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Abstract: Crude oil and petroleum products contain various types of sulfur compounds: aliphatic and
aromatic mercaptans, hydrogen sulfide, sulfides, disulfides, thiophene derivatives, etc. Some of these
may dissolve in water only slightly, but their toxicity and corrosiveness indicate that even these small
amounts should be eliminated from water. This work examines, for the first time, the removal of
thiophenol (synonyms: benzenethiol, phenyl mercaptan) from water using sepiolite. This clay mineral
(evaluated by SEM analysis) is an attractive natural sorbent characterized by its microporosity, which
results from its crystalline structure and large specific surface area. Because the structure of thiophenol
changes depending on the pH of the aqueous solution (due to the loss of a proton), the research was
conducted at pH 4, 7 and 9. The detection of thiophenol in aqueous solution was investigated using
UV spectroscopy. It was found that the adsorption of thiophenol is possible, but it occurs only in an
acidic environment (pH 4). No sorption is observed at pH 7 or 9. The adsorption of thiophenol at
pH 4 does not change significantly after changing the ionic strength of the aqueous solution (distilled
water, 0.01 NaCl and 0.1 NaCl). The adsorption capacity of sepioliteis approximately 0.23–0.34 mg/g.
Studies using infrared spectroscopy and fitting of Freundlich and Langmuir isotherm models to
the results of adsorption experiments indicate that adsorption on unmodified sepiolite follows a
physisorption mechanism. Additionally, to understand the behavior of thiophenol in the presence of
sepiolite across different pH ranges, DFT/PCM/B3LYP/Aug-CC-pVDZ calculations were used to
analyze the charge distribution on particular atoms in its structure.

Keywords: thiophenol; clay minerals; sepiolite; removal from water; positive and negative adsorption;
UV spectroscopy

1. Introduction

Sulfur is the third most abundant element in crude oil: its content is usually in the
range of 1%–4% by weight, but higher levels, up to 14%, are known [1–3]. Most of the
sulfur is incorporated into the structures of various aliphatic, cycloaliphatic, aromatic, or
heterocyclic organic compounds, which, due to their different properties, occur in almost
all fractions during crude oil processing [1]. The presence of sulfur compounds in crude oil
is undesirable as it causes corrosion problems during petroleum processing and transport
(pipelines, pumping equipment and refinery installations) and also disruptions in the
operation of catalysts used in the refining process [4,5]. Sulfur has a negative impact on
the quality of petroleum products and may additionally cause environmental problems
(for example, by polluting the air with sulfur dioxide resulting from fuel combustion).
Therefore, the oil industry must work to provide the best desulfurization technologies
for crude oil and petroleum products [4,6–8]. On the other hand, the modern economy
needs supplies of isolated sulfur compound concentrates for the production of a range
of products that are necessary in other industries and people’s everyday lives, including
pharmaceuticals, pesticides, detergents, dyes, plastics, and various other products [9–12].

Thiophenol (Figure 1) belongs to the family of volatile organic compounds and is
introduced to the environment mainly through anthropogenic sources [13]. Thiophenol may
be a component of petroleum [1], but it is, for example, also a monomer of polyphenylene
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sulfide (PPS) [9]. PPS, as well as PPS mixtures and composites, are characterized by
interesting properties, such as high mechanical, thermal and acid resistance. Therefore,
they are widely used in various modern industries for the production of automotive and
aerospace components, electronic materials, durable chemical containers, materials for dust
filters and separation membranes, medical tools etc. [9–11].

Thiophenol is toxic to organisms; it can pollute water and due to its volatility, also the
air [14].
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Therefore, the search for reliable methods of detection and effective removal of thio-
phenol from the environment is very necessary. The latest research shows that it is possible
to detect thiophenols quickly, and with high accuracy, in water as well as in food, soil, and
plant samples [16–19]. In turn, there is a lack of studies showing methods of removal of
thiophenol from the aquatic environment.

Recently, various materials, processes and technological solutions have been used
to remove organic pollutants from water [20,21]. Adsorption technology is an extremely
useful method due to its efficiency, simplicity, low cost, low energy consumption and
environmental friendliness [22]. In turn, clay minerals are cheap, non-toxic green materials
that are easily available in nature and can be successfully used as an adsorbent in water
purification systems [23]. Moreover, clay minerals (mainly smectite, illite, chlorite and
kaolinite) are natural components of marine sediments [24]. In addition, clay minerals en-
able good development of bacteria that decompose hydrocarbons, which may be important
for the self-purification of seawater from petroleum hydrocarbons [25].

This work presents the possibility of adsorption of thiophenol on sepiolite, which
is a magnesium silicate with a layer-ribbon structure [26]. Its chemical formula is
Mg4Si6O15(OH)2·6H2O [27]. Sepiolite crystallizes in the orthorhombic system. The param-
eters of the unit cell determined for different samples of sepiolite are similar: a = 13.4 Å,
b = 26.8 Å, c = 5.28 Å [28]; a = 13.50 Å, b = 26.97 Å, c = 5.25 Å [29]; a = 13.405 Å, b = 27.016 Å,
c = 5.275 Å [30], and a = 13.395 Å, b = 27.016 Å, c = 5.277 Å [31]. Sepiolite may have a high
specific surface area (SSA) above 300 m2/g due to its small particle size and specific porous
crystal structure. According to Suarez and Garcia-Romero [32], who examined 22 samples
of natural sepiolites, the specific surface area (BET—Brunauer-Emmett-Teller) was from 77
to 399 m2/g. Nishimura et al. [33] and Shuali et al. [34] found that the BET surface area for
sepiolite ranges between 80 and 350 m2/g, and 230 and 320 m2/g, respectively.

According to literature data, sepiolite in its natural and modified forms is widely used
in sorption processes of various organic compounds [35–39]. It is known as a good adsor-
bent for removing various types of aromatic organic compounds found in the gaseous [40]
and liquid phases [41], or dissolved in water [35–39]. Sepiolite can bind gaseous organic
sulfur compounds, such as mercaptans or cyclic sulfides, including thiophene and thio-
phenol [40]. Sepiolite has been shown to be an effective adsorbent in the adsorption of
surface oil spills (edible and hydraulic oil) [41]. It can also be used in water purification
cartridges and as a bottom liner material in solid waste landfills for the retention of organic
and inorganic pollutants [42–44].

The available literature data shows that this work is the first to present research on the
removal of toxic thiophenol from water using sorption processes. Since the structure of
thiophenol is pH-dependent (Figure 1), the research was conducted in alkaline, acidic, and
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neutral environments. As a sorbent in this work, we used sepiolite, which belongs to the
family of clay minerals, which are considered cheap, chemically and mechanically stable,
and efficient porous sorbents for organic pollutants [41,45,46]. Sepiolite is characterized
by natural microporosity resulting from its crystalline structure and large specific surface,
which is very attractive in the design of sorbents.

2. Materials and Methods
2.1. Materials

Liquid thiophenol, declared purity 99%, was purchased from Aldrich (Sigma-Aldrich
Chemie GmbH, Schnelldorf, Germany) and used as obtained without further purification.
Sepiolite (Mg2H2Si3O9 • xH2O) (powder, ~13% Mg, ≤10% loss on drying, quality level
100, d = 2.0–2.3 g/cm3) was purchased form Sigma-Aldrich (Schnelldorf, Germany) and
used unmodified.

2.2. SEM Photographs

The sepiolite sample was investigated using an FEI QUANTA FEG 200 scanning
electron microscope (SEM) (Thermo Fisher Scientific, Waltham, MA, USA). This sample
was imaged under a low vacuum with no conductive coating applied.

2.3. UV Spectroscopy

The ultraviolet (UV) spectra were recorded using a UV–Vis spectrometer (Shimadzu
UV-1700) (Shimadzu Cooperation, Kyoto, Japan) in the range of 190–400 nm with an
accuracy of 1 nm. The instrument was connected to a computer and operated by the UV
Probe program. The measurements were performed for samples which were aqueous
solutions. The spectrometer used was a double-beam spectrometer; therefore, pure distilled
water was used as a reference sample.

UV spectra measurements for a solution of pure thiophenol in distilled water were
performed in the pH range 4–12; the pH was changed by adding 0.1 M NaOH solution
or 0.1 M HCl. Measurements of the content of thiophenol in aqueous solution in the
adsorption process were made after double centrifugation of the sepiolite.

2.4. IR Spectroscopy

Fourier transform infrared (FT-IR) spectra of the samples were recorded using an
Avatar 360 FT-IR spectrometer (Thermo Nicolet, Thermo Fisher Scientific, Waltham, MA,
USA). The KBr pellet method with transmission mode was used. The spectra were collected
at room temperature in the mid-infrared spectral range (3800–400 cm−1) with 256 scans at
a spectral resolution of 2 cm−1. Some of the infrared spectra in this work were additionally
measured using the attenuated total reflectance Fourier transform infrared (ATR-FTIR)
technique using a Bruker VERTEX 70v FT-IR spectrometer (Bruker, Ettlingen, Germany).
The spectra were recorded in the spectral range of 2000–400 cm−1, and 32 scans were
averaged at a resolution of 2 cm−1.

2.5. DFT Calculations of Atomic Charge

Atomic charge, defined as the distribution of charge within a molecule, is an important
property of a molecule. Atomic charge is related to the structure of a chemical compound
and implies the formation of interactions between other molecules in its surroundings,
as well as between its individual fragments (especially for large complex structures) [47].
Consequently, the distribution of atomic charge in a molecule is also responsible for its
chemical reactivity. Atomic charge is not a quantum mechanical observable [48]. Theoretical
methods using computational chemistry are one way of determining the atomic charge
of a molecule. In this work, values of atomic charges in molecules were calculated by
population analysis determined using Cioslowski’s APT (Atomic Polar Tensor), based on
the trace of the dipole moment derivatives [49]. APT gives reasonable quantitative results
and allows the interpretation of intramolecular chemical/physical effects occurring within
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and between molecules [50]. Calculations were conducted using the Gaussian’16 package
of programs [51]. Different forms of thiophenol as single molecules were studied at the
density functional theory (DFT) level using the B3LYP functional and the Aug-CC-pVDZ
basis set [52–54]. To best reflect the experimental conditions, the geometry optimization,
the IR spectrum and the charge distribution in the molecule were calculated using the
solvation model (PCM—Polarizable Continuum Model) implemented in Gaussian’16 [51].
The use of a computational solvation model allows for a better description of the behavior
of the molecules in an appropriate solution (in our case, aqueous). In the PCM method,
the solvent model is implemented in such a way that the solute occupies a cavity with a
solvent field characterized by its individual dielectric constant [48].

2.6. Experimental Studies of the Adsorption Process

Experiments examining the influence of the thiophenol contact time with the sepiolite
during the sorption process were carried out according to the scheme shown in Figure 2.
Because the form of thiophenol depended on the pH of the solution (dissociated and
undissociated, Figure 1), the process was carried out at pH regimes 4, 7 and 9. Each time,
100 mL of thiophenol solution (in distilled water) at a concentration of 5 mg/L and at an
appropriate pH, was added to vessel with 1 g of sepiolite. After adding the adsorbate
to the sepiolite, the sample was continuously stirred on a magnetic stirrer at a speed of
100 rpm. During this uninterrupted process, 1 mL samples were taken from the center of
the vessel at various time intervals. After double centrifugation of sepiolite, these samples
were investigated using UV spectroscopy. The process was conducted several times and
only a few samples were taken each time to avoid significant errors related to disturbing
the ratio of thiophenol to sepiolite in the solution. The pH of the solution was monitored
and, if necessary, corrected during the whole duration of the process, which was conducted
at room temperature.
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Figure 2. Scheme of an experiment examining the contact time in the sorption process.

The relationship between the amount of adsorbed substance and the concentration of
this substance in the solution at the moment of adsorption equilibrium was also studied.
Each time, 100 mL of thiophenol solution with a concentration of 5 mg/L and an appropriate
pH were added to vessel with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.5, 1.7, and 2.0 g
of sepiolite. Then, the tightly closed vessels were shaken on an orbital shaker (120 rpm) for
2 h, left for another 2 h, then UV spectra were taken to measure the thiophenol concentration
above the sediment of sepiolite.

At pH 4, the influence of the ionic strength of the thiophenol solution on the sorption
kinetics and sorption isotherm was also examined. In this case, thiophenol was also
dissolved in 0.01 M and 0.1 M NaCl solutions.



Minerals 2024, 14, 743 5 of 15

3. Results
3.1. Characteristics of Sepiolite

The morphology of sepiolite used for sorption studies was examined by SEM analysis.
In Figure 3, fiber-shaped sepiolite crystals can be clearly observed, packed very loosely
into the light porous material. The fibrous morphology of sepiolite results from the regular
molecular organization of the crystals of this clay mineral [55]. The sepiolite was also
characterized by IR spectroscopy (see Section 3.6).
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3.2. Detection of Thiophenol in Aqueous Solution by UV Spectroscopy

UV spectroscopy is a known method for detection of chemical compounds containing
the SH moiety, especially in refinery waste water [56,57]. In the UV spectra of inorganic
sulfide, for a pH higher than 7, a band with a maximum at 231 nm is observed [56]. In
alkaline solution, the predominant form of inorganic sulfides is the HS− anion, and light
from the UV region promotes the excitation of the unshared electrons, n, of the sulfur
atom (n → π*). The UV spectra of aliphatic mercapthans (R-SH) like ethanethiol and
propanethiol are also pH dependent. In acidic media, where the undissociated form of
thiol predominates, no absorption bands are observed. In turn, in alkaline media these
compounds in thiolate forms show absorption at a maximum of 238 nm. The UV spectra
of thiophenols exhibit a greater number of spectral bands. A benzene ring of thiophenol
is an element of the structure which affects the stabilization of the negative charge with
π electrons of the aromatic ring. Figure 4 shows UV spectra of thiophenol at different pH
values in the 190–350 nm range. These spectra are similar to those previously presented by
Roig et al. [57]. In alkaline media, the thiolate ion shows absorption at 202 and 263 nm. In
acidic media, the UV spectrum of thiophenol reveals bands at 202 and 236 nm. Figure 4
shows that the two absorption bands, at maximums of 236 and 263 nm, are clearly associated
with the undissociated and dissociated forms of thiophenol, respectively. It can also be
observed that the pKa value (pKa = 6.62, Figure 1) is certainly in the range of pH 6–7,
because in this range one of the bands disappears and the other appears.

In order to correctly determine the exact concentration of thiophenol in a solution,
apart from determining the appropriate pH, the stability of the solutions is also important.
Roig et al. [57] point out that a 40 mg/L solution of ethanethiol at pH 11 maintains a given
concentration for approximately 15 min. In the presence of dissolved oxygen, especially
at high pH values, oxidation of the compound occurs. Moreover, thiophenol is a volatile
substance and any activities related to sampling the solution may affect the final concentra-
tion. Figure 5 shows the evolution of the absorbance of the thiophenol solutions (5 mg/L)
with time.



Minerals 2024, 14, 743 6 of 15Minerals 2024, 14, 743 6 of 15 
 

 

 
Figure 4. Evolution of UV spectra for an aqueous solution of thiophenol (5 mg/L) with pH. 

 
Figure 5. Evolution of absorbance of the thiophenol solutions with time (in hours): (A) concentration 
5 mg/L, pH 3.5 (thiol); (B) concentration 5 mg/L, pH 9.0 (thiolate). 

The 5 mg/L solutions of thiophenol are stable for 2 h, and the concentration is very 
close to 100%. After 5 h, 98.5%–99.0% of the initial concentration remains. Therefore, ab-
sorbance measurements of the solution used to prepare the calibration curve were per-
formed immediately after their preparation and all sorption tests were performed using 
freshly prepared solutions. To determine the concentration of thiophenol in a solution, 
two different calibration curves for two different pH values (pH 4 and pH 9) were created 
by measuring the absorbance (at 236 and 263 nm, respectively) of the standard solutions 
(1.0, 2.0, 3.0, 4.0, 5.0 mg/L). A good correlation was obtained between the concentration of 
thiophenol in distilled water and the absorbance at both 236 nm (thiophenol, pH 4) and 
263 nm (thiophenol in the form of thiophenolate, pH 9). The linear regression parameter 
was R2 = 0.9894 and 0.9970 for absorption at 236 and 263 nm, respectively. The linear re-
gression fitting data indicate that UV spectroscopy is well suited to measuring thiophenol 
concentrations in aqueous solutions. 

3.3. The Influence of pH, Ionic Strength and Contact Time on the Adsorption Process of Thiophe-
nol on Sepiolite  

As previously shown, thiophenol in a water solution can occur in neutral and anionic 
forms (Figure 1). The surface of clay minerals is negative; in addition, increasing the pH 

Figure 4. Evolution of UV spectra for an aqueous solution of thiophenol (5 mg/L) with pH.

Minerals 2024, 14, 743 6 of 15 
 

 

 
Figure 4. Evolution of UV spectra for an aqueous solution of thiophenol (5 mg/L) with pH. 

 
Figure 5. Evolution of absorbance of the thiophenol solutions with time (in hours): (A) concentration 
5 mg/L, pH 3.5 (thiol); (B) concentration 5 mg/L, pH 9.0 (thiolate). 

The 5 mg/L solutions of thiophenol are stable for 2 h, and the concentration is very 
close to 100%. After 5 h, 98.5%–99.0% of the initial concentration remains. Therefore, ab-
sorbance measurements of the solution used to prepare the calibration curve were per-
formed immediately after their preparation and all sorption tests were performed using 
freshly prepared solutions. To determine the concentration of thiophenol in a solution, 
two different calibration curves for two different pH values (pH 4 and pH 9) were created 
by measuring the absorbance (at 236 and 263 nm, respectively) of the standard solutions 
(1.0, 2.0, 3.0, 4.0, 5.0 mg/L). A good correlation was obtained between the concentration of 
thiophenol in distilled water and the absorbance at both 236 nm (thiophenol, pH 4) and 
263 nm (thiophenol in the form of thiophenolate, pH 9). The linear regression parameter 
was R2 = 0.9894 and 0.9970 for absorption at 236 and 263 nm, respectively. The linear re-
gression fitting data indicate that UV spectroscopy is well suited to measuring thiophenol 
concentrations in aqueous solutions. 

3.3. The Influence of pH, Ionic Strength and Contact Time on the Adsorption Process of Thiophe-
nol on Sepiolite  

As previously shown, thiophenol in a water solution can occur in neutral and anionic 
forms (Figure 1). The surface of clay minerals is negative; in addition, increasing the pH 

Figure 5. Evolution of absorbance of the thiophenol solutions with time (in hours): (A) concentration
5 mg/L, pH 3.5 (thiol); (B) concentration 5 mg/L, pH 9.0 (thiolate).

The 5 mg/L solutions of thiophenol are stable for 2 h, and the concentration is very
close to 100%. After 5 h, 98.5%–99.0% of the initial concentration remains. Therefore,
absorbance measurements of the solution used to prepare the calibration curve were
performed immediately after their preparation and all sorption tests were performed using
freshly prepared solutions. To determine the concentration of thiophenol in a solution,
two different calibration curves for two different pH values (pH 4 and pH 9) were created
by measuring the absorbance (at 236 and 263 nm, respectively) of the standard solutions
(1.0, 2.0, 3.0, 4.0, 5.0 mg/L). A good correlation was obtained between the concentration of
thiophenol in distilled water and the absorbance at both 236 nm (thiophenol, pH 4) and
263 nm (thiophenol in the form of thiophenolate, pH 9). The linear regression parameter
was R2 = 0.9894 and 0.9970 for absorption at 236 and 263 nm, respectively. The linear
regression fitting data indicate that UV spectroscopy is well suited to measuring thiophenol
concentrations in aqueous solutions.

3.3. The Influence of pH, Ionic Strength and Contact Time on the Adsorption Process of Thiophenol
on Sepiolite

As previously shown, thiophenol in a water solution can occur in neutral and anionic
forms (Figure 1). The surface of clay minerals is negative; in addition, increasing the
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pH of the solution increases this negative charge [58]. For this reason, the adsorption of
anions on clay minerals is generally weak due to repulsion from their negatively charged
surface [59,60]. However, according to literature data, it is possible for some anions to
form strong covalent bonds with the edge sites of clay minerals [61]. Therefore, in order
to investigate the sorption processes of various forms of thiophenol, the influence of the
contact time of the adsorbate with sepiolite at pH 4, 7 and 9 was investigated.

The saturation of the whole adsorbent mass with the adsorbate depends on the
diffusion rate of the molecules adsorbing on it. The achieved state of adsorption equilib-
rium is expressed by changing the amount of the adsorbed substance over time. Figure 6
shows the effect of contact time with sepiolite on the removal of thiophenol from an
aqueous solution with different ionic strengths at pH 4. As shown in Figure 6, the contact
time of thiophenol with the clay mineral has a significant impact on the effectiveness of
the adsorption process. The ionic strength of the solution has little effect on the sorption
kinetics. The greatest differences are observed for a solution with an ionic strength
of 0.01. In this case, the sorption process is fastest, most likely due to changes in the
electrokinetic properties of the sepiolite. According to Alkan et al. [62], changes in the
zeta potential of sepiolite under the influence of NaCl are not significant. However, the
presence of monovalent cations in the sepiolite solution usually causes the zeta potential
value of the sepiolite to decrease (its surface becomes more negatively charged); then,
as the electrolyte concentration increases (above 0.01 M), the value of the zeta potential
begins to increase [62].
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As shown in Figure 6, the equilibrium establishment time of the thiophenol adsorption
process is relatively long and amounts to 100 min for all solutions. Further contact time did
not affect the effectiveness of this process. The adsorption efficiency is relatively low and
amounts to approximately 0.23 mg/g for a solution with distilled water (46% of thiophenol
removal from 5 mg/L solution was observed). Literature data indicate relatively similar
times for establishing sorption equilibrium on sepiolite for dyes from industrial wastewater.
The adsorption equilibrium for acid red 57 [63,64] and acid yellow 49 [65] was established
within 1 h. Experimental data (Figure 6) indicate that the efficiency of the thiophenol
adsorption process is greater for solutions with increased ionic strength: for electrolyte
concentrations of 0.01 M and 0.1 M, it is approximately 0.34 and 0.32 mg/g, respectively.

On the other hand, the experimental tests of the sorption process at pH 7 and pH 9 were
not successful. During contact of thiophenol with sepiolite for 3 h, no decrease in thiophenol
concentration was observed. On the contrary, an increase in thiophenol concentration
when in contact with the sepiolite was observed, which indicates the occurrence of a
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negative adsorption process. This interesting phenomenon has already been observed, for
example, in the case of experiments for aldicarb (2-methyl-2-(methylthio) propionaldehyde
O-(methyl-carbamoyl) oxime) on illite and kaolinite clays [66,67].

3.4. The APT Atomic Charges

A thiophenol molecule in alkali/neutral solution has a net electric charge due to its
acid–base equilibrium. The charges on individual atoms for three structures, i.e., undis-
sociated thiophenol, the thiophenolate ion and the thiophenolate ion, in the presence of
Na+ ion (Figure 7), calculated by the DFT/B3LYP/Aug-CC-pVDZ method using the PCM
solvation model, are listed in Table 1.
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Table 1. Comparison of APT atomic charges (DFT/PCM/B3LYP/Aug-CC-pVDZ) for different forms
of thiophenol (atom numbering in Figure 7) in an aqueous environment.

Atom Number
APT Atomic Charges

Thiophenol Thiophenolate Sodium Thiophenolate

C1 0.4184 0.5967 0.5844

C2 −0.2027 −0.2761 −0.2684

C3 0.0394 0.1171 0.1087

C4 −0.1388 −0.2831 −0.2598

C5 0.0456 0.1165 0.1032

C6 −0.1906 −0.2753 −0.2654

H(C2) 0.0523 0.0335 0.0376

H(C3) 0.0381 0.0119 0.0154

H(C4) 0.0451 0.02616 0.0287

H(C5) 0.0395 0.0119 0.0149

H(C6) 0.0596 0.0335 0.0265

S −0.2560 −1.1129 −1.1188

H(S)/Na 0.0501/— —/— —/0.9930

According to the data in Table 1, a negative charge appears for all three structures only
on the sulfur atom and carbon atoms of the benzene ring in the ortho- and para-positions
in relation to the thiol group. Nevertheless, the negative charge of the sulfur atom increases
dramatically as the pH increases and the hydrogen atom dissociates. The partial charge
on the sulfur atom decreases significantly (from −0.2560 to −1.1129). Additionally, the
presence of a sodium atom around the thiolate ion further strengthens this negative charge
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(−1.1188, Table 1). Moreover, as the pH increases, the positive charge on all hydrogen
atoms of the benzene ring decreases significantly.

Therefore, the results of the analysis of the charge distribution on pH-dependent
structures of thiophenol and the fact that the charge on the sepiolite surface is also pH-
dependent is consistent with the obtained experimental results. Sepiolite has an isoelectric
point at approximately pH 7.1, and at pH 9 the zeta potential value is ca. −20 mV [63,68].
With a decrease in pH, the negative charge of the sepiolite/solution changes and becomes
positive (at pH 9, the zeta potential value is ca. −20 mV). In an acidic environment, sorption
of thiophenol is possible because thiophenol occurs as a neutral molecule (a small negative
charge on the sulfur atom and carbon atoms of the aromatic ring), and the electrokinetic
potential at the sepiolite surface is positive. In neutral and alkaline aqueous environments
(pH ≥ 7), thiophenolate anions are probably electrostatically pushed from the surface of
sepiolite, which has a negative zeta potential in these conditions.

3.5. Adsorption Isotherms

In the literature, due to the multitude of possible sorption mechanisms, various
isotherms are used to describe the adsorption process. Adsorption isotherms show the
dependence of the amount of adsorbed substance on the concentration of the adsorbate
at a given temperature. In this work, the adsorption equilibrium results were fitted to the
two most important isotherms: Langmuir and Freundlich [69,70]. The parameters of the
isotherm equations were determined using the nonlinear least-squares method using the
Levenberg–Marquardt algorithm (minerr function in Mathcad). The results of this fitting
are presented in Figure 8 and Table 2.
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Table 2. The results of fitting the isotherm model (Langmuir and Freundlich) to experimental data
for thiophenol adsorption on sepiolite at pH 4.

Solvent Isotherm
Model

Nonlinear
Equation

Constants Quality of Fitting

KL/KF QL/(1/n) chi2 RMSE

Distilled water

Langmuir qe = QL·KL·Ce
1+KL·Ce

Plot qe versus Ce

0.741 0.512 0.065 0.032

0.01 M NaCl 2.855 0.343 0.077 0.040

0.1 M NaCl 2.802 0.326 0.038 0.029

Distilled water

Freundlich
qe = KF·C1/n

e
Plot qe versus Ce

0.242 0.316 0.021 0.022

0.01 M NaCl 0.248 0.192 0.069 0.038

0.1 M NaCl 0.243 0.153 0.020 0.023

qe—equilibrium sorption capacity; KL—Langmuir constant [L/g]; Ce—equilibrium concentration of sorbate
in solution; QL—maximum sorption capacity; KF—Freundlich constant; 1/n is the heterogeneity factor;
chi2—Pearson’s Chi-squared test; RMSE—root mean squared error.

The fit of these models is not good, which may indicate a complicated adsorption
mechanism. A better approximation for all experimental tests (solutions with different
ionic strength) is the Freundlich isotherm model, which indicates the preferred process
of physical adsorption of thiophenol on the surface of the tested clay mineral. Values of
the 1/n parameter (1/n < 1) (Table 2) estimated from the Freundlich isotherm equation
confirmed that the process of binding thiophenol by sepiolite is physical and this clay
mineral has good sorption capacities (2 < n < 10) [71]. The KF parameter values are similar
for all three isotherms (0.248–0.242 mg/g), which indicates that the addition of NaCl
electrolyte does not significantly affect the sorption properties of sepiolite. The values of
the QL parameter (maximum sorption capacity, Table 2) determined from the Langmuir
equation are greater than (or equal to) the experimental values from kinetic experiments
(Figure 6). This may indicate monolayer sorption or a situation in which the monolayer is
not completely filled with adsorbate, as is the case with the sorption of thiophenol from a
solution prepared from distilled water.

3.6. Infrared Spectroscopy

In Figure 9, the FT-IR spectra of the thiophenol and sepiolite (powder) used as sorbent
in this work are shown. The spectrum of sepiolite is identical to the infrared spectrum of this
clay mineral from the spectral database (U.S. Geological Survey Minerals Database) and is
also consistent with the spectra of sepiolite presented in the literature [72,73]. Additionally,
Figure 9 also shows the FT-IR spectrum of the sample of sepiolite after the thiophenol
adsorption process at pH 4 (sepiolite + saturated thiophenol solution). The solubility of
thiophenol in water is 836 mg/L (25 ◦C) [74].

Bands originating from the stretching of the –OH groups of sepiolite are observed in
the spectral range of 3800–2000 cm−1 (Figure 9A). Bands at 3687, 3620, and 3558 cm−1 are
assigned to vibrations of the –OH groups connected to the magnesium atom, while bands at
3430 and 3260 cm−1 are due to zeolitic water in this clay mineral [72]. In this spectral region,
the spectra of sepiolite and sepiolite with adsorbed thiophenol do not actually differ. This
indicates a lack of binding of thiophenol to charged sites on the sepiolite surface (surface
associated with magnesium atoms). In the second range of the spectrum in the infrared
range, i.e., 2000–400 cm−1 (Figure 9B), small changes are noticeable. They concern bands
associated with stretching and deformation vibrations of Si-O groups, which indicates
the interaction of thiophenol with the neutral part of the sepiolite surface. As is seen in
Figure 9, a decrease in the intensity of the band at 1078 cm−1 is observed. The ratio of the
intensity of the bands at 1023 and 979 cm−1 is changed. Additionally, the band at 474 cm−1,
which is assigned to the deformation of Si-O-Si groups is shifted slightly to 470 cm−1. As
can be seen in Figure 9, thiophenol is present after the sorption process on sepiolite. This
is evidenced by the presence in the spectrum of three bands at 1480, 1442 and 734 cm−1,
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which are the most intense bands in the spectrum of thiophenol [75]. On closer inspection,
it can be seen that an additional band is observed at 741 cm−1. These bands are associated
with out-of-plane C-H deformations and vibrations of the benzene ring. The appearance
of this additional band at 741 cm−1 is most likely the result of the physical adsorption
of thiophenol on sepiolite. The benzene ring of some thiophenol molecules (which were
adsorbed on the mineral surface) interacts with the sepiolite surface and causes a change
in the frequency of these vibrations. On the other hand, the bands at 1480 and 1442 cm−1,
which are associated with the -CH bending of the benzene ring of thiophenol, are slightly
shifted towards lower wavenumbers.
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The sorption process of thiophenol on sepiolite using the ATR-FTIR technique was
also investigated. This method allows for in situ testing of samples that are aqueous
solutions or contain large amounts of water. Figure 10 shows the ATR spectra of sepiolite
after 3 h of contact with a saturated thiophenol solution at pH 4, 7 and 9 (after the contact
time, the sepiolite was separated from the thiophenol-saturated solution by centrifugation).
The result of this study confirms previous observations. As can be seen in Figure 10,
thiophenol is adsorbed on the sepiolite surface only in an acidic environment (pH 4). This
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is evidenced by the presence in the spectrum of bands originating from thiophenol at 1478
and 1440 cm−1. These bands are not visible in the spectra of the remaining samples (at
pH 7 and 9).
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4. Conclusions

Sepiolite is a clay mineral that can be used in water purification systems and as a
bottom liner material in solid waste landfills for the retention of organic and inorganic
pollutants. In this work, sepiolite was used, for the first time, for removal of toxic thiophenol
from water solution. As these are preliminary studies on the use of clay minerals to remove
thiophenol, unmodified sepiolite was used in the tests. This did not require processes to
modify the mineral surface by conducting reactions requiring the use of additional reagents.
Therefore, these studies provide knowledge about sorption processes on natural sepiolite
that may occur in the environment. Surface modification of a clay mineral can increase its
sorption capacity, which is certainly desirable for industrial use.

Experimental data show that the pH of an aqueous solution is crucial for the adsorption
process of thiophenol on sepiolite. Adsorption of thiophenol on sepiolite occurs in an acidic
medium (pH 4). The efficiency of this process is low: for the given experimental conditions,
it is approximately 0.23–0.34 mg/g (depending on the ionic strength of the solution). At pH
4, the zeta potential of sepiolite is positive, and physical adsorption of neutral thiophenol
molecules occurs. This is indicated by a better fit of the Freundlich isotherm than the
Langmuir isotherm to the experimental results. Infrared spectroscopy studies show that
thiophenol does not interact strongly with the sepiolite surface. The infrared spectra for
sepiolite after the thiophenol adsorption process differ slightly from the spectrum of pure
sepiolite. Only slight differences in the position and intensity of the bands associated with
the vibrations of Si-O bonds are observed, which indicates the interaction of thiophenol
with the neutral part of the sepiolite surface.

At pH 7 and 9, adsorption of thiophenol on unmodified sepiolite was not observed.
Experiments under these conditions have shown that the concentration of sorbate increases
with time in an aqueous solution containing sepiolite, which indicates the occurrence
of a phenomenon known as the negative adsorption process. At a higher pH (7 and
9), not only thiophenolate anions (pKa = 6.62) are formed, but also the zeta potential
of sepiolite changes to negative (the isoelectric point of sepiolite is 7.1). No sorption is
observed under these conditions. On the contrary, thiophenolate anions are repelled from
the sepiolite surface (negative zeta potential) and their concentration in the solution above
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the adsorbent surface increases. These observations are consistent with computational
data (DFT/PCM/B3LYP/Aug-CC-pVDZ). Calculations of the distribution of charge within
a molecule indicate that during the process of thiophenol dissociation (and formation
of the thiophenolate anion) a decrease in positive charge is observed throughout the
whole molecule. Under such conditions, not only does the thiophenolate anion have a
large negative charge on the deprotonated sulfur atom, but also the positive charge on
all hydrogen atoms of the benzene ring decreases significantly compared to the neutral
thiophenol molecule.
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