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A B S T R A C T

Adsorption of model systems of triclosan by mineral sorbent diatomite is studied. The triclosan equilibrium
concentration was measured spectrophotometrically, the morphology of the diatomite characterized using
scanning electron microscopy and the amount of the adsorbed triclosan on the diatomite quantified by a mass
balance. Adsorption isotherms were analyzed according to the linear/nonlinear form of Langmuir, Freundlich,
Sips and Toth isotherm models isotherms, using AMPL software. It is shown that nonlinear Langmuir and Sips
isotherm model provided suitable fitting results and no pronounced difference in adsorption efficiency between
isotherms measured after 1, 2 and 3 days adsorption was observed. Determined maximum adsorption capacity of
diatomite towards triclosan qs is 140 mg/g. Averaged calculated values of ΔG are −9.9 and −9.6 kJ/mol for
Langmuir and Sips models respectively. The negative sign of such values indicates spontaneous, physical in
nature adsorption.
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1. Introduction

Triclosan is a common synthetic antimicrobial agent widely used in
domestic and consumer care products such as toothpaste, mouthwash,
and soaps [1–22]. Triclosan is additionally used as a stabilizing agent in
many cosmetics and detergents [1]. It inhibits bacterial growth by
blocking the biosynthesis of lipids [2–4]. Triclosan has also been linked
to a number of health and environmental effects, such as irritation of
skin, susceptibility to allergies, as well as other environmental toxicities
of the aquatic and terrestrial environment [5,6]. For example, triclosan
has an impact on earthworms (Eisenia fetida) [7] and the Japanese
medaka fish [8].

Its widespread use resulted in increased concentrations of triclosan
in wastewater treatment plants and sewage water intakes. That is why
triclosan biodegradation in the environment and wastewater has re-
cently become an important research topic [1–23]. It was shown that
79% of triclosan was removed from biological wastewater treatment
processes due to the presence of triclosan-degrading bacteria in the
activated sludge [9]. A removal of about 90% was measured in was-
tewater treatment plants (WWTP) employing a conventional activated
sludge process of which 40–60% was due to biodegradation while the
remainder was due to sorption to the sludge [3,9,10].

Nowadays, one of the most promising challenges is the processing of
natural raw materials, the utilization of wastes and attraction of eco-
logically friendly secondary products in economic recycling. At present,
different sorbents are used for the treatment of industrial waste water
[11–25], including special artificial adsorbents with hierarchical na-
nostructures [23–25]. Aluminosilicates like diatomite, kaolinite, ben-
tonite and etc. [13,14,22] can be interesting to study as sorbents for
waste water treatment due to their folded structure which is reflected in
high dispersity, hydrophilicity and good ion exchange properties.
Moreover, they are low cost sorbents with excellent sources of raw
materials.

Diatomite (SiO2·nH2O), or diatomaceous earth, is a soft lightweight
rock available in large deposits around the world [22]. This pale co-
lored sedimentary rock consists principally of silica microfossils of
aquatic, unicellular alga varying in shape and size of diatom [26].
Diatomite is highly porous, with its structure containing up to 80–90%
voids. It is used in a number of industrial applications, e.g. as filtration
medium for various beverages, and inorganic and organic chemicals,
and as adsorbent for pet litter and oil spills [27]. Although diatomite
has a unique combination of physical and chemical properties its use as
an adsorbent in waste water treatment has not been extensively in-
vestigated yet [28,29].

In this paper we present results of triclosan adsorption from model
systems by the mineral sorbent diatomite. The triclosan equilibrium
concentration was measured spectrophotometrically, the morphology
of the diatomite was characterized by scanning electron microscopy,
and the amount of the triclosan adsorbed on the diatomite was quan-
tified by a mass balance method.

2. Experiment

Triclosan (97%) was purchased from Aldrich. The adsorption pro-
cess of triclosan was studied in a static mode at the adsorption equili-
brium in “triclosan-sorbent” systems. Each adsorption run was per-
formed for a model solution of triclosan at a given pH in two different
batch modes: at varied triclosan concentrations (from 10 to 400 ppm)

and at fixed sorbent loading (at 1 g/l), respectively, aiming at studies of
the equilibrium conditions. This process was carried out at constant
temperature (24 ± 1 °C). At the end of the experiments, the adsorbent
was removed by filtration through membrane filters with a pore size of
0.45 μm. The triclosan equilibrium concentration was measured spec-
trophotometrically with a Cary 50 Cons at a fixed wavelength of
280 nm [30,31].

The experiments on triclosan adsorption were performed from
ethanol solutions instead of standard aqueous solutions [32,33]. Such
step allows a large increase in the concentration of the adsorbate in
solution due to its 100% solubility in ethanol, and hence it was possible
to fully explore the adsorption capacity of diatomite towards triclosan.

As a sorbent, we used the mineral diatomite produced in the Aktobe
deposit of West Kazakhstan. Low temperature Nitrogen adsorption
analyzed by the BET method was used to characterize diatomite.

The chemical structure and characteristics of the diatomite is given
in Tables 1 and 2. As it is shown the basic components of diatomite are
silicium dioxide SiO2 (60–70%) and aluminium oxide (9%) with spe-
cific surface area equaled to 32 m2/g.

The structure of the sorbent was studied using cryo-scanning elec-
tron microscopy, SEM (Zeiss Gemini LEO 1550). For the characteriza-
tion, a droplet of the aqueous particle suspension was placed on a
sample holder and left to dry at atmospheric pressure and room tem-
perature and followed by sputtering with a gold/palladium mixture to
avoid electron charging of the samples during SEM analysis. The sam-
ples were studied using an operating voltage of 3 kV and different
magnification.

The amount of the adsorbed triclosan on the diatomite was quan-
tified by a mass balance method. The adsorption capacity of the sorbent
(qeql) can be expressed in terms of the triclosan amount adsorbed per
unit of sorbent mass, i.e. the uptake (mg/g) is given by:

=

−

q
C C

m
( )

eql
init eql

(1)

The sorption efficiency of the system (Rem%) indicated by the
percentage of removed triclosan relative to the initial amount, i.e. Rem
in% is given by

=

−

×Rem
C C

C
%

( )
100init eql
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where Cinit and Ceql are, respectively, the initial and equilibrium con-
centrations of triclosan in solution (mg/l) and m is the sorbent dosage
(g/l).

Fitting the experimental adsorption data was performed by several
well-known isotherm models.

2.1. Langmuir isotherm

This model assumes monolayer coverage and constant binding en-
ergy between surface and adsorbate [34]:

Table 1
Chemical structure of diatomite sorbent.

Sorbent SiO2 % Al2O3 Fe2O3

%
СаО
%

TiO2

%
MgO
%

Na2O
%

К2О
%

Diatomite 64–83 0.08–16.3 2–8 0.2–3.5 0.72 0.7–1.8 0.3–0.8 0.7–1.0

Table 2
Characteristics of diatomite.

Sorbent Density, ρ, cm3/g Specific surface area, m2/g Sizes of pores, nm

Diatomite 2.17–2.26 32 3.8
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where q max is the maximum adsorption capacity (monolayer coverage),
i.e. mmol of the adsorbate per (g) of adsorbent; KL is the constant of the
Langmuir isotherm if the enthalpy of adsorption is independent of
coverage.

In order to calculate the main parameters of the Langmuir isotherm
model a linearized form of the equation is required.

The linearized Langmuir model (a plot of 1/qeql vs. 1/Ceql) is expected
to give a straight line with the intercept of 1/qmax:

= +

q K q C q
1 1 1 1

eql L eqlmax max (4)

2.2. Freundlich isotherm

For the special case of a surface with heterogeneous energies in
which the energy term (KF) varies as a function of surface coverage, the
Freundlich model can be used [35]:

= ×q K Ceql F eql
n1/ F (5)

where KF is equilibrium constant of the Freundlich equation, related to
the adsorption capacity, and 1/nF is a parameter related to the strength
of the adsorbent – adsorbate interaction, thus associated with the ad-
sorption efficiency.

Similarly, to the linearized Langmuir model also the Freundlich
isotherm can be modified in order to calculate main parameters.

For the linearization of the Freundlich isotherm, the log–log version is
used:

log qeql = log KF + 1/nF log Ceql (6)

However, when only a subset of the adsorption data is correlated for
later use in a specific adsorption application, without the need for ex-
trapolation to other adsorbates or to a substantially different tem-
perature range, it is more appropriate to obtain a less general but more
accurate representation of the adsorption equilibria. The Sips and Toth
isotherm models [37] can be used then for that purpose. We used the
nonlinear Sips (Freundlich–Langmuir) isotherm model [36] in order to
obtain a more accurate representation of the adsorption equilibrium
parameters:

=

+

q
q K C

K C
( )

1 ( )eql
s s eql

n

s eql
n

1/

1/ (7)

where qs is the adsorption capacity of the adsorbent, Ks is the equili-
brium constant and n is the index of heterogeneity. The parameter n
characterizes the interaction between adsorbate and adsorbent, and its
magnitude increases with the heterogeneity of the system. It should be
noted that for n = 1 Eq. (3) becomes a Langmuir type equation. Al-
ternatively, for either Ceql or Ks approaching 0, this isotherm reduces to
the well-known Freundlich isotherm [35].

The Toth isotherm is an empirical model that was developed to yield

an improved fit versus traditional Langmuir isotherm modelling. It is
often useful for describing heterogeneous systems. The Toth isotherm
model approaches the Henry region at infinite dilution [34]:

=

+

q q
K C

K C[1 ( ) ]eql
T eql

T eql
n nmax 1/T T (8)

The triclosan concentrations in waste water were measured by
UV–vis spectrophotometer Cary 50 Cons and determined from a cali-
bration curve of pure triclosan in ethanol solution at a fixed wavelength
of 280 nm [30,31].

3. Results and discussion

Fig. 1 represent the SEM image of diatomite. As it can be seen in
Fig. 2 the size of the sorbent is approximately 100 nm and has slit pores,
with a specific surface area of 32 m2/g (Table 1).

The adsorption measurements of triclosan on diatomite was perform
at fixed loading (1 g/l) of adsorbent aimed at determining the equili-
brium conditions of the adsorption process (Figs. 2-3).

As can be seen in Fig. 2 the adsorption efficiency (Rem %) decreases
with increasing triclosan concentration at a constant diatomite loading,
which is consistent with the theory (see Eq. (2)). However, no pro-
nounced difference in adsorption efficiency between the isotherms
measured after 1–3 days of equilibration is observed (Fig. 2).

The experimental isotherms presented in Fig. 3 again show no sig-
nificant differences between day 1–3. Such behavior reveals that the
system got into equilibrium conditions after a time less than 1 day of
adsorption. All measured adsorption isotherm show a maximum ad-
sorption capacity value of ca. 120 mg/g.

The adsorption isotherms were analyzed by fitting the experimental
data using linear and nonlinear Langmuir, Freundlich, Sips and Toth
isotherm models. The least squares algorithm was employed to fit the
experimental isotherm by a nonlinear approach using the AMPL

Fig. 1. SEM-images of sorbent diatomite.
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Fig. 2. Adsorption efficiency (Rem%) of triclosan on diatomite at fixed adsorbent loading
(1 g/l) after 1 (squares), 2 (circles) and 3 (triangles) days. The lines are drawn as guide to
the eyes.
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programming language. This method does not transform data sets and
hence, no distortions are created in the original error distribution. The
results of fitting are presented in Fig. 4 and Table 3.

As can be seen Freundlich (linearized/nonlinearized) and Toth
isotherm models did not adequately describe the resulting adsorption
curves due to its complex behavior in the investigated concentration
range, which has been previously reported elsewhere [36].

However, the two-parameter Langmuir linearized/nonlinearized
and the three-parameter Sips isotherm models fit adequately the ex-
perimental results (Fig. 4). The maximum adsorption capacities ob-
tained by the non-linearized form of the Langmuir and Sips models are
identical (qs ∼140 mg/g.), while qs obtained by the linearized Lang-
muir model slightly decrease from 142 to 139 mg/g from day 1 to day 2
and goes to 113 mg/g at day 3 (Table 3). Thus, for the following dis-
cussion were chose the results of the fitting obtained by the non-
linearized Langmuir and Sips models. Moreover, it should be noted that
the calculated parameter n in Sips model is equal to 1, hence converting
Sips to the simpler Langmuir equation. Thus, the triclosan and diato-
mite interact trough physical forces, namely electrostatic. The equili-
brium model parameter b and KS vary between 0.016–0.023 depending
on the applied model and equilibration time (Table 3). Nevertheless,
such variation can be considered as not significant.

In order to understand more deeply the equilibration of the in-
vestigated systems the Gibbs free energy was calculated for the iso-
therms measured after 1, 2 and 3 days of adsorption. For this purpose,
the equilibrium constants (b and Ks) obtained by Langmuir and Sips
models were used in the calculations. The change in the standard Gibbs
free energy ΔG was calculated from the Van’t-Hoff equation:

= −G RT KΔ ln( ) (9)

where K is the apparent equilibrium constant; T is the temperature in
Kelvin and R is the gas constant (8.314 J/mol K). As can be seen in
Table 3 all ΔG values are negative which indicates that the nature of the
adsorption process is spontaneous which confirms our previous findings
[38].

Also, the observed slight variations of the ΔG values (from −9.953
to −10.245 kJ/mol for the Langmuir model and from −9.346 to
−9.953 kJ/mol for the Sips model) indicate that with increasing ad-
sorbent/adsorbate contact time the adsorption is more equilibrated.
Nevertheless, we can conclude that in the studied adsorption time
frame of 1 day the equilibration is sufficiently established.

4. Conclusion

The triclosan adsorption by the local mineral sorbent diatomite is
studied where the triclosan equilibrium concentration was measured

spectrophotometrically, the morphology of the diatomite are char-
acterized by scanning electron microscopy, and the amount of the ad-
sorbed triclosan on the diatomite surface was quantified by a mass
balance method.

The linearized/nonlinearized form of the Langmuir, Freundlich and
Sips, and Toth isotherm models, are used for fitting the experimental
adsorption isotherms. It is shown that the nonlinearized Langmuir and
Sips isotherm models provide suitable fitting results and no pronounced
differences in the adsorption efficiency between the isotherms mea-
sured after 1, 2 and 3 days adsorption was observed. The determined
maximum adsorption capacity of diatomite towards triclosan qs is
140 mg/g. The averaged calculated values of ΔG amount to −9.9 and
−9.6 kJ/mol for the Langmuir and Sips models, respectively. The
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Fig. 3. Experimental adsorption isotherms as a function of triclosan concentration mea-
sured after 1 (squares), 2 (circles) and 3 (triangles) days of adsorption. The lines are
drawn as guide to the eyes.
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Fig. 4. Experimental adsorption isotherms measured after: a) 1 day of adsorption
(squares), b) 2 days of adsorption (circles); c) 3 days of adsorption (triangles); the solid
lines correspond to the fitted Langmuir linear model; the dashed lines correspond to the
Freundlich fitting model; the dot line correspond to the nonlinear Langmuir model; the
dash-dotted line correspond to the Sips model fitting; the dash-dot-dot line correspond to
the fitted Toth model of the experimental adsorption data; the short dashed line corre-
spond to the nonlinear Freundlich fitting.
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negative sign of the values indicates a spontaneous adsorption.
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Isotherm model Constant 1 day 2 days 3 days

Langmuir qs (mg/g) 141.0 142.0 145.2
b (l/g) 0.018 0.022 0.016
ΔG (kJ/mol) −9.953 −9.456 −10.245

Langmuir (linearized form) qs (mg/g) 142.9 138.9 113.6
bl (l/g) 0.017 0.023 0.033

Sips qs (mg/g) 140 140 131
Ks (l/g) 0.018 0.023 0.022
ns 1 1 1
ΔG (kJ/mol) −9.953 −9.346 −9.456

Toth qs (mg/g) 107.6 76.3 0.03
KT (l/g) 0.025 0.053 4364
nT 0.91 0.84 0.58

Freundlich (linearized form) KF (l/g) 13.6 17.7 16.8
nF 2.49 2.75 2.82
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