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Abstract: In this study, the chemical distribution of triclocarban (TCC), in natural aqueous systems,
between water and sediment, with different chemical compositions of the aqueous phase and different
percentages of organic carbon (OC%) in the sediments is presented. The influences of the temperature,
of the composition of the aqueous matrices of natural waters and (OC%) in the sediment over the
solubility of triclocarban, and its distribution coefficient Kd values were studied. log KD at 25 ◦C
varied between 1.94 and 3.27 for a sediment with 5.50% OC and between 3.95 and 5.93% for a
sediment with 6.75% OC, in the studied aqueous systems, with different concentrations of OC in
the sediment.
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1. Introduction

Triclocarban, or 3,4,4-trichlorocarbanilide (TCC), was found up to 0.3% (w/w) in several
personal care products [1], where it is used as a disinfectant, and it might cause allergies and
milder, or more complicated, dysfunctions. It originates in different types of waters, natural
or incompletely treated waste ones, from soaps, shampoos, deodorants, and detergents,
where because of its hydrophobicity, accumulates usually in sediments. TCC is partially
removed during wastewater treatment, and it remains in the aqueous environment at
concentration levels up to tens of µg/L [2]. As an endocrine disruptor, its presence in the
organism might provoke immune disfunctions, presenting health risks in humans and
animals [3] even at low concentrations. The effect of TCC on the aqueous environment has
to be estimated, due to its further migration in aquatic organisms, such as algae and fish [4].
Transformation compounds such as carbanilides impact the hormone induction of estrogens
and steroid biogenesis [5]. To succeed in quantification and evaluation of its environmental
concentrations and further possible toxic effects, it has to be taken into account its partition
in natural or waste waters and sediment. In what concerns non-polar organic compounds,
their distribution mostly occurs in the solid sediment of the aquatic matrices, usually
in connection with the Koc (amorphous organic carbon/water partition coefficients) of
hydrophobic organic substances. In sediments, the partition behavior of TCC is based on
transport mechanisms such as sedimentation, molecular diffusion, and electrostatic forces
and by several interactions: van der Waals forces, electric double layer, hydrogen bonding,
and mutual adsorption. Schenker et al. [6] demonstrated a relationship of logKOW (octanol
water partition coefficients) and log S (solubility of the organic compound) with the number
of chlorine atoms from the chloro-organic structures and with content of organic carbon in
the solid phase from the aquatic system (sorbent or sediment), confirmed by Razzaque and
Grathwohl [7], too.

Aqueous solubility of TCC was determined and then correlated with experimental log
KOC values. KOC reflects the distribution of organic substances between an aqueous phase
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and a solid one, based on the percentage of organic carbon from the last one. Usually, S and
KOC are determined based on updated standards [8], but the evaluation of KOC values are
not so facile, because log KOC varies among different chemical compositions of the aqueous
systems, based on organic carbon composition. The log KOC values obtained might be
modified by including sorption contributions onto carbon constituents of the solids [9].

In this study, the behavior of triclocarban, in terms of solubility and distribution in
aqueous systems water–sediment, was evaluated. The study was conducted in the labora-
tory batch experiments, by mimicking natural systems with different chemical compositions
of the aqueous phase, with different concentrations of organic carbon in the weathered
sediment, at different temperatures. Because of the lack of data on log KOC values for
TCC distribution in natural matrices water–sediment, this early study might be helpful in
future applications concerning the green removal of triclocarban from natural waters and
wastewaters.

2. Materials and Methods

All reagents necessary in the analysis were of analytical grade.
Analysis of TCC was conducted by HPLC, using a chromatograph Waters equipped

with a UV detector and adapted software for data acquisition [10]. The chromatographic
parameters were as follows: injection volume of 50 µL; 6 min analysis time; column
temperature of 25 ◦C; column C18, 3.5 µm, 100 × 4.6 mm i.d.; flow rate of 1 mL/min,
isocratic conditions 80:20 A: B (v/v), where A = acetonitrile and B = ultrapure water. Before
each series of chromatographic separations, the analytical column is conditioned for 30 min
with acetonitrile and balanced with an acetonitrile mixture: water (80:20 v/v). The TCC
monitoring is carried out at the wavelength of 265 nm using the UV detector. Identification
is achieved by comparing the retention time with the retention time (tR) of the standard
solution. There were two calibration curves on the ranges 1–100 µg/L and 10–400 µg/L
that were used to quantify the TCC. The calibration curves were graphically built by
representing the area of the TCC peak vs. TCC concentration in the working standards [11].

To determine the cation content by the ICP-OES method, the Optima 2100 DV ICP-
OES System (Perkin Elmer, Waltham, Massachusetts, US) equipment was used, with dual-
view optical system—axial and radial view of the plasma in a single working sequence,
which works with an independent transistorized radio frequency generator at a frequency
of 40 MHz. The nebulization system is equipped with a PEEK Mira Mist® nebulizer
coupled to the spray chamber—Baffled Cyclonic. The spectrometer has an optical module
comprising an Echelle monochromator with a CCD detector (charged coupled device),
two-dimensional, the spectral range being 165–800 nm. The determination of the inorganic
matrix of the sediments was carried out [12–14] using dehydrated sediment (approx. 0.1 g)
at 105 ◦C, mineralized by a mixture of HNO3 (65%):HCl (37%):HF (50%) = 6:2:2 mL. The
calibration curves were obtained by dilution from the stock solutions of 1000 mg L−1 ICP
Multi-Element Standard Certipur (Merck) and 100 mg L−1 Quality Control Standard 21
(Perkin Elmer) [15].

The pH was measured with a pH/conductometer WTW InoLab, Multi 720 series. pH
and conductivity were measured based on EN 27888:1993-11 and on DIN 38404-5:1984-01,
C5, before experiments. The total carbon (TC) and organic carbon (OC) were determined
from the dried sediment at 40 ◦C with the TOC Analyzer, module Primacs MCS (SKALAR
The Netherlands).

Sample preparation and characterization. The samples of waters and sediments
used as sorbents were taken from the same aquifer area, from five different springs, the
composition of waters reflecting those of the geological layers of the area [16,17]. The
samples were filtered and dried at room temperature for several days, after which they were
dried at a higher temperature for several hours. The humidity of dried sediment was then
determined at 105 ◦C. Natural water samples were chromatographically analyzed before
adding the weathered sediment with different organic carbon concentrations, depending
on its composition. Then, both characterized sediment and water samples were mixed with



Separations 2024, 11, 255 3 of 11

measured volumes of analyzed waters in an experimental laboratory setup, consisting in a
batch sorption cell.

Determination of TCC solubility. It was analyzed by the column elution method
(USEPA, 1996a) [18], for substances with water solubility less than 10 mgL−1. TCC dis-
solved in acetonitrile with 0.25% v/v 1-octanol was deposed and dried onto glass beads. A
certain amount, 2 g, of loaded beads is introduced into a glass column of 10 cm in length,
representing a quarter of the total volume, three quarters being completed with ultrapure
water, or NaCl aqueous solutions, or samples of natural waters with different compositions
of aqueous matrix and of the sediment (Tables 1 and 2). The temperature was controlled
by a thermostatic column in all experiments, during 5 h each, samples being analyzed
each 30 min, till equilibrium installs when a certain number of consecutive samples have
concentrations with values differing less than 30%.

Table 1. Chemical characterization of the tested sediment, std. dev. being calculated for monthly
sampling, during six months.

Component Value

Humidity (105 ◦C), % 5.48 ± 0.02
Inorganic Carbon IC, % 2.47 ± 0.16
Organic Carbon TOC, % 5.75 ± 0.15–6.75 ± 0.17, weathered in time

Ca % 5.19
Mg % 2.04
K % 1.31
Fe % 2.11

Boehm titration for determining organic carbon in weathered sediment. The acidic
and basic functional groups were determined based on Boehm titration. Different acidic
functional groups can be identified by using NaHCO3 solutions as titration reagent, for
neutralizing only carboxyl groups and sodium carbonate solution for neutralizing carboxyl
and lactonic groups. Based on this chemical behavior, NaHCO3 (pKa = 10.25) reacted
with carboxylic groups (pKa < 5) but not with hydroxyl groups from phenols or alcohols
(pH > 9). NaOH neutralizes all the oxygen-containing functional groups, meaning carboxyl,
lactonic, and phenolic ones. Different types of oxygen-containing functional groups were
quantified in this way by using the titration volume for the determination of the number of
mmol H3O+ equivalent/g of weathered sediment (Table 3).

Experimental batch sorption setup. A 1 mg amount of adsorbent (weathered sedi-
ment)/100 mL of each water sample, at two temperatures of 5 and 25 ◦C, was stirred
in the sorption bath, before adding the corresponding volumes of TCC stock solution. The
contact time and the temperature were carefully monitored during the experiments and
repeatedly analyzed during a contact time of 4 h.

3. Results
3.1. Characterization of the Natural Samples

Representative samples of natural aqueous systems might be difficult to achieve in
studies concerning the quantification of contaminants at trace levels of concentration [19,20].
Analyzing the organic carbon concentration in weathered sediment and studying its influence
over the sorption properties of the sediment in aqueous systems [21,22] require long periods
of time for obtaining accurate experimental data.

The chemical characterization of the studied environmental aqueous systems is pre-
sented below in Tables 1 and 2.
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Table 2. Chemical composition of the aqueous matrices [23].

Water pH C.e.
µS/cm

Na+,
mg/L

K+,
mg/L

Ca2+,
mg/L

HCO3−

mg/L
Mg2+,
mg/L

1 7.3 290 2.68 ± 0.25 1.79 ± 0.14 56.1 ± 0.35 212 ± 20.5 11.5 + 0.09
2 7.1 500 5.46 + 0.28 1.55 ± 0.09 40 ± 0.29 209 ± 18.2 13.9 + 0.11
3 6.3 950 10.96 ± 0.55 3.93 ± 0.25 287 ± 20.5 1305 ± 100.5 89.0 + 0.07
4 6.7 700 25.06 + 5.0 3.46 ± 0.20 192 ± 15.2 914 ± 80.7 32.7 + 0.02
5 5.9 1350 55.85 + 9.2 8.22 ± 0.74 130 ± 9.7 1044 ± 101.6 29.7 + 0.025

In Table 1, the characteristics of the sediment used in all the experiments are presented.
It was taken monthly from the same aquifer and its features were averaged, taking into
account the weathering process, which leads at the variation in organic carbon (OC%). The
mixtures of spring water–weathered sediment samples also incorporate geochemical prop-
erties of the natural environment from which the samples were collected and emphasize
the influence of environmental parameters over the chemical distribution of TCC between
aqueous and solid phase.

In Table 2, the chemical composition of five natural water samples, located in the
same aquifer, are presented. Five aqueous matrices were considered for observing the
differences in TCC distribution between the same sediment, weathered in time, in contact
with different aqueous phases, reflected by the differences between the major inorganic
components present in the aqueous samples.

3.2. Characterization of the Weathered Sediments

The specific surfaces were calculated based on the adsorption/desorption data by
using Brunauer–Emmet–Teller (BET) equations. The specific surface was measured by the
nitrogen adsorption/desorption by using the BET method in between a range of relative
pressures (P/P0) of 0.0001–0.99 [24]. Based on the BET equation, the specific surface was
calculated, with the resulting differences in between based on the percentage of OC in
weathered sediments. pH of the point of zero charge (pHPZC) represents the pH value
for which the net surface charge of adsorbent is equal to zero, being observed that in
adsorption studies, the process is dependent on pH. pHPZC was determined based on the
pH drift method, the values being consistent with the literature [25]. The results obtained
are presented in Table 3.

Table 3. Specific surface, pH of zero-point charge and the number of oxygen-containing functional
groups in the weathered sediments determined by Boehm titration, depending on the weathering time.

Weathered
Sediment

Specific Surface 1

SBET, m2·g−1 pHPZC
2

Carboxylic
Groups Conc.
(mmol ·g−1)

Lactone Groups
Conc. (mmol·g−1)

Phenolic Groups
Conc. (mmol·g−1)

At the beginning 110 8.5 - - -
After one month 135 8.9 0.05 0.03 0.02

After three months 174 5.7 4.5 1.20 0.65
After 6 months 208 2.8 5.44 1.40 1.72

1 SBET(Brunauer–Emmet–Teller), m2·g−1, specific surface. 2 pHPZC, pH of zero-point charge.

As can be observed from Table 3, there is a variation during the weathering time of
the concentrations of different oxygen-containing functional groups (carboxylic, lactone,
and phenolic) present on the surface of the studied sediment. Among these, the carboxylic
groups present the most important increase after six months, probably being more sensitive
to the small pH variations in the aqueous phase.
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3.3. Influence of the Chemical Matrix of the Natural Water over TCC Solubility

The hydrophobic nature of TCC (log KOW = 3.5–4.5) [26] influences its partition in
natural aqueous systems containing sediments. The solubility of TCC depends on the
environmental conditions such as the chemical composition of the natural water, the
seasonal temperature, and the pH.

The variation in the TCC concentrations in the aqueous phase, after stabilization, in
the studied natural water samples (1–5) is presented in Table 4. TCC concentrations, at
equilibrium, vary based on the chemical composition of the waters and on the temperatures,
one averaged for the cold season and the other for the warm one, meaning 5 and 25 ◦C,
respectively.

Table 4. Variation in the TCC concentrations, after stabilization, in the five studied natural water
samples (1–5) based on their chemical composition, for an initial TCC concentration of 400 µg/L.

Contact
Time

(Stirring), h

TCC Concentration, µg/L

Samples 1 Samples 2 Samples 3 Samples 4 Samples 5
25 ◦C 5 ◦C 25 ◦C 5 ◦C 25 ◦C 5 ◦C 25 ◦C 5 ◦C 25 ◦C 5 ◦C

1 23.4 22.3 9.39 4.7 23.4 9.8 10.4 7.5 21.6 31
3 25.8 42.9 26.2 13.5 34.9 16.6 32.8 11.4 34.7 53.3
4 27.3 57.3 36.6 14.7 33.2 23.2 36.3 19.0 38.6 54.6

It can be observed from Table 4 that the solubility of TCC is influenced by the ionic
strength of the aqueous solution, its solubility decreasing by increasing the ionic strength
and increasing by the contact time. In aqueous systems with the same ionic strength, the
solubility of TCC is influenced by the environmental temperature, increasing by increasing
temperature of the aqueous solution. In all the experimental collected aqueous samples,
the concentration of TCC was determined in order to estimate its initial concentration in
the distribution experiments where the sediment is involved.

3.4. Influence of the Environmental Parameters over the TCC Solubility and Distribution in the
Studied Natural Systems

Distribution of TCC in the studied natural systems, between waters and the sediment
with different degrees of weathering, during a sampling period of six months was studied.
The tested natural waters, with different initial TCC concentrations, indicated in Table 4,
were in contact with the characterized sediment, in thermostatic sorption cells with reduced
dimensions, at the two studied temperatures, for six hours. The solubility of TCC in the
studied natural aqueous media was tested, the initial concentrations of TCC being used in
further calculations (Figure 1).
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Figure 1. Solubility values of TCC in natural waters with different mineralization (1–5), at 5 (•) and
25 ◦C (♦), after four hours of contact time.
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Figure 1 illustrates the solubility of TCC in natural waters with different mineralization
at 5 ◦C and 25 ◦C. The data indicate that higher ionic strength promotes TCC partitioning
into the organic phase, a phenomenon known as the ‘salting-out effect’. This effect is
more pronounced at higher temperatures, suggesting that TCC could accumulate more
in sediments during warmer seasons, potentially affecting aquatic life. The polynomial
relationship observed in Figure 1 indicates a salting-out effect, where increasing ionic
strength enhances the partitioning of TCC into the organic phase. This might suggest
higher bioaccumulation potential in more saline environments, which could impact.

Figure 2 shows the variation in the distribution coefficients, log KOC of TCC, in the
studied natural aqueous systems with different concentrations of OC in weathered sediment
at 5 and 25 ◦C.
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Figure 2. Variation in the distribution coefficients, log KOC of TCC, in two studied natural aqueous
systems vs. different concentrations of OC in progressively weathered sediment at 5 and 25 ◦C, as
follows: (•) C.e. 290 µS/cm at 25 ◦C; (♦) C.e. 290 µS/cm at 5 ◦C; (▲) C.e. 700 µS/cm at 25 ◦C; (■) C.e.
700 µS/cm at 5 ◦C

The distribution coefficient KOC was assumed as a partition of the hydrophobic or-
ganic compound between water and sediment, depending on both the composition of
the aqueous phase and the solid one. It was determined in the solution of each studied
natural aqueous system as the ratio between adsorbed amount sorbate/kg solid sorbent),
at equilibrium. It was observed that at lower temperatures, of 5 ◦C, the TCC distribution
between water and weathered sediment decreases, the temperature influencing the TCC
distribution much more strongly in comparison with the variation in OC% in the same
experimental conditions.

The studied sediment in these experiments had OC averaged value of 5.75–6.75 ±
0.17% during the sampling period. The observed differences in TCC distribution between
the aqueous solutions with different chemical compositions and the sediment might be
explained [27] based on sediment composition, especially in what regards the OC [28], on the
ionic strength of the aqueous phase and on the temperature at which the processes take place.

Increased OC concentration in weathered sediments in natural aqueous systems (water
and sediments) leads to stronger sorption processes of organic hydrophobic contaminants,
based on three factors: one concerning the stability of aqueous suspensions based on the
chemical composition and on surface modification of the sediment caused by weathering
factors; the second concerning the influence of the chemical composition of the sediments
which act as sorbents for organic compounds; the third one based on the organic carbon
concentration in the sediment—the higher the concentration of humic acid, the smaller the
agreement with the additive model of distribution in these natural systems.

The pH values in natural water systems do not affect the colloidal stability, possibly
because the weathered sediment, in correlation with the organic carbon part of it, may
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influence the adsorption process on the surface of the sediment, humic acid present in
sediment increasing the electronegativity of the surface, mitigating the aggregation through
electrosteric repulsions of aquatic organisms in a negative way.

4. Discussion

The partition coefficient KD of TCC was determined (Table 5) in environmental sys-
tems consisting of sediment with different concentrations of OC and natural waters with
different ionic strengths and compositions, coming from the same aquifer. log KD at 25 ◦C
varied between 1.94 and 3.27 for a sediment with 5.50% OC and between 3.95 and 5.93%
for a sediment with 6.75% OC. Increased values of KD show TCC’s tendency to distribute
preferentially in sediments with increased concentrations of OC, the TCC mobility decreas-
ing in such systems. The TCC concentrations were measured in both phases, the KD values
being calculated from the obtained experimental data, in triplicate.

Table 5. Variation in the distribution coefficients, log KD of TCC in the studied the natural aqueous
systems with different concentrations of inorganic salts and two different concentrations of OC in
weathered sediment at 25 ◦C, in the presence of sodium and calcium as major cations present in the
aqueous phase.

Na+

mg/L
Ca2+

mg/L Log KD, S 1 Log KD, S 2

2.50 40.00 2.94 ± 0.26 3.90 + 0.32
4.10 82.00 3.39 ± 0.24 4.49 + 0.30
7.15 250.00 3.96 ± 0.19 4.76 + 0.30
95.00 105.00 4.02 ± 0.20 5.05 + 0.26
50.60 175.00 4.27 ± 0.19 5.33 + 0.30

S 1: natural systems water—sediment with 5.50% TOC; S 2: natural systems water—sediment with 6.75% TOC.

Figure 3 shows the variation in the distribution coefficients, log KD of TCC in the
studied natural aqueous systems depending on the concentrations of Na+, in aqueous
matrices at 5 and 25 ◦C.
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By increasing the concentration of Na+ in water, the increase in the sorption capacity
of the sediment, for both OC% concentrations of weathered sediment, will be moderately
influenced, until a 0.1 M aqueous concentration of Na+ is reached [29]. This was in ac-
cordance with previous results [30], where it was observed that natural organic matter,
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respectively OC%, increases the stability of sediment suspensions. Environmental concen-
trations are generally lower than 0.1 M; therefore, Na+ effect on the stability of sediment in
aqueous systems is reduced [31]. In natural waters where Na+ concentration was higher
than 180 mg/L, a stronger increase in TCC partition in the sediment was observed.

Figure 4 shows the variation in the distribution coefficients, log KD of TCC in the
studied natural aqueous systems depending on the concentrations of Ca2+, in aqueous
matrices at 5 and 25 ◦C.
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systems vs. different concentrations of Ca2+, in aqueous matrices at 5 and 25 ◦C, as follows: (▲) Ca2+,
25 ◦C; (•) Ca2+, 5 ◦C

The presence of Ca2+ ions substantially influence the TCC distribution in weathered
sediments at 25 ◦C, the aggregation beginning from the critical coagulation concentration
(CCC) in the presence of 4.80 mM Ca2+. It was observed that even at higher Na+ concen-
trations, the TCC distribution is mainly influenced by the presence of Ca2+ ions even at
significantly lower concentrations in comparison with those of Na+. In aqueous samples
with higher concentrations of Ca2+, the sorption capacity decreases on sediments with
higher concentrations of OC, probably due to a decrease in the solubility of TCC in the
aqueous solution.

The colloidal stability of the carbonic organic part (OC) of the sediment decreases by
increasing the valence and the concentrations of monovalent and divalent cations present in
the natural water systems. It was observed that the valence of cations and concentration have
an important effect on the stability of the sediment, therefore on its sorption capacity, too.

The sorption capacity of the sediment seems to be influenced by the concentrations of
major ions in the aqueous solution, based on the concentrations of Na+, Ca2+, Fe3+, and
HCO3

−. The differences in the partition of TCC in sediments in aqueous solutions with
different ratios of Na+ and Ca2+ might be comparable with the Schulze–Hardy rule [32],
but there are also differences based on the composition of the sediment, concerning the
concentration of organic carbon, OC%. In the aqueous samples with higher concentrations
of trivalent ions Fe3+, the sorption capacity is alike, because in the aqueous matrix, in the
presence of trivalent cations, the degree of aggregation of sediments increases. In the case
of a lower temperature, of 5 ◦C, the TCC distribution is lowered, and the influence of the
increased concentrations of Ca2+ is not so important [33].

TCC solubility was less influenced by the presence of monovalent cations in solution.
In the presence of divalent cations, the decrease in solubility is higher at the same ionic
strength of the aqueous solution. In natural systems containing weathered sediments
and dissolved inorganic salts, the solubility of TCC might vary due to intermolecular
interactions, beyond those of mono- and divalent cations in the aqueous phase.
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In aqueous matrices containing bivalent cations (Ca2+ and Mg2+) and trivalent ones
(Fe3+), even at low concentrations, the increase in organic carbon (OC%) in the sediment
will lead to a decrease in TCC concentration in the aqueous solution, with ratios depending
on its solubility influenced by the chemical composition of the aqueous matrix. It was
also observed that the variation in temperature diminishes its influence over the sorption
capacity of the sediments with higher OC concentrations. The obtained results suggest that
the colloidal stability of the sediment is reduced in the presence of higher concentrations
of divalent and trivalent cations, the value decreasing by increasing the valence and the
concentrations of the ions in the aqueous solution.

The modification of the pH of the natural water solutions does not strongly influence
the TCC distribution, because of the pKa of TCC of 12.7. No deprotonation takes place
below this value of pH. It is also possible that the organic part of the sediment (natural
organic matter mainly consisting of humic acids) will increase the electronegativity of the
surface at basic pH values, hindering the aggregation of the sediment, due to the steric
repulsions installed between the newly formed aggregates and positively influencing the
TCC access to the surface of the sediment.

5. Conclusions

The behavior of TCC in the studied natural systems water–sediment was influenced
by the temperature, the composition of the aqueous phase, and the composition of the sedi-
ment, especially by its organic part. It was observed that in cold seasons, the distribution
of TCC is reduced in comparison with warmer ones, this being achieved by working at
two seasonal temperatures, 5 and 25 ◦C. log KD at 25 ◦C varied between 1.94 and 3.27 for a
sediment with 5.50% OC and between 3.95 and 5.93% for a sediment with 6.75% OC, in the
studied aqueous systems, with different concentrations of OC in the sediment. Depending
only on the concentration of organic carbon in the sediment, the values of the distribution
coefficient of TCC vary, in the range of 1.94–5.93, independent of the season.

Our studies will continue on other completely characterized natural sediments, with
variable concentrations of OC in different aqueous matrices, because the influence of their
chemical compositions needs further studies. It might be possible for the increase in the
OC concentration in the sediment to decrease the effect of divalent and trivalent cations’
concentrations in natural waters, through binding the active centers with the long aliphatic
chains of the organic structures (humic or fulvic acids) from the sediments.
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