks without thermal treatment showed
both the highest surface area (35.14 m?g) and the small-
est pore diameter (5.11 nm). However, as the thermal tem-
perature increased, smaller specific surface area and bigger
pore diameter were obtained, as for RH-100 (24.63 m?/g
and 6.34 nm, respectively) and RH-300 (18.38 m*g and
7.56 nm, respectively). This may be due to a higher increase

in thermal temperature on rice husks causing an agglom-
eration effect, diminishing the porosity of rice husks [29].
However, at a calcination temperature of 500°C, there
was an increase in specific surface area (29.67 m?/g) and a
decrease in pore diameter (6.67 nm). The presence of silica
in the ash in an amorphous form could explain this increase
in specific surface area of RH-500 [29].

As per the International Union of Pure and Applied
Chemistry classification for dimensions of pore size,
micropores have pore sizes < 2 nm, mesopores have pore
sizes between 2 and 50 nm, and macropores have pore
sizes > 50 nm. The BET analysis revealed that the average
pore diameter for all the adsorbents fell in the mesopores
class, indicating that the adsorbents have a mesoporous
nature with a minor presence of micropores [30]. For an
adsorbent used in a liquid-solid system, the ability of
solutes to access small pores of the adsorbent could be hand-
icapped due to capillary effects. Thus, the adsorbent should
possess a well-developed mesoporous texture because
mesopores may act as channels leading to micropores [31].
This result indicates that the adsorbents used in this study
are suitable for the removal of triclosan in aqueous solution.

The chemical compositions of rice husks thermally
treated at different temperatures were obtained from EDS

Fig. 1. FE-SEM images of rice husks thermally treated at different temperatures. (a) Untreated rice husks (RH-NT), (b) rice husks
thermally treated at 100°C (RH-100), (c) rice husks thermally treated at 300°C (RH-300), and (d) rice husks thermally treated at 500°C
(RH-500). The magnification is x1,000 and scale bar represents 50 um.
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Table 1
Physical properties and chemical composition of rice husks thermally treated under different temperatures.
Adsorbent Surface area Pore volume Pore diameter Chemical composition (wt %)
(m?/g) (cm’/g) (nm) C 9) Si K Ca
RH-NT 35.14 0.04 5.11 26.2 38.9 34.6 0.2 0.2
RH-100 24.63 0.04 6.34 27.1 35.7 36.0 0.8 0.4
RH-300 18.38 0.03 7.56 27.0 40.8 31.6 0.6 0.0
RH-500 29.67 0.05 6.67 21.3 352 426 0.9 0.0

The BET surface area, total pore volume, and average pore diameter were obtained by applying the BET equation at -195.8°C. Chem-

ical compositions were obtained using EDS analysis.

analysis and the results of this analysis are presented in
Table 1. The rice husks were mainly composed of C, O, and
Si with a small amount of K and Ca. At high temperatures
(300°C and 500°C), Ca was diminished from rice husks. As
the thermal temperature increased from 100°C to 500°C, the
C/O ratio of rice husks decreased from 0.759 to 0.605. The C
content of RH-500 was reduced in comparison to other rice
husks, but its Si content was the highest. These results are
also consistent with the decrease in specific surface area of
RH-500 because the thermal treatment generates progressive
loss in the carbon phase, while the silicon remains constant.
Fig. 2 compares the evolution of ATR-FTIR spectra for
rice husks thermally treated at different temperatures. The
wideband ~3,400 cm™, visible for RH-NT and RH-100, can be
attributed to -OH stretching vibrations. However, the band
at ~3,400 cm™ disappeared in RH-300 and RH-500, which
may be due to the disappearance of water molecules from
rice husks thermally treated at 300°C and 500°C. Moreover,
most samples displayed a similar band with various intensi-
ties. The bands at 2,916-2,914; 1,637-1,720; and 779-795 cm™
were assigned to C-H stretching vibrations, C=O stretching
vibrations, and C=C bending vibrations, respectively [32-
35]. However, as the temperature increased to 500°C, these

peaks either disappeared or their intensities were reduced.
The bands from double bonds were reduced at higher tem-
peratures. Strong peaks at 1,000-1,100 cm™, assigned to
Si—O-5i and Si—-O-C bonds, were observed in all rice husks
[29]. As the heat treatment temperature increased, the
characteristic bands corresponding to organic compounds
reduced. However, the peaks corresponding to the Si-O
groups were still present in the thermally treated rice husks.

3.2. Effect of rice husk thermal treatment on its triclosan adsorption

The effects of thermal treatment on the adsorption poten-
tial of rice husks were investigated using non-treated rice
husks and rice husks thermally treated at 100°C, 300°C, and
500°C. The results obtained from batch adsorption experi-
ments are shown in Fig. 3. Raw rice husks without thermal
treatment adsorbed 5.9 mg/g of triclosan, and this amount
increased to 7.3 mg/g when the thermal temperature on
rice husks reached 300°C. However, the triclosan removal
ability of RH-500 was less than that of RH-300. The effec-
tiveness of triclosan removal by RH-300 could be due to its
larger pore size comparative to that of the other rice husks.
The increase in pore size provides more access to the inner

500 °C

% Transmittance

4,000 3,500 3,000 2,500

2,000 1,500 500

Wavenumber (cm-1)

Fig. 2. ATR-FTIR spectrum of rice husks thermally treated at different temperatures (non-treated, 100°C, 300°C, and 500°C).
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Fig. 3. Effects of thermal temperature (non-treated, 100°C, 300°C,
and 500°C) on triclosan adsorbed by rice husks (initial triclosan
concentration: 50 mg/L, pH: 5.6, adsorbent dosage: 0.2 g, reaction

time: 24 h, agitation speed: 100 rpm, and temperature: 25°C).

pores of adsorbents, resulting in higher triclosan removal.
The dimensions of triclosan are 1.42 nm x 0.69 nm x 0.75 nm
[30], and the micropores are too narrow to allow triclosan
to access the pores. Another potential reason for the high
triclosan uptake by RH-300 was its chemical characteris-
tics. Its structure still has a carbon—-oxygen phase from the
organic composition of raw rice husk, and it has phase
silicon groups, such as SiOH, available on its surface as a
result of the thermal treatment. The presence of all these
active groups on the surface favors interaction between tri-
closan and the adsorbents, resulting in greater efficiency in
RH-300 compared to the other treatments [29]. For further
experiments, the rice husks thermally treated at 300°C were
selected as the adsorbent.

The mechanisms underlying triclosan adsorption on
RH-300 can be explained by the hydrophobic effect, electro-
static interaction, hydrogen bonding, and m—m bonds [36].
Triclosan is known to be highly hydrophobic (logK_ = 4.76)
[37] and thus can be adsorbed onto RH-300 via hydropho-
bic interaction. Triclosan is mainly in its non-ionized form
at neutral pH; therefore, electrostatic interaction might
not prominently influence the adsorption of triclosan to
RH-300 at neutral pH. Cho et al. [37] also proposed tri-
closan adsorption on carbon nanotubes (CNT) via hydro-
gen bonding between the OH groups of triclosan and the
O-containing groups of CNT. Therefore, it can be inferred
that hydrogen bonding occurred between the OH groups
of triclosan and the O-containing groups of RH-300, such
as —COOH and -O-Si, as shown in Fig. 4. Triclosan can
be adsorbed on the surface of rice husks by m—m interac-
tion between the aromatic ring of triclosan and the phenyl
group on the surface of RH-300 [36].

3.3. Adsorption kinetics

Tests of the adsorption of triclosan by RH-300 at dif-
ferent reaction times were performed at two different ini-
tial concentrations (5 and 50 mg/L) of triclosan. As shown
in Fig. 5, the adsorption of triclosan reached an equilibrium
within 4 h. The data for triclosan adsorption as a function
of reaction time were fitted using pseudo-first-order and
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Fig. 4. Schematic diagram depicting the mechanism of adsorp-
tion of triclosan onto RH-300.

pseudo-second-order models and the obtained parame-
ters are presented in Table 2. The reaction rates of pseudo-
first-order and pseudo-second-order models, k, and k,
respectively, were slower at higher initial concentrations
of triclosan. These results indicate that the adsorption rate
decreased as the triclosan concentration increased. As shown
in Fig. 5, it took longer to achieve adsorption equilibrium at
the higher initial concentrations, implying that adsorption
initially occurred on the exterior surface of the adsorbents,
followed by the interior surface [38].

The plot of triclosan adsorption as a function of time
(Fig. 5) shows that the pseudo-first-order equation agreed
well with the data for both concentrations. The determina-
tion coefficient (R?) of the pseudo-first-order model was also
higher than that of the pseudo-second-order model at both
lower and higher initial concentrations. The equilibrium
concentrations predicted by the pseudo-first-order model
were also closer to the experimental results than those pre-
dicted by the pseudo-second-order model. These results
indicate that the pseudo-first-order model is more suitable
for describing the adsorption of triclosan by RH-300 than
the pseudo-second-order model, implying that the rate of
adsorption on RH-300 is mainly controlled by diffusion [39].

3.4. Adsorption isotherm

The adsorption isotherm of triclosan on RH-300 was
studied using fixed amounts of 0.2 g of adsorbent, 30 mL
of triclosan solution, and 6 h of contact time. The adsorp-
tion isotherm study was performed to investigate how the
adsorbate is distributed between the liquid and the solid
phases when the adsorption process reaches equilibrium
[31]. The adsorbed amount of triclosan onto RH-300 as a
function of initial triclosan concentration in the aqueous
phase was plotted with model fits of the Langmuir and
Freundlich models (Fig. 6). The model parameters obtained
from the Langmuir and Freundlich model fits are shown in
Table 3. By comparing the determination coefficients (R?)
of both models, the higher R? of the Langmuir model than
that of that Freundlich model indicated that the Langmuir
model provided a better fit to explain the adsorption of
triclosan by RH-300. Based on the results provided, it can
be assumed that the surface of RH-300 was homogeneous
for triclosan adsorption [18]. The Langmuir model has also



M. Triwiswara et al. / Desalination and Water Treatment 202 (2020) 317-326

Table 2
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Kinetic model parameters obtained from model fitting of the experimental data for adsorption of triclosan by RH-300 at different

reaction times

Initial triclosan Pseudo-first-order kinetic Pseudo-second-order kinetic Observed
concentration model parameters model parameters data
(mg/L) g, (mg/g) k, (1/h) R? q. (mg/g) k, (g/(mg h)) R 4, (mg/g)
5 0.52 1.48 0.991 0.59 3.34 0.975 0.51
50 4.10 0.88 0.978 5.00 0.18 0.961 4.01
45 Table 3
40 3 B meemmemm Equilibrium model parameters obtained from model fitting of
= 3 ’ e the experimental data for the adsorption of triclosan to RH-300
e 35 4 P -
@30 -’ 2
g 5 s Model Parameters R
E 20 Langmuir Q (mg/g) 72.7 K, (L/mg) 0.037 0.952
CER —Pseudo 1st order Freundlich K, ((mg/g)-(L/mg)"") 5.1 1/n0.556 0.913
3 1o 446 Pseudo 2nd order
0.5 . . d 70
0.0 — T
0 2 4 6 = 60
. &0
Time (h) En 50
Fig. 5. Experimental kinetic adsorption data and model fits for ; A N
triclosan adsorption by RH-300 at two different initial triclosan 230
concentrations (initial triclosan concentrations: 5 and 50 mg/L, = —— Langmuir
pH: 5.6, adsorbent dosage: 0.2 g, reaction time: 0-6 h, agitation < 20 )
speed: 100 rpm, and temperature: 25°C). « 41 /o Freundlich
10
been preferred to estimate the monomolecular adsorption 0 ror T T Tt
0 20 40 60 80

capacity, Q , that completes monolayer coverage on the
adsorbent surface [40].

K,, which is related to the energy of adsorption between
the adsorbent and the adsorbate [41], was 0.037 L/mg for
RH-300. The K, of RH-300 was lower than that of com-
mercial powdered activated carbon (1.0 L/mg) [17] and
similar to that of multi-walled carbon nanotubes (0.03 L/
mg) [42]. The 1/n value for the Freundlich model was 0.556
for RH-300, which is higher than 0.5, indicating that the
binding between triclosan and RH-300 was not strong [43].
The maximum adsorption capacity (Q,) of RH-300 for tri-
closan was comparable to that of other previously reported
adsorbents. The maximum triclosan adsorption capacity of
RH-300 was 72.7 mg/g. This is much larger than the adsorp-
tion capacity of clay minerals such as kaolinite and mont-
morillonite [17] and is similar to those of charcoal-based
activated carbon (67.1 mg/g) [17] and commercial powdered
activated carbon (76.3 mg/g) [30].

3.5. Adsorption thermodynamic parameters

Thermodynamic parameters, including the change
in enthalpy (AH®), entropy (AS°), and free energy (AG®),
for the adsorption of triclosan onto RH-300 were quanti-
fied using Egs. (5)—(8) and presented in Table 4. Enthalpy
(AH®) for triclosan adsorption was positive, suggest-
ing that the adsorption of triclosan by RH-300 was an

Ceq (mg/L)

Fig. 6. Equilibrium adsorption experimental data and model fits
for triclosan adsorption by RH-300 (initial triclosan concentra-
tion: 0-400 mg/L, pH: 5.6, adsorbent dosage: 0.2 g, reaction time:
6 h, agitation speed: 100 rpm, and temperature: 25°C).

Table 4
Thermodynamic parameters for the adsorption of triclosan on
RH-300

Temperature (K) AH° (kJ/mol) AS° (kJ/molK) AG® (k]/mol)
288.15 428 0.162 -2.58
298.15 -4.19
308.15 -5.81

endothermic process. The enthalpy change (AH°) was high
at 42.8 kJ/mol, indicating that complexation or chemisorp-
tion may be responsible for triclosan adsorption onto
RH-300. The enthalpy change in chemical adsorption was
>29 kJ/mol, and that in complexation ranged from 8 to
60 kJ/mol [44,45]. Entropy (AS°) was also positive (Table 4),
indicating that there was an increase in randomness at the
solid-liquid interface during the adsorption of triclosan
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onto RH-300. The randomness at the solid-liquid interface
could have resulted from the higher translational entropy
acquired by the displaced water molecules as compared to
that loss as a result of triclosan uptake [46]. Free energy
(AG®) values obtained were negative (Table 4). Higher neg-
ative values of free energy (AG°) were obtained at higher
temperatures, suggesting that the adsorption process at
higher temperatures was more spontaneous.

3.6. Effect of pH on the adsorption of triclosan

The effect of pH was investigated by varying the
pH from 4.0 to 10.0 at two different adsorbent dosages
(3.33 and 6.67 g/L). The original pH of the triclosan solu-
tion was 5.6, which was adjusted by using either HCI or
NaOH. Fig. 7 shows that changing the pH values over
the range of 4-10 affected the adsorption of triclosan on
RH-300. It was observed that the adsorbed amount of tri-
closan ranged from 6.4 to 6.2 mg/g in the pH values of 4-10
at 6.67 g/L of adsorbent dosage, indicating that the influ-
ence of pH on triclosan adsorption was not distinct under
high dosages of the adsorbent. At the 3.33 g/L adsorbent
dosage, the adsorbed amount of triclosan ranged from 11.1
to 10.9 mg/g between pH 4 and 8. When the pH increased
from 8 to 10, the adsorbed amount of triclosan decreased
sharply from 10.9 to 7.0 mg/g. The adsorption capacity of
triclosan is dependent on not only pH, but also adsorbent
dosage. At a higher dosage (6.67 g/L), the difference in the
triclosan adsorption amount as a function of pH was not
significant due to the sufficient amount of adsorption sites
to remove 50 mg/L triclosan. However, the insufficient
amount of adsorption sites at the lower dosage resulted in
the triclosan adsorption depending on pH.

A similar trend was also reported in a previous study
by Behera et al. [17]. At acidic pH, the total charge on
the activated carbon surface was positive and triclosan
(pK, = 8.14) was mainly undissociated, which caused min-
imum electrostatic repulsive interactions and enhanced
adsorption [17]. Moreover, under highly acidic conditions
(lower pH), the adsorbent surface became more positively
charged and reduced the attraction between the adsorbent
and the adsorbate [47]. At higher pH values, the electro-
static repulsion between the deprotonated triclosan and
the negatively charged activated carbon surface reduced
triclosan removal and its adsorption capacity [17].

3.7. Effect of fulvic acid on adsorption

To investigate the influence of natural organic matter as
a competitor of triclosan, triclosan adsorption on RH-300
was assessed in the presence of different concentrations
of fulvic acid, a main fraction of dissolved organic mat-
ter with high solubility [48]. The triclosan adsorption on
RH-300 in the presence of fulvic acid concentrations from 0
to 100 mg/L is presented in Fig. 8. The adsorption amount
of triclosan in the presence of 10 mg/L fulvic acid was
25.3% less than that in the absence of fulvic acid, indicat-
ing that the presence of fulvic acid in solution inhibited the
adsorption of triclosan onto RH-300. This phenomenon can
be attributed to two reasons. First, fulvic acid may compete
with triclosan for favorable adsorption sites of RH-300.
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Fig. 7. Effects of solution pH on triclosan adsorption on RH-300
at two different dosing amounts (3.33 and 6.67 g/L) of RH-300
(initial triclosan concentration: 50 mg/L, pH: 5.6, adsorbent
dosage: 0.1 and 0.2 g, reaction time: 6 h, agitation speed:
100 rpm, and temperature: 25°C).
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Fig. 8. Effects of fulvic acid concentration (0-100 mg/L) on tri-
closan adsorption by RH-300 (initial triclosan concentration:
50 mg/L; pH: 5.6; adsorbent dosage: 0.2 g; reaction time: 6 h; agi-
tation speed: 100 rpm; temperature: 25°C).

Another reason is that large molecules of fulvic acid were
adsorbed on the entrance of the pores of RH-300, blocking
access of triclosan to adsorption sites within the pores [37].
As fulvic acid concentration increased from 10 to 100 mg/L,
the change in triclosan adsorption was not distinct. These
results indicate that triclosan adsorption onto RH-300 is
stronger than that of fulvic acid [37]. The triclosan more
strongly adsorbed onto the RH-300 than fulvic acid did,
due to its high hydrophobicity and low electrostatic
repulsion. Triclosan has greater hydrophobicity than fulvic
acid. At pH 6, fulvic acid possesses negative charges, while
the triclosan molecule is not deprotonated because its pK_
is 8.14 as described above. Consequently, the adsorption of
triclosan will be more favorable than that of fulvic acid due
to lower electrostatic repulsion between the organic mole-
cules and the surface of the RH-300.

4. Conclusion

In this study, the removal of triclosan from aqueous
solution using rice husks thermally treated at different
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temperatures was investigated. Rice husks thermally treated
at 300°C showed the highest triclosan removal due to their
larger pore size compared to the other rice husks. The
pseudo-first-order model well described the kinetic exper-
imental data, indicating that diffusion is a rate limiting
factor for triclosan adsorption on RH-300. The Langmuir
model was more suitable for describing triclosan adsorption
than the Freundlich model was, indicating that triclosan
was adsorbed onto RH-300 via monolayer adsorption. The
adsorption of triclosan onto RH-300 is an endothermic and
spontaneous reaction. The adsorption of triclosan at differ-
ent pH levels was also dependent on the dosage of RH-300
and the change in triclosan adsorption was more distinct at
smaller dosages. The presence of fulvic acid inhibited the
adsorption of triclosan onto RH-300 but its effectiveness
above 10 mg/L was constant. This study demonstrates that
RH-300 can be considered an effective adsorbent for tri-
closan removal from wastewater because of its low cost and
high adsorption capacity.
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