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Abstract: The presence of organic pollutants in wastewater remains a prominent environmental concern
due to the related ecological and health hazards. In response, this study employs an adsorptive
methodology to address the removal of phenol and catechol, utilizing an organo-bentonite material
modified with a pH-responsive switchable surfactant, dodecyldimethylamine oxide (C12DAO). The
synthesized organo-bentonite (C12DAO-Bt) manifests commendable thermostability resulting from
thermogravimetric analyses. The adsorption capacities of C12DAO-Bt concerning phenol and catechol
intensify with the augmentation of the C12DAO/bentonite mass ratio. The utmost adsorption capacities
of 150C12DAO-Bt, deduced through a pseudo-second-order kinetic model, stand at 5.72 mg·g−1 for
phenol and 5.55 mg·g−1 for catechol, respectively. Subject to modification by a pH-responsive surfactant,
conditions leaning towards weakly acidic and neutral conditions (pH = 6~7) are conducive to the
adsorption of phenolic compounds. Conversely, alkaline conditions (pH = 8~9) facilitate the dissociation
of adsorbates from adsorbents. The augmentation of cationic strength within the examined scope incites
the adsorption procedure while impeding the desorption efficacy. In the case of cationic species with
comparable ionic strengths, Na+ exhibited a superior effect on the adsorption–desorption dynamics of
phenol, while Ca2+ exerts a more pronounced effect on those of catechol. Moreover, even following
five consecutive acid–base regulation cycles, C12DAO-Bt retains a relatively high adsorption capacity
and desorption efficacy, which underscores its exceptional regenerative capacity for removing phenolic
compounds from wastewater.

Keywords: pH-responsive surfactants; organic bentonite; reversible adsorption; phenolic pollutants;
wastewater

1. Introduction

The discharge of organic wastewater from industrial activities has presented signifi-
cant environmental challenges. Phenol, catechol, and their derivatives, known as phenolic
compounds or phenols, are hydrocarbon-based pollutants with one or more hydroxyl
groups (–OH) attached to an aromatic ring [1]. These compounds are moderately soluble
in water [1] and commonly found in the wastewater of various industries, such as oil and
gas, paint manufacturing, phenolic resin production, pulp and paper factories, and phar-
maceutical industries [2,3]. Renowned for their elevated toxicity towards humans, animals,
and aquatic ecosystems [4,5], phenolic compounds, particularly in the presence of chlorine,
exhibit a propensity for forming carcinogenic chlorophenols. Due to their hazardous na-
ture, regulatory bodies like the United States Environmental Protection Agency (USEPA)
have classified numerous phenols, including phenol and catechol, as priority waterborne
pollutants [6]. The USEPA has stipulated a maximum allowable phenol concentration of

Separations 2023, 10, 523. https://doi.org/10.3390/separations10100523 https://www.mdpi.com/journal/separations

https://doi.org/10.3390/separations10100523
https://doi.org/10.3390/separations10100523
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://doi.org/10.3390/separations10100523
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations10100523?type=check_update&version=1


Separations 2023, 10, 523 2 of 18

0.006 mg·L−1 for a ten-day exposure and 0.002 mg·L−1 for lifetime exposure [7]. In addition
to its similar toxic properties to phenol, catechol has been recognized to induce genotoxic
effects, leading to mutations, DNA breakage, and chromosomal aberrations [8]. Herein, it
is of utmost importance to remove these phenolic compounds from wastewater prior to
their dissemination into aquatic ecosystems and soil matrices.

To counteract the ecological and health hazards of phenols, a range of technologies
encompassing adsorption [9], extraction [10], chemical oxidation [3], distillation and evap-
oration [11], membrane separation [12], and biodegradation [5] have been developed for
treating phenol-contaminated wastewater [7]. Among these, adsorption—which utilizes
solid adsorbents such as activated carbon and ion exchange resins renowned for their re-
markable adsorption capacities for phenols—has gained wide prominence [9,13]. However,
their relatively high costs have limited extensive adoption. As a result, research endeavors
have concentrated on the development of economical adsorbents like clay minerals, which
possess substantial surface area and robust chemical stability [14]. Bentonite, among vari-
ous clay minerals, emerges as a naturally abundant material endowed with the potential
for enhanced adsorption capacity through the insertion of organic moieties into its inter-
laminar spaces [15–17]. Nevertheless, the inherent hydrophilicity of raw bentonite restricts
its efficacy in adsorbing organic pollutants, including phenols [18]. To surmount this limita-
tion, surfactant modification has arisen as a promising strategy to enhance the adsorption
efficiency of bentonite by modifying its surface chemistry and ameliorating its porous
structure [9,18,19]. By introducing organic compounds, the resultant organo-bentonite
exhibits enhanced pollutant removal capacities in aquatic environments [18,20,21].

A significant challenge that arises subsequent to the adsorption of organic pollutants
using organic bentonite is the intricate liberation of adsorbed adsorbates due to the estab-
lishment of a thermodynamically stable hydrophobic organic phase within the material.
Present treatment methods, including landfilling and desorption regeneration, encounter
limitations. Landfilling is inherently impermanent and could potentially contribute to sec-
ondary pollution, while regeneration methods such as high-temperature heating, chemical
oxidation, and biological approaches suffer from drawbacks like structural deterioration,
high expenses, and protracted regeneration periods. In response, research efforts have been
directed towards the development of environmentally responsive surfactants capable of al-
tering micelle morphology and hydrophilicity–hydrophobicity equilibrium within a system
through external stimuli such as electricity, light, heat, or acid [22,23]. Such surfactants have
demonstrated reversible solubilization effects on hydrophobic organic pollutants. Building
upon these findings, our prior study has successfully synthesized a novel electrochemically
triggered, reversible organo-bentonite with switchable attributes based on ferrocene [24].
This unique surfactant exhibited excellent electrochemical reversibility and showcased an
effective adsorption capacity for phenol.

Notably, the organic synthesis procedure of the electrochemical switch surfactant
poses challenges in meeting the mass production demands of engineering applications.
Conversely, the acquisition of pH-responsive surfactants is more straightforward and well
established. pH-responsive surfactants can govern the morphological transformations of
micelles by regulating the system’s pH. An illustrative instance is the amphoteric surfactant
of N, N-dimethyldodecylamine-N-oxide(C12H25N(CH3)2O, C12DAO), which undergoes
significant changes in self-assembly below its isoelectric point. Through pH adjustment,
facile manipulation of micelle structure becomes feasible, enabling control over volume and
hydrophilic–hydrophobic properties [25,26]. Nonetheless, the adsorption and regeneration
abilities of pH-responsive surfactants in facilitating the reversible adsorption–desorption
of organic pollutants remain unreported.

Leveraging this insight, we employed pH-responsive C12DAO as a modifier to prepare
an acid–base-regulated, switchable organic bentonite (C12DAO-Bt) tailored for the removal
of phenol and catechol from aqueous solution. We extensively investigated the effects of
diverse conditions, including the C12DAO/bentonite mass ratio, contact time, solution
pH, ionic strength, and ionic species, on phenol and catechol adsorption, along with the
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associated adsorption kinetics. Furthermore, we scrutinized the desorption efficacy and
governing laws of C12DAO-Bt under various experimental conditions. Additionally, the
regenerative potential of C12DAO-Bt was evaluated through a sequence of five consecutive
acid–base-regulated cycles.

2. Materials and Methods
2.1. Chemicals

The Na-bentonite (purity 99%) utilized in this investigation was purchased from
Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China) boasting a cation exchange
capacity (CEC) of 69 cmol·kg−1. The C12DAO (purity 30%) was procured from Shanghai
Yien Chemical Technology Co., Ltd., Shanghai, China. Phenol (C6H5OH), sodium chloride
(NaCl), potassium chloride (KCl), calcium chloride (CaCl2), hydrochloric acid (HCl), and
sodium hydroxide (NaOH) were all acquired from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd., Shanghai, China. With the exception of Na-bentonite and C12DAO, all other
reagents were of analytical grade. Throughout the entirety of the experimental procedure,
deionized water obtained using an ultrapure water machine (18.25 MΩ·cm, Nanjing Okai
Environmental Technology Co., Ltd., Nanjing, China) was employed.

2.2. Reversibility of C12DAO

C12DAO stands as an exemplar of a pH-responsive surfactant, characterized by an
extended hydrophobic tail juxtaposed with a small hydrophilic head group [27,28]. It
incorporates a N-O bond, a pair of methyl groups (-CH3), and the methylene groups (-
CH2) directly linked to nitrogen (-N-), contributing to the partial delocalization of positive
charge [28]. Within an aqueous environment, the propensity for hydrophobic interactions
drives the self-assembly of C12DAO, culminating in the creation of cohesive micellar ag-
gregates [27,28] with diverse morphologies, such as spheres, rods, discs, and vesicles [29].
These micellar entities play a pivotal role in dictating the rheological attributes of the
resultant micellar solutions. Notably, solutions housing spherical micelles typically exhibit
low viscosity, whereas those comprising cylindrical or worm-like micelles resemble poly-
mer solutions, showcasing significant viscoelasticity [30,31]. The exceptional capability of
worm-like micelles to enhance viscosity under flow conditions renders them compelling
substitutes for conventional polymer-based fluids [31]. Thus, the measurement of rele-
vant viscosity offers a macroscopic perspective for elucidating the reversible viscosity of
C12DAO. Furthermore, an investigation into surfactant micellar aggregates and their stabil-
ity characterization can be conducted through Zeta potential detection, affording insights
into transformative structural alterations [32]. To affirm the feasibility of effecting reversible
modulation of C12DAO via straightforward pH manipulation, a C12DAO solution was
prepared with a concentration of 64 mmol·L−1. The solution’s pH was systematically
adjusted across the range of 2 to 10. Zeta potential measurements were executed employing
a Zetasizer nano series Nano ZS 90 instrument (Malvern Panalytical Ltd., Malvern, UK).
Furthermore, adhering to the stipulations outlined in GB/T 266-1988, viscosity measure-
ments were undertaken at solution pH values of 9.5 and 6.4, with each process repeated
thrice for every pH condition.

2.3. Synthesis of C12DMAO-Bt

The Na-bentonite underwent a drying process at 50 ◦C for 3 h subsequent to being
sifted through a 200-mesh sieve. Precisely 20 g of Na-bentonite was weighed and introduced
into 100 mL of deionized water. Subsequently, a specific quantity of C12DAO was added,
and the amalgam was subjected to continuous agitation at 25 ◦C for 3 h. The resultant
sample underwent suction filtration, followed by thorough washing with deionized water.
This washing process was iterated 3~4 times until the absence of foam became evident.
The modified bentonite (C12DAO-Bt) acquired after the suction filtration and washing
phases was dried for a span of 12 h within an electrothermal blast drying oven (101
type, Beijing Yongguangming Medical Instrument Co., Ltd., Beijing, China) maintained
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at 40 ◦C. In this particular investigation, the synthesis of C12DAO-Bt involved a varied
range of C12DAO/bentonite mass ratios, spanning 60% to 150%. The percentage values
corresponded to the mass of C12DAO added in relation to the cation exchange capacity
(CEC) of the bentonite. The resulting bentonite specimens were designated as, for example,
60C12DAO-Bt and 150C12DAO-Bt. The calculation Formula (1) was utilized to ascertain
the dosage of surfactant:

W = m × CEC × M × a/b (1)

where W denotes the surfactant mass, g; m represents the bentonite mass, g; CEC signifies
the CEC content in bentonite, cmol·kg−1; M corresponds to the molar mass of the surfactant,
g·mol−1; a signifies the modification ratio in percentage, %; b is the content of surfactant.

2.4. Structure Characterization of Raw-Bt and C12DAO-Bt

The morphological attributes of raw and C12DAO-modified adsorbents were com-
prehensively investigated using the Nova Nano SEM 450 scanning electron microscope
(SEM). Drawing on previous research [33,34], the interlayer spacing of adsorbents was
ascertained through X-ray diffraction (XRD) analysis conducted on a Rigaku Japan Ultima
IV instrument. Employing a copper target and a wavelength (λ) of 0.15406 nm, the XRD
analysis embraced a scanning speed of 2◦·min−1 for comprehensive analysis. This XRD
analysis facilitated the determination of the d001 value of adsorbents, thereby enabling
an evaluation of alterations in interlayer dimensions within the organic montmorillonite
framework across varying acid–base regulation proportions and distinct concentrations
of surface-active agents [35]. An in-depth scrutiny of plausible variations in chemical
structure was conducted via Fourier transform infrared spectroscopy (FTIR) to capture
the infrared spectrum of adsorbents. Employing the powder conventional pressing mode,
the FTIR analysis spanned a spectral range from 4000 cm−1 to 500 cm−1. To gain insights
into the thermal stability and composition of adsorbents, a meticulous thermogravimetric
analysis (TGA) was executed using a PYRIS diamond instrument in a nitrogen environment
with a heating rate of 10 ◦C·min−1. With this context, TGA furnishes vital insights into
the behavior of C12DAO-Bt across diverse temperature gradients, thus offering valuable
discernment [36].

2.5. Adsorption–Desorption of Phenols onto C12DAO-Bt

Throughout this study, the experimental procedures were conducted at a controlled
temperature of 25 ◦C ± 2 ◦C, and a constant agitation speed of 150 rpm was maintained
over a duration of 4 h. In each experimental iteration, a solution volume of 20 mL containing
phenol and catechol was employed alongside 2 g of the adsorbents under diverse factorial
conditions, including C12DAO/bentonite mass ratios, contact time, solution pH, ionic
strength, and ionic species. Upon attaining adsorption equilibrium, a centrifugation step
was carried out for 10 min using a high-speed cryogenic centrifuge operating at 3000 rpm.
Subsequently, the supernatant was subjected to filtration through a membrane with a pore
size of 0.45 µm. The resultant filtrate was reserved for subsequent analytical measurements.
The quantification of phenol and catechol concentrations in the solutions was accomplished
utilizing a UV-visible spectrophotometer (Thermo Evolution 201, Thermo Fisher Scientific,
Waltham, MA, USA) at λ of 270 nm and 275 nm, respectively. The concentrations of both
phenol and catechol displayed a linear correlation with the intensity of absorbance signals
(R2 > 0.999).

The equilibrium adsorption capacity (qe) of adsorbate was calculated based on the
difference between the initial and equilibrium concentrations in the supernatant [36], as
illustrated by Equation (2).

qe = (C0 − Ce)×
V
m

(2)

where qe represents the equilibrium adsorption capacity of adsorbates onto bentonite
adsorbents (mg·g−1), and C0 and Ce denote the initial and equilibrium concentration of
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adsorbates in the solution (mg·L−1). V represents the volume of the aqueous solution (L),
and m stands for the used adsorbent’s mass (g).

The desorption behavior of adsorbates from the adsorbents was promptly explored upon
achieving adsorption equilibrium. Following the removal of the supernatant, the residual
sample was dried at 40 ◦C until a constant weight was attained over a 12 h period. The
resultant sample was reconstituted with 20 mL of deionized water, and the solution’s pH
was meticulously adjusted to fall within the controlled range of 8.5 to 10. Subsequently, the
ensuing mixture underwent controlled agitation at a consistent temperature of 25 ◦C ± 2 ◦C
and a constant oscillation speed of 150 rpm for a period of 2 h. Upon attaining desorption
equilibrium, the solution was subjected to centrifugation for 10 min at 3000 rpm using a high-
speed cryogenic centrifuge. The resulting supernatant was then filtered through a 0.45 µm
membrane, and the absorbance of adsorbates was assessed using the previously mentioned
approach. The equilibrium concentration and desorption efficiency of the adsorbates in the
supernatant were determined based on the post-desorption concentration alterations. The
desorption rate was computed utilizing the specific Equation (3):

R =
C

(C0 − Ce)
× 100% (3)

where R represents the desorption rate (%), C signifies the adsorbate’s concentration in the
solution at desorption equilibrium (mg·L−1), and C0 and Ce denote the initial concentration
and equilibrium concentration of adsorbates in the solution during the adsorption process
(mg·L−1), respectively.

3. Results and Discussion
3.1. pH-Responsive Zeta Potential and Viscosity of the C12DAO System

Figure 1a portrays the Zeta potential profile of the C12DAO system spanning the entire
examined pH spectrum. Below pH 7, the C12DAO system exhibits a positive Zeta potential,
signifying the presence of predominantly positive charge within this pH range arising
from cationic micelles. Evidently, the positive Zeta potential surpassed 30 mV within a pH
interval of 6 to 7. Conversely, the system displays negative Zeta potential values under
alkaline conditions. These observations align harmoniously with earlier studies [28,37] that
established the positively charged nature of micellized C12DAO molecules at low pH levels.
In weakly acidic and neutral conditions, these molecules coexisted as mixed micelles in a
zwitterionic and deprotonated configuration.
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To delve deeper into the verification of C12DAO’s acid–base switchable attributes, the
solution viscosity was gauged across three consecutive acid–base regulation cycles through
the adjustment of the pH to 6.4 and 9.5 via HCl and NaOH, respectively. As illustrated
in Figure 1b, the solution’s viscosities were recorded as 5.2 Pa·s at pH 9.5 and 25.3 Pa·s at
pH 6.4, respectively. These findings provide compelling evidence that C12DAO undergoes
a reversible structural transition in response to pH change, effectively showcasing its
characteristic behavior as a reversibly switchable surfactant.

3.2. Characterizations of Adsorbents before Adsorption

Figure 2 provides SEM images of both raw and C12DAO-modified bentonites. The
SEM image of raw-Bt (Figure 2a) reveals a relatively compact and stratified surface structure
with a plate-like morphology. In contrast, the SEM images of 100C12DAO-Bt (Figure 2b)
and 150C12DAO-Bt (Figure 2c) display a looser surface with subtle curvature and an
increased presence of protruding particles. This noticeable alteration can be attributed
to the infiltration of C12DAO within the bentonite layers, consequently augmenting the
spacing between these layers.
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Figure 3a illustrates the XRD spectra of both raw-Bt and C12DAO-Bt. The XRD spectra
exhibit essentially consistent peak shapes between the raw and C12DAO-modified adsor-
bents, with minimal observable variations. This observation implies that the modification
process has not disrupted the inherent interlayered structure of the bentonites [36]. Nev-
ertheless, the observed shifts in the position of the plane (001) diffraction peaks provide
additional confirmation of alterations in the layer spacing [38]. Employing Bragg’s law
(2d sin θ = nλ), the diffraction peak of raw-Bt was identified at 5.67◦, corresponding to a
d001 value of 1.51 nm. In contrast, the diffraction peaks of 60C12DAO-Bt, 80C12DAO-Bt,
100C12DAO-Bt, and 150C12DAO-Bt were detected at 5.32◦, 5.27◦, 5.14◦, and 5.11◦, resulting
in layer spacings of 1.61 nm, 1.62 nm, 1.67 nm, and 1.68 nm, respectively. Evidently, the
layer spacing of C12DAO-Bt exhibited a discernible increase with higher surfactant dosage.
These findings provide evidence of the successful intercalation of C12DAO within the
bentonite interlayer [35] and the concurrent expansion of layer spacing [36]. However,
the marginal difference (1.68 nm − 1.67 nm = 0.01 nm) observed in the interlayer spacing
measurements between 150C12DAO-Bt and 100C12DAO-Bt serves as an indication that an
excessive amount of surfactant did not infiltrate the bentonite interlayer.
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Figure 3. XRD spectra (a), FTIR spectra (b), and TG curves (c) of raw and C12DAO-modified bentonite.

Figure 3b presents the FTIR spectra of C12DAO and adsorbents before and after ad-
sorption. Consistent with earlier studies [36,39], the characteristic peaks of the bentonite
composites are evident at specific wavenumbers, including 3627 cm−1 attributed to Al-
OH and Si-OH stretching vibrations, 3436 cm−1 associated with O-H and N-H stretching
vibrations, 1645 cm−1 indicative of H-O-H bending vibration, 1041 cm−1 linked to Si−O
stretching, 795 cm−1 pertaining to Al−OH vibration, 625 cm−1 corresponding to Al-O
stretching, and 523 cm−1 and 468 cm−1 related to Si-O bending. A comparative analysis
with raw-Bt reveals noticeable shifts in the C12DAO-Bt spectra, particularly the antisym-
metric and symmetric CH2 stretching peaks at 2924 cm−1 and 2845 cm−1 [35,40] and the
CH2 bending vibration at 1467 cm−1. Importantly, it becomes evident that C12DAO loading
allows observation of the shifts of symmetric and antisymmetric CH2 stretching vibrations
(Figure 4a). These findings imply the presence of an ordered or all-trans configuration of
the alkyl chains on C12DAO-Bt, augmenting van der Waals interactions between the alkyl
chains and subsequently adsorbed substances [41]. Concurrently, the peak at 1467 cm−1

arises from C-H vibrations [42]. Notably, the FTIR spectra of C12DAO-Bt showcase an
amplified peak at 3436 cm−1 compared to raw-Bt, indicating hydrogen bond formation
between the O-H group (3347 cm−1) [43] of C12DAO and the O-H group in the bentonite
composites [36]. These findings strongly support that van der Waals interactions between
the alkyl chains and adsorbate are reinforced with an increased loading of C12DAO, but the
incorporation of C12DAO does not disrupt the fundamental skeletal structure of bentonites.
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Figure 3c showcases the TGA curves depicting the thermal stability of both raw-Bt
and C12DAO-Bt. TGA curves offer insights into changes in adsorbent mass with elevating
temperature. Evidently, the thermal degradation of raw-Bt is characterized by three distinct
phases of mass loss. In the initial stage (37 ◦C~200 ◦C), a cumulative mass loss of 6.3%
is observed, attributed to the desorption of physically absorbed H2O within the raw-Bt
matrix [44]. Subsequently, a minor mass loss stage (200~500 ◦C) is followed by a more
substantial phase (500~767 ◦C), resulting in a mass loss of 12.87%. This significant weight
reduction can be linked to the dehydroxylation of structural H2O in raw-Bt, which leads to
structural collapse and the loss of adsorption properties [44]. During the initial phase, the
cumulative mass losses for 60C12DAO-Bt, 80C12DAO-Bt, 100C12DAO-Bt, and 150C12DAO-
Bt were measured as 3.12%, 3.24%, 3.48%, and 4.17%, respectively—figures lower than
those observed for raw-Bt. Within the temperature range of 200 ◦C to 500 ◦C, each variant
of C12DAO-Bt experiences more pronounced mass losses due to the partial decomposition
of C12DAO into CO2, CO, and H2O [36]. The observed mass loss trends of C12DAO-
Bt at each heating stage align with commonly noted mass loss patterns in conventional
organic bentonite systems [33,36]. Given the significant overlap in TGA curves between
60C12DAO-Bt and 80C12DAO-Bt, three C12DAO-modified bentonites were selected for
further experimentation, excluding 80C12DAO-Bt.

3.3. Characterizations of Adsorbents after Adsorption

Figure 4a presents XRD spectroscopy results for the 100C12DAO-Bt sample both before
and after the adsorption of phenol and catechol. Evidently, the fundamental structural
integrity of adsorbent remains unaltered during the adsorption process. However, at 2θ
values of 26.6◦ and 29.5◦, there is a notable decrease in peak intensity after adsorption.
This reduction can be attributed to the adsorption of phenol and catechol, which masks the
crystal facets of the soil sample, leading to a decrease in exposed crystal facets. Figure 4b
illustrates the FTIR spectra of 100C12DAO-Bt before and after phenol and catechol adsorp-
tion. There was no observed shift in peaks assigned to 100C12DAO-Bt during adsorption.
However, its widened peak bands at 3300 and 3600 cm–1 indicate the existence of the O–H
group due to phenol adsorption. In addition, a new peak near 840 cm–1 was observed in
100C12DAO-Bt after both phenol and catechol adsorption.

3.4. Adsorption Studies
3.4.1. Effect of C12DAO/Bentonite Ratios and Isothermal Fitting

In this investigation, the impact of different C12DAO/bentonite mass ratios on the
adsorption capacities of C12DAO-Bt concerning both phenol and catechol was examined.
Alongside the conditions outlined in Section 2.5, the experimental setup encompassed
initial adsorbate concentrations set at 120 mg·L−1 and a solution pH range spanning from
6.0~6.5. Among the test samples, 60C12DAO-Bt, 100C12DAO-Bt, and 150C12DAO-Bt were
chosen for batch adsorption, while raw-Bt served as the control. The outcomes of these
experiments are illustrated in Figure 5a,b.

As shown in Figure 5a,b, the adsorption capacities of C12DAO-Bt concerning both
phenol and catechol at various C12DAO/bentonite mass ratios surpassed that of raw-Bt.
Moreover, the adsorption capacities of both these phenols displayed an upward trend with
increasing C12DAO dosage. These findings suggest a positive correlation between the ad-
sorption capacity of C12DAO-Bt and the dosage of C12DAO. This observation underscores
the role of the CEC in the adsorbents’ performance for the removal of phenols.
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Empirically, partitioning stands out as a pivotal mode of interaction between or-
ganic compounds and clays that have been modified through elongated carbon chain
surfactants [45,46]. This mechanism signifies the solubilization of compounds within the
organophilic matrix of the organo-clay. It is typically described through the lens of a
partitioning coefficient, characterized by a linear isotherm, non-competitive sorption, and a
notably restrained solute uptake [46]. The isothermal characteristic can be fitted using a
linear model, as represented by Equation (4):

Q = Kd × Ce (4)

where Q is the mass of adsorbates onto adsorbents, mg·g−1, Kd represents the adsorption
coefficient, and Ce denotes the equilibrium concentration of adsorbates in solution, mg·L−1.
The adsorption efficiency of C12DAO-Bt for phenol and catechol can be described through the
carbon-normalized partition coefficient (Koc), which can be calculated using Equation (5):

Koc = Kd × foc (5)

where foc represents the mass of organic carbon content, g·kg−1. The parameters of the
linear adsorption model and the resulting Koc values for phenol and catechol on C12DAO-Bt
are summarized in Table 1.



Separations 2023, 10, 523 10 of 18

Table 1. Parameters of linear isothermal model and carbon-normalized partition coefficient.

Phenolic Pollutants Adsorbent R2 Kd Koc

Phenol

Raw-Bt 0.6331 0.0135
60C12DAO-Bt 0.9152 0.0551 0.0001

100C12DAO-Bt 0.9715 0.0729 0.0009
150C12DAO-Bt 0.9550 0.1064 0.0012

Catechol

Raw-Bt 0.8686 0.3023
60C12DAO-Bt 0.9786 0.4781 0.0044

100C12DAO-Bt 0.9114 0.6301 0.0082
150C12DAO-Bt 0.9950 0.8894 0.0105

As illustrated in Table 1, the adsorption behavior of both phenol and catechol by
C12DAO-Bt reveals a favorable linear correlation in comparison to the raw-Bt. The sub-
stantial linear correlation coefficient (R2) higher than 0.90 affirms the presence of partition-
driven adsorption of phenol and catechol onto C12DAO-Bt. Furthermore, the Koc values
exhibit a noticeable upsurge with an elevation of the C12DAO/bentonite mass ratio. This
noteworthy trend harmonizes seamlessly with the experimental observations delineated in
Figure 4.

3.4.2. Effect of Contact Time and Kinetic Fitting

The impact of contact time on the adsorption capacities of C12DAO-Bt for both phenol
and catechol was examined in this study. Fourteen (5, 10, 15, 20, 25, 30, 35,40, 50, 60, 80, 100,
120, 140, 160, 180, and 240 min) and thirteen (5, 10, 15, 20, 25, 30, 35, 40, 50, 60,130, 180, and
240 min) temporal gradients were chosen to span from 0 to 240 min for batch adsorption of
phenol and catechol. Adsorbents of 100C12DAO-Bt and 150C12DAO-Bt were selected as
test samples, while raw-Bt served as the control. The results are presented in Figure 5c,d.

During the initial 50 min period, a swift and notable adsorption of both phenol
(Figure 5c) and catechol (Figure 5d) onto C12DAO-Bt was observed. This phenomenon
can be ascribed to the notably high initial adsorbate concentrations, which expedited
their rapid interaction with adsorbents. Furthermore, the abundance of active sites on
the adsorbents’ surfaces significantly contributed to the heightened adsorption rate and
augmented adsorption capacity during this initial phase. However, as the adsorption
process extended beyond the initial 50 min, the solute concentration within the solution
progressively declined, leading to a concomitant decrease in accessible active adsorption
sites on C12DAO-Bt. As a result, the adsorption rate gradually decelerated. It is noteworthy
that during this stage, the adsorption capacity of C12DAO-Bt for catechol surpassed that for
phenol. After approximately 240 min, the adsorption sites on the C12DAO-Bt reached a state
of saturation, establishing adsorption equilibrium. The equilibrium adsorption capacities
of 100C12DAO-Bt and 150C12MAO-Bt for phenol were determined to be 5.47 mg·g−1 and
5.68 mg·g−1, whereas the corresponding values for catechol were found to be 5.08 mg·g−1

and 5.45 mg·g−1.
To understand the adsorption process in depth, the kinetic data of adsorption were

simulated by the pseudo-first-order kinetic model, pseudo-second-order kinetic model,
and intraparticle diffusion model [36,47], as outlined in Equations (6)–(8).

ln(qe − qt) = ln qe − k1t (6)

1
qt

=
1

k2q2
e
+

t
qe

(7)

qt = kid × t1/2 + c (8)

where qt and qe represent the adsorption mass (mg·g−1) of solutes at time t and equilib-
rium, respectively. t (min) denotes adsorption time. k1 (min−1) and k2 (g·mg−1·min−1)
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correspond to the rate constant of the pseudo-first-order and second-order kinetic models;
kid (mg·g·min1/2) is the intraparticle diffusion model constant representing the thickness of
the boundary layer. The modelled parameters are summarized in Table 2.

Table 2. Parameters of the adsorption kinetic models of phenol and catechol adsorbed onto C12DAO-Bt.

Phenol Catechol

Raw-Bt 100C12DAO-Bt 150C12DAO-Bt 100C12DAO-Bt 150C12DAO-Bt

Pseudo-first-order model
k1 (min−1) 0.024 0.038 0.024 0.038
qe (mg·g−1) 1.05 0.79 0.20 2.22
R2 0.751 0.694 0.822 0.942

Pseudo-second-order model
K2 (g·mg−1·min−1) 0.070 0.104 0.059 0.048
qe (mg·g−1) 5.54 5.72 5.17 5.55
R2 0.999 0.999 0.999 1.000

Intraparticle diffusion model
Kid ,1 (g·mg−1·min1/2) 0.489 0.698 0.256 0.383
c1 (mg·g−1) 2.558 2.299 3.159 2.988
R2 0.962 0.998 0.983 0.993
Kid ,2 (g·mg−1·min1/2) 0.034 0.019 0.066 0.195
c2 (mg·g−1) 5.057 5.468 4.382 3.714
R2 0.869 0.751 0.785 0.995
Kid ,3 (g·mg−1·min1/2) 0.005 0.015 0.002 0.006
c3 (mg·g−1) 5.395 5.447 5.052 5.362
R2 0.551 0.979 0.393 0.875

As depicted in Table 2, the pseudo-second-order kinetic model offers a superior fit for
both phenol and catechol kinetic datasets, evident from the R2 values exceeding 0.999. The
calculated qe values derived from the pseudo-second-order kinetic model for phenol and
catechol adsorption onto 100C12DAO-Bt and 150C12DAO-Bt were in closer alignment with
experimental qe data, contrasting with values obtained from the pseudo-first-order kinetic
model. This observation underscores a chemisorption process dictating the reaction dynamics.
The presence of non-zero constants within the intraparticle diffusion model suggests that
rate-limiting steps are influenced by a combination of factors beyond exclusive intraparticle
diffusion. Moreover, the discernible decrement trends from the Kid,1 to Kid,3 demonstrate a
gradual reduction in adsorption rate, attributed to the occupancy of active sites.

Upon comparison with previously explored organo-clays (as presented in Table 3), it
becomes evident that the synthesis temperature for C12DAO-Bt stands lower than that of
several counterparts [16,48]. Additionally, the adsorption capacities of C12DAO-Bt, derived
from the pseudo-second-order kinetic model, for phenol removal either match or even
surpass those of certain organo-clays [49]. It is pertinent to note the scarcity of empirical
evidence concerning catechol removal from wastewater using organo-modified clays.

Table 3. The pseudo-second-order kinetic model-based adsorption capacity of C12DAO-Bt for phenol
and catechol in comparison to other organo-modified clays.

Adsorbates Clay-Based
Adsorbents Preparation Adsorption

Capacity (mg·g−1)
Experimental
Conditions References

Phenol
BHM 25 ◦C, 3 h 7.97 C0 = 60 mg·L−1; T = 25 ◦C; pH = 6.5 [49]
BPM 25 ◦C, 3 h 3.20
KHM 25 ◦C, 3 h 1.82
KPM 25 ◦C, 3 h 0.59
OMB 70 ◦C, 2 h 7.14 C0 = 100 mg·L−1; T = 25 ◦C; pH = 10. [16]
FTMA-MT 60 ◦C, 1 h 18.70 C0 = 120 mg·L−1; T = 25 ◦C; pH = 7. [24]
BHHP-MT 60 ◦C, 3 h 13.52

C0 = 200 mg·L−1; T = 25 ◦C; pH = 6.
[48]

BOHP-MT 60 ◦C, 3 h 6.30
C12DAO-Bt 25 ◦C, 3 h 5.72 C0 = 120 mg·L−1; T = 25 ◦C; pH = 6~6.5. This study
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Table 3. Cont.

Adsorbates Clay-Based
Adsorbents Preparation Adsorption

Capacity (mg·g−1)
Experimental
Conditions References

Catechol
BHHP-MT 60 ◦C, 3 h 32.04

C0 = 200 mg·L−1; T = 25 ◦C; pH = 6.
[48]

BOHP-MT 60 ◦C, 3 h 19.51
C12DAO-Bt 25 ◦C, 3 h 5.55 C0 = 120 mg·L−1; T = 25 ◦C; H = 6~6.5. This study

BHM, hexadecyltrimethylammonium-modified bentonite; BPM, phenyl trimethylammonium-modified bentonite;
KHM, hexadecyltrimethylammonium-modified kaolinite; KPM, phenyl trimethylammonium-modified kaolinite;
OMB, cetyltrimethylammonium bromide-modified bentonite; FTMA-MT, trimethylammonium bromide-modified
montmorillonite; BHHP-MT, 1,3-bis(hexadecyldimethylammonio)-2-hydroxypropane dichloride-modified mont-
morillonite; BOHP, 1,3-bis(octyldimethylammonio)-2-hydroxypropane dichloride-modified montmorillonite.

3.4.3. Effect of Solution pH

The role of solution pH as a critical factor affecting adsorption ability has been well
established, stemming from the intricate interplay between the surface charge of the
adsorbents [39] and the species involved and the ionization extent of phenolic solutes [48].
This study investigates the impact of solution pH on the adsorption capacity of C12DAO-
Bt for phenol and catechol. A series of ten pH gradients ranging from 2 to 10, with
intervals of 1, were employed for the batch adsorption of phenol and catechol, and the
results are illustrated in Figure 6a,b. As observed, there are analogous trends in the
fluctuations of adsorption capacities for phenolic compounds onto C12DAO-Bt across
varying C12DAO/bentonite mass ratios. A superior adsorption capacity was observed
for phenol compared to catechol throughout the explored pH range. Upon increasing the
pH from 2 to 4, both phenol and catechol adsorption capacities exhibit a gradual upsurge.
A subsequent decline is noticeable as the pH reaches 5, which is in line with an earlier
observation [24]. Remarkably, the adsorption efficiency for phenol and catechol peaks
at pH 6. As the pH becomes more alkaline, the catechol experiences a swifter decline in
comparison to phenol. These observations stem from the intricate interplay between the
ionization extent of phenolic compounds [48] and the surface charge of the adsorbents
within the solution [39].
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The acidity dissociation constants (pKa) of phenol and catechol are recorded above
7, measuring 9.25 [50] and 9.95 [19], respectively, within aqueous solutions. Below their
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respective pKa values, these weak acid compounds predominantly exist in molecular forms,
with partial dissociation into the negatively charged phenolate anions. The degree of
ionization escalates with rising solution pH, thus leading to a higher presence of phenolate
anions due to deprotonation in the solution [48]. Furthermore, the acid constant (pKM)
of C12DAO micelles is estimated to be around 6.0 [37], indicative of the micelle’s surface
charge [28].

Under acidic and neutral conditions, the unchanged molecular structure of solutes can
interface with the organic phase of C12DAO-Bt attributed to van der Waals interaction, while
the phenolate anions enable electrostatic interaction with positively charged adsorbents [46].
Conversely, electrostatic repulsion is attenuated between surfaces of negatively charged
adsorbents and phenolate anions under alkaline conditions. In addition, the competition
adsorption between the hydroxide ion (OH−) and phenolic anions exerts a diminishing
effect on adsorption capacity in alkaline solution. The observed optimal pH for phenol and
catechol was 6.

3.4.4. Effect of Coexisting Ionic Strength and Species

Inorganic ions, Na+, K+, and Ca2+, are ubiquitous in both industrial wastewaters and
when naturally waterborne. As reported, ionic strength and ionic species exert a pivotal
influence on the removal of phenolic compounds from wastewater [24,51]. To elucidate the
intricate interplay between coexisting ionic strength and phenol adsorption, a comprehen-
sive investigation was undertaken involving four distinct concentration gradients of NaCl
(0.1, 0.3, 0.5, and 0.7 mol·L−1). Furthermore, to thoroughly explore the impact of coexisting
ionic species on the adsorption process, precise quantities of KCl, NaCl, and CaCl2 were in-
troduced into 20 mL solutions containing varied concentrations of phenols. This approach
ensured a comparable ionic strength of 0.1 mol·L−1 throughout the experimental regime.
During the experiment, 100C12 DAO-Bt was chosen as the test sample.

Figure 6c,d showcase an increasing adsorption of phenol and catechol by C12DAO-Bt
as the ionic strength elevates. This phenomenon is attributed to two aspects. Firstly, the
introduction of NaCl into the solution induces a salting-out effect, reducing the solubility
of phenols [52]. As a result, a larger quantity of phenols preferentially adheres to the
C12DAO-Bt surface. Secondly, the coexisting ions lead to limited dissociation of C12DAO
wormlike micelles [53], thereby amplifying their stability and promoting the adsorption
of phenols by C12DAO-Bt. In summary, heightened coexisting ionic strength in solution
promotes the adsorption of phenol and catechol on C12DAO-Bt.

Figure 6e,f reveal a more pronounced promotional effect of Na+ on phenol adsorption
when juxtaposed with K+ and Ca2+ at an equivalent ionic strength. Ca2+, possessing greater
charges, inherently exhibits a heightened affinity for adsorption onto C12DAO-Bt, leading
to a reduction in phenol adsorption onto C12DAO-Bt. Conversely, concerning catechol, a
distinct promotional impact is evident with Ca2+ when contrasted with two other ionic
species. This promotion can be attributed to the formation of a bridge between Ca2+ and
two OH− groups of catechol, facilitating its adhesion onto the adsorbent matrix.

3.5. Desorption Studies
3.5.1. Effect of C12DAO/Bentonite Ratios on Desorption

This phase of experimentation focuses on investigating the impacts of varying C12DAO/
bentonite mass ratios on the desorption efficiency of absorbed phenol and catechol. In
addition to the conditions outlined in Section 2.5, the experimental setup entails an initial
adsorbate concentration set at 120 mg·L−1 and a solution pH range between 8.5 and 10. For
batch adsorption tests, we employed 100C12DAO-Bt and 150C12DAO-Bt as test samples,
with raw-Bt serving as the control. The findings are presented in Figure 7a,b.
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The results clearly demonstrate enhanced desorption efficacies for both phenol and cat-
echol in the context of C12DAO/Bt as compared to raw-Bt. The desorption efficacies exhibit
a declining trend as the initial adsorbate concentration increases. Overall, 100C12DAO-Bt
exhibited superior desorption efficacy than 150C12DAO-Bt, which suggests an excessive
abundance of surfactant concentration poses a hindrance to the desorption process. Within
C12DAO-Bt, the C12DAO surfactant adheres extensively to the bentonite substrate through
hydrophobic interactions originating from its carbon chains, which establishes a robust
organic phase during the adsorption process. The pH modulation stimulates phase trans-
formation in the surfactant and a morphological transition in the aggregate, facilitating
the detachment of phenolic compounds from the substrate. However, the pH fluctuations
within the system exert a minimal impact on the surfactant anchored onto the bentonite
substrate through its elongated hydrophobic carbon chains, thus impeding the desorption
process. As a result, the desorption efficacy of phenolic compounds on the highly loaded
C12DAO-Bt remains relatively low.

3.5.2. Effect of pH, Ionic Strength, and Species on Desorption

The C12DAO micelles, known for their pH-sensitive behavior, undergo mutual trans-
formations between spherical and wormlike aggregates dictated by changes in pH and
ionic strength [54]. Within the context of the deposition experiment, the impact of solution
pH, ionic strength, and ionic species on the desorption efficiency of phenol and catechol
adsorption onto C12DAO-Bt was examined. It was a comprehensive examination encom-
passing eleven pH levels spanning from 2 to 11, four distinct concentrations of Na+ ions
(0.1, 0.3, 0.5, and 0.7 mol·L−1), and three diverse ionic species (Na+, K+, and Ca2+) under
an equivalent ionic strength of 0.1 mol·L−1. The adsorbent of choice was 100C12 DAO-Bt.

As depicted in Figure 8a,b, the highest desorption efficacy was achieved for both
phenol (80.24%) and catechol (66.54%) at pH 9, while the lowest values were observed at pH
6. These observations align with the alterations in adsorption capacity due to pH changes,
as explained in Section 3.4.3. Under weakly acidic and neutral conditions, the wormlike
micelles reach their optimal states, exhibiting enhanced viscoelastic properties. This is
confirmed by the significantly higher viscosity at pH 6.4 compared to the observed values
at pH 9.5 (Figure 1a). Under alkaline conditions, the transformation from wormlike to
spherical micelles reduces solution viscosity and triggers the release of phenolic compounds
trapped between the adsorbent layers.
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As illustrated in Figure 8c,d, the presence of Na+ ions has a negative impact on the
desorption of both phenol and catechol. However, the effect of ionic strength varies with
the initial concentrations of solutes. This decrease in desorption efficacy can be attributed
to the limited dissociation extent of C12DAO wormlike micelles in the presence of cations,
which favors the adsorption of phenolic compounds. Moving to Figure 9e,f, the largest
reduction in desorption efficacy was observed in phenol/Na+ and catechol/Ca2+ coexisting
systems, respectively, which is consistent with the aforementioned effect of ionic species on
adsorption capacity.
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3.6. Regeneration of C12DAO-Bt through Acid–Base Regulation

To evaluate the regenerative ability of C12DMAO-Bt, an extensive investigation was
conducted using 150C12DAO-Bt as the experimental target. The adsorbent underwent
five consecutive cycles of acid–base regulation using HCl and NaOH, respectively. As
revealed in Figure 9, the adsorption capacity of C12DAO-Bt for phenol decreases from
10.11 mg·g−1 to 4.01 mg·g−1, while that of catechol drops from 10.01 mg·g−1 to 3.82 mg·g−1

over the five adsorption–desorption cycles. Notably, the approximately linear reductions
signify a gradual decline in adsorption capacity over successive cycles. This phenomenon
finds its rationale in the occupation of active sites on the adsorbent surface by phenol
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and catechol during each desorption process. Simultaneously, the adsorbed pollutants
encounter limitations in terms of complete liberation from the interlayer of C12DAO-Bt.
Herein, this interplay results in a discernible decrease in the subsequent adsorption cycles,
leading to a reduced adsorption capacity of C12DAO-Bt for both phenol and catechol
compared to its initial effectiveness.

4. Conclusions

In this study, a novel type of C12DAO-modified organo-bentonite was fabricated
for the removal of phenol and catechol from wastewater. Functioning as a pH-sensitive
surfactant, the solution viscosity changes reversibly with a pH-derived shape transition be-
tween spherical and wormlike micelles. The SEM images, XRD spectra, and FTIR spectrum
depicted the physicochemical properties of adsorbents and confirmed the successful modifi-
cation of C12DAO-Bt. TG curves further exhibit the C12DAO-Bt’s excellent thermal stability.
The kinetic data was well fitted by a pseudo-second-order kinetic model, indicating a
chemisorption process. The highest adsorption capacity and desorption efficacy of phenol
and catechol were observed at a pH range between 6 and 7 and from 8 to 9, respectively. A
high C12DAO/bentonite enhances the adsorption process but impedes the desorption pro-
cess. The presence of elevating cationic strength within the examined range prompted the
adsorption process but hindered the desorption efficacy. In the case of cationic species with
equivalent ionic strength, Na+ exhibited a superior effect on the adsorption–desorption
process of phenol, while Ca2+ showcased a greater impact on the adsorption–desorption
process of catechol. Moreover, C12DAO-Bt displayed a relatively high adsorption capacity
and desorption efficacy, even after undergoing five consecutive adsorption–desorption
cycles, which implies its excellent reusability for the removal of phenolic compounds from
wastewater. The praiseworthy adsorption capacity and remarkable regenerative capa-
bilities achieved through easy pH modulation offer promising prospects for addressing
wastewater contamination by phenol and catechol. Nonetheless, it is judicious to recog-
nize that achieving a more comprehensive understanding demands the incorporation of
diverse variables and empirical investigations. Adopting this comprehensive approach
will facilitate a more thorough assessment of its potential efficacy.
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