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Abstract: The absorption of triclosan on the surface of four different carbon adsorbents, obtained
on the base of plant and household waste (RDF), provided by Sofia Waste Plant, was investigated.
The obtained results indicate that the most important parameters, which determine the process
of triclosan adsorption by adsorbent surface are pore texture, the size of the accessible surface for
the molecules of triclosan, and the chemical nature of the adsorbent surface. It was found that
the obtained adsorbents can be successfully applied for the extraction of triclosan from waste and
drinking water. The possibilities for solid products, obtained by thermal treatment of household and
vegetable waste, to be applied successfully in a water purification technique are discussed.

Keywords: environmental protection; organic waste; nanoporous carbon adsorbents; triclosan;
adsorption

1. Introduction

As a multifunctional antimicrobial agent, triclosan is often included in the composition
of some household products for personal hygiene—toothpastes, detergents, shampoos,
body washes, deodorants, soaps, etc. [1,2]. Triclosan is used together with chlorhexidine
and alcohol in surgical scrubs [3]. Its widespread application leads to easy release of this
compound in water and air. Its presence has been established in waste water from treatment
plants, as well as in surface and ground waters [3,4].

The physico-chemical properties of the triclosan are a precondition for bio-accumulation
and persistent presence in the environment. There is growing concern for possible negative
effects of triclosan on human and animal health. Triclosan could cause microbial resistance,
dermatites, endocrine disruptions, allergies, and tumors [5–7].

There are also data that triclosan is toxic to certain aquatic organisms [8,9]. Another
danger is the possibility of conversion of triclosan into dioxins and other harmful chemi-
cals [10].

Unfortunately, conventional waste water treatment processes do not attain complete
removal of triclosan, and formation of toxic intermediates is possible. Therefore, new
methods for its elimination from waste and drinking waters should be developed. Possi-
ble procedures for its extraction are adsorption methods using different adsorbents. An
adsorption process is suitable for both batch and continuous processes; it is relatively
simple and allows the possibility for regeneration, etc. [11]. Triclosan is a chlorinated
phenoxyphenol with a pKa of 8.14. Although a hydroxyl functional group is present, it
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is still relatively hydrophobic with log Kow of 4.76 [12]. Due to its extreme hydrophobic
nature, triclosan remains highly hydrophobic even in an ionization state [13]. The rela-
tively high octanol–water partition coefficient of this compound leads to increased sorption
affinity [14].

Zeolites and membranes can be used for water purification [15,16]; however, the most
effective are the carbon adsorbents, which are appropriate for uptake of metal cations
and organic molecules [16–18], which is determined by their porous texture, resistance to
chemical and thermal treatment, and chemical character of the surface. The chemical nature
of the surface, and especially the presence of oxygen-containing functional groups, are of
essential importance for interaction with the adsorbate molecules and significantly influence
the adsorption capacity and the mechanism of adsorption [19]. Moreover, used activated
carbons can be regenerated and applied as adsorbents again several times. Because of the
relatively high cost of activated carbons, extensive work should be conducted on expanding
the raw material base with cheap materials, such as plant and household waste, as well as
on reducing the energy consumption for their production.

The main aim of the paper is assessment of adsorption capacity towards triclosan of
four carbon adsorbents, obtained on the base of plant and household waste (RDF), provided
by Sofia Waste Plant, as well as investigation of the effect of some parameters on triclosan
adsorption process.

2. Materials and Methods
2.1. Carbon Adsorbents

Adsorbent A was obtained by flash pyrolysis of RDF at a temperature of 800 ◦C.
Adsorbent B was obtained from adsorbent A after oxidation with 12% nitric acid. Adsorbent
C was obtained by flash pyrolysis of plant waste at a temperature of 800 ◦C. Adsorbent
D is carbon foam synthesized from plant waste treatment products [13] and subjected to
hydro-pyrolysis at 850 ◦C for 1 h.

After synthesis, carbon adsorbents are washed with water in order to remove fine dust
and other impurities, dried at 120 ◦C overnight, and then kept in a desiccator.

2.2. Nanotexture of the Carbon Adsorbents

Nanotexture of the carbon adsorbents used was characterized by N2 (Porosimeter
Autosorb iQ-MP) adsorption isotherms at −196 ◦C. Before the experiments, the samples
were outgassed under vacuum (ca. 10−3 Torr) at 300 ◦C. The isotherms were used to
calculate the specific surface area, SBET, total pore volume (at p/p0 ~ 0.99), micropore
volumes using t-plot method and mesopore volumes using DFT [14].

2.3. Elemental Analysis

Elemental analysis (C, H, N, and S) was carried out by Elementar Vario MACRO cube
apparatus. The amount of oxygen in the sample was calculated by the difference.

2.4. Determination of Amount of Oxygen Surface Groups

The content of oxygen surface groups was assessed by Boehm titration method, us-
ing water solutions with different base strength (sodium bicarbonate, sodium carbonate,
sodium hydroxide, and sodium ethoxide) [13]. The samples were stirred for 16 h with four
0.05 M base solutions. The content of remaining OH- anions is detected by using back
titration with HCl solution. The amount of basic groups was assessed with titration with
0.05 M HCl solution [19].

2.5. Preparation of the Triclosan Solution

Triclosan (99%) provided by Thermo Scientific was used. Triclosan stock solution was
made by dissolving 50 mg triclosan in 1000 mL 20% ethanol solution in water.



Processes 2023, 11, 2643 3 of 14

The solutions used for adsorption experiments are made by adding of 20% ethanol
solutions in water to stock solution, in order to achieve the desired concentrations.

2.6. Triclosan Adsorption Experiments

Removal of triclosan using carbon adsorbents was performed in batch adsorption
conditions, whereas a 50 mL aqueous solution of triclosan solution was added to a portion
of 0.1 g carbon adsorbent at 20 ◦C under continuous stirring. All samples were filtered
through 1.2 µm filter in order to separate the solution from the adsorbent.

The residual triclosan was determined by Pharo 300 UV spectrometer at a wavelength
of 320 nm. The maximal amount of adsorbed triclosan for 1 g adsorbent, Q0 (mg/g), was
evaluated by the equation:

Q0 = V(Co − Ce)/M (1)

where V (L) is the volume of solution used, Co (mg/L) is the detected initial concentration
of adsorbate solution, whereas Ce (mg/L) is concentration of the solute in bulk phase at
equilibrium, and M (g) is the weighted mass of adsorbent.

The kinetic experiments were performed as the reaction time was varied (10–120 min),
with an initial triclosan concentration 40 mg L−1.

2.7. Determination of the pH Value of the Solution

The pH dependence of the triclosan adsorption was determined. In order to adjust
the pH from 3.39 to 9.2, 0.1 M water solutions of sodium hydroxide and hydrochloric acid
were used. The value of pH was measured using pH meter JENWAY 3310.

2.8. Determination of pH of Carbon Adsorbents

A total of 100 mL water and 4.0 g carbon were put together in a 250 mL beaker, covered
with a glass cover, and then boiled for five minutes. The decanted portion was cooled down
to 25 ◦C and the value of pH was measured using pH meter JENWAY 3310.

3. Results and Discussion
3.1. Characterization of the Adsorbents

Table 1 presents the results from the chemical composition of the adsorbents used.
The obtained data show a big difference, especially in the ash content, mineral substances,
and the oxygen content, in the composition of the adsorbents used, which could affect their
adsorption capacity towards triclosan. The oxygen content is important, as it is related to
the surface oxygen-containing groups, which, to a significant extent, determine the surface
chemical characteristics and possibility of chemisorption [19]. To establish the presence
of centers, where chemical adsorption of triclosan can take place, the content of oxygen
groups with different character on adsorbent surface is detected and presented in Table 2.

Table 1. Chemical composition of the carbon adsorbents.

Sample
Proximate
Analysis
(Mass %)

Elemental Analysis
(Mass %, maf 3)

W 1 Ash Vol 2 C H N S O
Adsorbent A 1.8 31.1 2.4 72.55 2.04 1.78 0.24 23.39
Adsorbent B 1.6 23.2 2.3 64.79 2.05 4.54 0.88 27.74
Adsorbent C 2.1 15.5 4.7 70.91 2.08 1.11 0.47 25.43
Adsorbent D 1.7 4.1 2.1 87.54 1.93 2.81 1.82 5.90

1 W—water content (moisture). 2 Vol—volatiles; maf. 3 maf—moisture and ash free basis.
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Table 2. Surface oxygen groups in carbon adsorbents.

Sample Acidic Surface Groups
(mmol g−1)

Total Basic Groups
(mmol g−1) pH

Carboxylic Lactonic Phenolic Carbonyl
Adsorbent A BDL 1 BDL 1 0.230 1.470 1.320 8.5
Adsorbent B 1.990 3.111 2.521 3.210 0.981 3.7
Adsorbent C BDL 1 0.132 0.532 1.789 1.011 8.1
Adsorbent D BDL 1 0.098 0.266 1.465 0.946 8.4

1 BDL—below detection limits.

The content of surface oxygen atoms in adsorbents is essential for the chemical adsorp-
tion of triclosan molecule, which contains a hydroxyl group, which can react with surface
oxygen groups.

The results presented in Table 2 show that adsorbent B obtained by oxidative treat-
ment of adsorbent A with nitric acid has a significantly higher amount of oxygen groups
with a more pronounced acid character (carboxylic and lactonic). The content of oxygen-
containing groups in the remaining adsorbents is determined by the presence of oxygen
atoms in the raw material used for its production.

Data in Table 3 and Figure 1 show that satisfactory results are obtained for the surface
porous texture and pore size distribution of the carbon adsorbents, obtained by flash
pyrolysis. All the samples are characterized by moderate surface area (300–750 m2/g) and
presence of micro- and meso-pores. Due to the specific character of carbon foam synthesis,
it was necessary to use water vapor activation (hydro-pyrolysis) to form micro- and meso-
pores and higher surface area. A decrease in the pore volume and specific surface area of
the carbon obtained from the RDF fuel after oxidation treatment with HNO3 is observed.
This is also confirmed by the iodine number value. This is due to the spatial interference of
oxygen-containing groups formed on the surface of the material as a result of oxidation
with nitric acid.

Table 3. Main textural parameters of the carbon adsorbent used.

Sample SBET,
m2 g−1

Vtotal,
cm3 g−1

Vmicro,
cm3 g−1

Vmeso,
cm3 g−1

Iodine Number,
mg g−1

Adsorbent A 374 0.199 0.148 0.030 430
Adsorbent B 320 0.147 0.128 0.005 390
Adsorbent C 285 0.138 0.108 0.006 345
Adsorbent D 768 0.298 0.260 0.003 850

Carbon adsorbents show significant differences in their physicochemical properties.
This will allow conclusions to be drawn about the degree of influence of their characteristics,
which are important for the adsorption process, such as surface area, porous texture,
chemical nature of the surface, and the amount of oxygen groups of different character, ash
content, etc., on their adsorption capacity towards triclosan. It should be noted that the
only adsorbent that has undergone physical activation with water vapor (hydro-pyrolysis)
is carbon foam. All the others were obtained after heat treatment of the precursor under
heat shock mode. The purpose of this treatment is the formation of more pores and
to increase the surface area after rapid processes of thermal destruction and evolving
volatile substances.
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Figure 1. Pore size distribution by DFT method of the samples obtained.

3.2. Kinetic Adsorption of Triclosan by the Carbon Adsorbents

The kinetic curve, presented in Figure 2, shows triclosan adsorption from aqueous
solution, at concentration 40 mg/L, on adsorbent A, obtained by flash pyrolysis of RDF at
a temperature of 800 ◦C. The kinetic data disclose that triclosan adsorption process sharply
increases and, after that, gradually slows down and further remains constant.
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Figure 2. Adsorption of triclosan from water solution (concentration 40 mg/L) by adsorbent A.

The obtained results can be explained by the relative decrease in the amount of the
number of unoccupied sites on the surface of carbon adsorbent during adsorption process.
The plot shows saturation of the quantity of adsorbed triclosan, which forms triclosan
monolayer on the adsorbent surface (Figure 2).

Various kinetic models can be used to understand the dominant mechanism of the
adsorption processes and to predict adsorption behavior with time [20]. The results from
the kinetic studies of the adsorption of triclosan by carbon adsorbents demonstrate that the
kinetic curves are of pseudo-first order (Figures 2–5).
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For most carbon adsorbent, the adsorption equilibrium is attained relatively quickly,
after 30–60 min. The exception is activated carbon foam, where the equilibrium occurs after
120 min. When examining the differences in the characteristics of the adsorbents used, it
could be concluded that more time is required for reaching the equilibrium when using
activated carbon foam. This is probably affected by significantly larger surface area and
dominantly microporous structure in this case; thus, more time is needed for the triclosan
molecules to reach all the active centers on the surface.

3.3. Langmuir Isotherm for Triclosan Adsorption by Activated Carbon

The Langmuir isotherm experiments were performed using several concentrations:
5, 10, 20, and 40 mg/l. Figures 6–8 illustrate adsorption of triclosan at equilibrium as a
function of the equilibrium triclosan concentration, Ce. The isotherm of triclosan on the
activated carbon corresponds to Type I [21]. The adsorption mechanism is of L2 type,
according to Giles et al. [22].
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The adsorption capacity Qo (Table 4) was calculated from the linearized Langmuir plot:

Ce/qe = 1/(Qob) + Ce/Qo, (2)

where Ce is the equilibrium concentration (mg/L); qe is the amount of triclosan adsorbed
at equilibrium (mg/g); and Qo and b are the characteristic Langmuir parameters, related to
the maximum adsorption capacity and affinity of adsorption, respectively.

Table 4. Data for triclosan adsorption obtained from Langmuir plot.

Sample Qo,
mg/g

R2

Regression Coefficient

Carbon A 40.93 0.9304
Carbon C 37.17 0.9659
Carbon D 78.01 0.9398

The model is frequently used to interpret adsorption from diluted solutions. The value
of Qo represents the limit for pollutant adsorption from solution and b can be considered
as a measure of the adsorption energy [21].

The Langmuir isotherm (not shown) of oxidized carbon (adsorbent B) did not give
a good result, most likely due to the large number of oxygen-containing groups on the
surface of the adsorbent, which is a prerequisite for both physical and chemical adsorption.
Triclosan dissolution in water is problematic, which also could cause poor results for
adsorption in this case. This is a carbon adsorbent with more heterogeneous surface and it
is known that, for such adsorbents, it is more appropriate to use the Freundlich isotherm.

3.4. Freundlich Model of Triclosan Adsorption

The linear expression of Freundlich isotherm is the equation log(x/m) = logKf + logCe/n,
and the corresponding calculated values, using experimental results, are presented in
Figures 9–12. x is the amount of the adsorbed solute (mg), m is the weight of the adsorbent
(g), Ce is the equilibrium concentration (mg/L), n is the slope, showing the variation in
adsorption with concentration, and Kf is the intercept, showing the adsorption capacity of
the adsorbent. Triclosan adsorption was measured under the following terms: the amount
of adsorbent is 0.05–0.5 g for 50 mL water solution, concentration 40 mg/L, and 120 min
contact time. It was determined that Freundlich model provides a better fitting than the
Langmuir model for all four adsorbents. Figures 9–12 show Freundlich plot for triclosan
adsorption on the adsorbents used.
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Figure 12. Freundlich isotherm of triclosan adsorption—adsorbent A.

The adsorption isotherm gives information for adsorbate molecules distributed be-
tween the liquid phase and the adsorbent surface when the adsorption reaches the equilib-
rium state [23].

Adsorption capacity of the adsorbents towards triclosan was calculated from Fre-
undlich plots. Data presented in Table 5, show that activated carbon foam is distinguished
by the greatest adsorption capacity value towards triclosan. This is due to the significantly
higher surface area, compared to the other adsorbents used. Although, this adsorbent has
dominantly microporous structure, according to the results of nitrogen physisorption, it
should be taken in consideration that a large amount of macropores are formed during the
synthesis of the carbon foam, which are easily accessible for triclosan molecules. A large
part of the micropore surface is also accessible for triclosan. It seems that, at high triclosan
concentrations, the adsorption process involves chemisorption [24].

Table 5. Adsorption capacities for triclosan by various adsorbents, calculated from Freundlich plots.

Sample Q0
mg/g

R2

Regression Coefficient
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Adsorbent A 10.11 0.9900
Adsorbent B 31.44 0.9968
Adsorbent C 25.21 0.9961
Adsorbent D 107.01 0.9939

Adsorbent A shows a significantly lower adsorption capacity compared to other
samples. In order to increase its adsorption capacity towards triclosan, adsorbent A was
subjected to oxidation with 12% nitric acid and, thus, adsorbent B was obtained. Due to
the oxidation treatment and the formation of a large amount of oxygen surface groups
(Table 2, adsorbent B), the adsorption affinity towards triclosan of adsorbent B increases
significantly. The reason for this is most probably the chemical adsorption that occurs when
hydroxyl groups from triclosan interact with the highly acidic surface groups (carboxylic
and lactonic).

The adsorption capacity values found are similar, even in some cases higher, than
those obtained by other researchers, despite the high ash content and moderate surface
area (Table 6).
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Table 6. Comparison of maximum monolayer adsorption capacity (Qm) of various adsorbents
for triclosan.

Adsorbents Qm, mg/g Specific Surface Area
m2 g−1 Reference

Commercial activated carbon 3.5 212.56 [25]

Kaolinite 6.03 2.31 [26]

Carbon nanotubes 40.00 n.a. a [27]

Charcoal-based activated carbon 67.11 738.8 [26]

Commercial powdered activated carbon 76.3 882.63 [28]

Adsorbent A 10.11 374 This study

Adsorbent B 31.44 320 This study

Adsorbent C 25.21 285 This study

Adsorbent D 107.01 768 This study
a Not available.

3.5. Influence of pH of Triclosan Solution on the Adsorption on Carbon Surface

Dependence of triclosan adsorption from pH follows the same trend for all the porous
carbons used. Adsorbed quantity decreases with the transition from an acidic to an alkaline
environment of the solution. Figure 13 shows the dependence on pH of the degree of
adsorption of triclosan on the surface of adsorbent B. The plot shows that, with rising
pH of the solution, starting from 3 up to 11, adsorbed amount of triclosan on oxidized
carbon decreases and the curve is steeper when pH > 7.5. This is most probably due to
electrostatic repulsion forces, which occur between deprotonated triclosan molecules under
these conditions, and the enhanced negative charge of carbon adsorbent surface, caused by
increased alkalinity.
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Figure 13. Effect of pH value of triclosan water solution on adsorption equilibrium with adsorbent B.
Conditions: τ, 60 min, carbon concentrations, and 40 mg/L.

4. Conclusions

The analysis of the results obtained gives us reason to think that the major conditions
influencing the adsorption of triclosan by carbon adsorbents used are the pore texture, the
size of the accessible surface for the molecules of triclosan, as well as the chemical character
of the carbon surface, which determines the possibility for chemical adsorption.

Adsorbent A shows lower adsorption capacity but the formation of significant amounts
of oxygen-containing groups with an acidic character through the oxidation treatment with
12% nitric acid increases several times its ability to extract triclosan from aqueous solution.
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This is an indication of the essential role of the chemical nature of the surface of the
adsorbents used on the adsorption of triclosan molecules on their surface. An important
role in this case is played by the content of groups with a more acidic character, the carboxyl
and lactone groups.

Data show that the Freundlich model provides a better fit than the Langmuir model
for the four adsorbents. The greater influence of the amount of adsorbent compared to that
of the solution concentration on the extent of adsorption is an indication that the triclosan
molecules are not preferentially adsorbed as a monomolecular layer on the surface of the
used adsorbents.

The mechanism of triclosan adsorption is established. Experimental data fit well with
Freundlich, which implies some degree of chemisorption.

The study of the influence of the pH of the solution from acidic to alkaline on the
degree of adsorption of triclosan on the surface of the carbon adsorbents used shows that
the pH of the solution decreases slightly, more significantly at pH > 7.5.

The laboratory experimental results obtained for adsorption capacity of triclosan by
carbon adsorbents allow the conclusion that they can be used successfully for a large-scale
removal of triclosan from waters.

The adsorbents used have been derived from raw materials, collected from the waste
treatment plant by maximally simplified methods with low-energy consumption. This
shows that the developed method allows, without high costs, successful utilization of
organic household and vegetable waste into useful products, one of which is carbon
adsorbents, which can be successfully used to extract triclosan from aqueous solutions.
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