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Abstract—Anthropogenic activity releases hazardous contaminants and pollutants that are not removed fully by water treatments.
Among such pollutants, bisphenol-A (BPA) and bisphenol-S (BPS) are included in a series of Endocrine Disruptive Compounds, which
may cause disruption due to hormone blockage or mimicking. Thus, even though those pollutants are not considered lethal, they are
hazardous to health due to their similarity to 17β-estradiol, and they have been shown to cause developmental malformation in Zebrafish
and breast and prostate tumors in rodents. Both BPA and BPS have been found in water sources at concentrations >30 μg L–1 and since
water treatment plants are ineffective at removing them, their concentration is constantly increasing. The purpose of the present study,
using a collection of experiments performed by B.Sc. andM.Sc. students, was to apply clay-based materials to the removal of such health
hazards from water. Specifically adapted modified clays as neutral organoclays can optimize the interaction between pollutants and the
matrix to achieve efficient adsorption. Such an approach is very effective for relatively insoluble pollutants such as BPA, but less so for
the more soluble BPS. On the other hand, BPS can be photodegraded catalytically using raw clay or TiO2-impregnated clay. At low
catalyst concentration, the modified clay was as effective as a commercial TiO2 catalyst, whereas combining it with H2O2 yielded
considerably better results. In summary, clayminerals offer solutions for the removal of health-hazardous pollutants fromwater, based on
different procedures and mechanisms. The versality of clay minerals allows 'tailoring' specifically adapted materials that might improve
their efficiency based on such very specific pollutant-matrix interactions.
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Abbreviations
[A](t) Relative dimensionless concentration at time t
AOP Advanced oxidation process
B1 Thiamine (Vitamin B1)
B1-SWy-
2

B1 organo-montmorillonite

BPA Bisphenol-A (4,4'-isopropylidenediphenol)
BPS Bisphenol-S (4,4'-sulfonylbisphenol)
CMS The Clay Minerals Society
EDCs Endocrine Disruptive Compounds
LC-MS/
MS

Liquid chromatography tandem-mass spectrometry

kapp Apparent rate coefficient
KL Langmuir coefficient
Kp Partition coefficient in dual model equation
napp Apparent or "pseudo" reaction order
P25 Commercial high quality catalyst grade TiO2

RMSE Root mean square error

Smax Maximum adsorption in Langmuir equation
SYn-1 "Barasym" SSM100 synthetic montmorillonite from

the Source Clays Repository of CMS
SWy-2 Wyoming montmorillonite from the Source Clays

Repository of CMS
TiO2-
barasym

Barasym impregnated with TiO2

TTIP Titanium(IV)-isopropoxide
UVC Light with wavelength 100-280 nm
UV-Vis UV-visible
XRF X-ray fluorescence

INTRODUCTION

Freshwater resources are limited and should not be considered
as self-renewable and low-cost (Semiat, 2000). With increasing
population, it is obvious that sewage and effluents derived direct-
ly or indirectly from anthropogenic sources increase and are not
removed fully by conventional water-treatment procedures
(Loos et al., 2013). Dissolved organic pollutants, some being
highly toxic, carcinogenic, and with long residence times in the
environment (El-Shahawi et al., 2010; Unuabonah & Taubert,
2014), e.g. personal care products, hormones, and drug residues
('emerging contaminants'), are recorded in natural streams
(Grassi et al., 2012), and may accumulate to biologically haz-
ardous levels (Di Credico et al., 2015).

Among such pollutants, Endocrine Disruptive Compounds
(EDCs) from natural or anthropogenic sources (Lintelmann
et al., 2003), may cause disruption due to hormone blocking
or mimicking, thus interfering with normal hormone activity
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and leading to health problems in organisms and even to their
descendants (Bolong et al., 2010).

Two EDCs used widely in industry are bisphenol-A (BPA)
and bisphenol-S (BPS) (Fig. 1). BPA (4,4'-isopropylide-
nediphenol, M.W. 228.3 g mole–1) is a chemical used in
industry as raw material for the manufacture of polycarbonate,
epoxy resins, polyesters, styrenes, etc. (Staples et al., 2000),
and it is found in all kinds of plastic pipes, bottles, and food
containers (Vandenberg et al., 2007). Its manufacture is
projected to reach 7.4 million tons globally by the end of
2023, and is increasing at 3% per year (Research & Markets,
2018). Physiologists consider that BPA is detected incorrectly
by cells as estrogen, causing endocrine disruption (Le Fol
et al., 2017). Due to the increased awareness of the health
hazards posed by BPA, several countries have limited its use
since 2011 in food-related accessories, especially in babies’
feeding bottles, and the notation "BPA-free" became widely-
used. In most cases, however, it was replaced by similarly
hazardous BPA analogs such as bisphenol-S (BPS;4,4'-
sulfonylbisphenol, M.W. 242.3 g mole–1) or bisphenol-F
(BPF; 4,4’-dihydroxydiphe-nylmethane).

BPS exposure at levels of 60 mg (kg body weight)–1 day–1

was found to disrupt endocrine activity (Grignard et al., 2012).
Those values are not significantly different from hazardous
exposure levels to BPA (50 mg (kg body weight)–1 day–1) (Le
Fol et al., 2017). Furthermore, due to the extensive use of BPS
in thermal paper, 88% of human exposure has been found to
come from receipts and similar uses (Konkel, 2013; Thayer
et al., 2016).

In summary, although those pollutants are not considered
lethal to humans, they have a hazardous influence due to their
similarity to 17β-estradiol (a feminine estrogen hormone).
This influence causes, for example, developmental malforma-
tion in Zebrafish embryo-larvae at levels as low as 5 and
100 mg L–1 BPA and BPS, respectively (Moreman et al.,
2017; Salahinejad et al., 2020). Additional studies performed
on rodents during the last 10 years indicate that BPA, at least,
may promote breast and prostate tumors (Seachrist et al.,
2016).

Because wastewater treatment plants are only partially
effective at removing BPA and BPS (Mohapatra et al.,
2011), their concentration in water sources is constantly in-
creasing (Yamazaki et al., 2015), and, in some cases, has
reached >30 μg L–1(Lintelmann et al., 2003). In a mini-
review focusing on BPA occurrences, Onundi et al. (2017)
concluded that human exposure to them may occur in some
cases from drinking water, while other recent studies (Fang
et al., 2020) mentioned that BPS concentrations in aqueous
environments are increasing constantly, concluding that

"removal from water and its degradation behavior require
urgent attention."

Methods for the removal of health-hazardous EDCs from
water are based on one or more of the following three ap-
proaches: biological degradation (Danzl et al., 2009;
Frankowski et al., 2020), adsorption (Bhatnagar &
Anastopoulos, 2017; Wirasnita et al., 2018), or advanced
oxidation processes (Chen et al., 2006; Mehrabani-Zeinabad
et al., 2015). Biological degradation is relatively effective in
wastewater treatments plants, with a half-life of 4–5 days
(Staples et al., 2000); however, in river waters only 20%
degradation was observed, even after 50 days (Frankowski
et al., 2020). The latter study also reported that BPS is slightly
more biodegradable in river waters but considerably more
stable than BPA in wastewaters. Thus, even though bisphenol
species are not considered to be 'persistent' from the biodegra-
dation point of view, the amounts of sources and expected
hazards are so vast that additional and more effective removal
alternatives based on the other two approaches should be
considered.

A broad selection of adsorption media – from organic
waste and activated carbon to nanocomposites – was test-
ed for bisphenol molecules. However, an extensive review
focusing on adsorption matrices for BPA (Bhatnagar &
Anastopoulos, 2017) mentioned that "due to the lack of
column-, pilot-, and full-scale studies, it is difficult to
estimate the potential of these adsorbents in real applica-
tions of BPA removal under real environmental condi-
tions." Adsorption matrices based on clays, organo-clays,
or nanocomposites for the removal of hazardous pollutants
have been used widely and increasingly since the middle
of the 20th century. The low cost of these materials, their
wide availability, and the fact that they are, in most cases,
non-toxic make them useful matrices for the adsorption of
heavy metals (as raw minerals) as well as organic non-
charged or anionic pollutants (upon modifications)
(Churchman et al., 2006). Numerous studies of specific
sorbents based on clays were reviewed in the course of the
present study. In the case of organic non-charged pollut-
ants as BPA and BPS, special attention has been given to
the capabilities of organo-clays (Theng et al., 2008).
While only a few works reported adsorption of BPS on
clay-based materials (Fang et al., 2020), several pillared
clays and organo-clays based on quarternary ammonium
cations were tested for BPA adsorption (Bhatnagar &
Anastopoulos, 2017). Other studies utilized π-π interac-
tions between BPA and pyridinium surfactant-based
organo-clays (Yang et al., 2016). In the current study,
the efficiency of π–π interactions was tested along with

Fig. 1 Schematic structure of BPA (left) and BPS (right)
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isotherms and breakthrough columns for the adsorption of
BPA and BPS on a food-grade organo-clay based on
thiamine (B1 vitamin, consists of an aminopyrimidine
aromatic ring bound to a thiazolium ring via CH2 group)
and montmorillonite. This organo-clay has been found to
be very effective for the removal of phenol in aqueous
solutions (Ben Moshe & Rytwo, 2018).

In addition to biodegradation and adsorption, a third ap-
proach was based on advanced oxidation processes (AOP) that
are defined as "water treatment processes performed at pres-
sure and temperature close to environmental conditions, which
involve the generation of hydroxyl radicals in sufficient quan-
tity to interact with the organic compounds of the medium"
(Cuerda-Correa et al., 2019). AOP processes can be homoge-
neous (when all components are in the liquid phase) or hetero-
geneous (when the catalyst is a solid) (Poyatos et al., 2010).
Most photodegradation studies on bisphenol compounds were
performedwith homogeneous catalysis or Fenton-like process-
es (Fang et al., 2020; Goulart de Araujo et al., 2017;
Mehrabani-Zeinabad et al., 2015; Onundi et al., 2017). Het-
erogeneous photocatalysis was also tested, either with the
widely used TiO2 or other oxides (Abo et al., 2016; Fang
et al., 2020) and even organo-clays (Yang et al., 2016).

Several reaction paths are suggested for the heteroge-
neous catalysis process; all begin with interaction between
photons, the solid catalyst, and the pollutant (Herrmann,
1999; Rytwo, 2018). The most widely available commer-
cial photocatalyst, P25 type TiO2(Schneider et al., 2014),
is based on a combination of three phases of TiO2: ana-
tase, rutile, and amorphous (Ohtani et al., 2010), and is
considered to be a 'gold standard photocatalyst.' The
search for a cheaper/more effective heterogeneous cata-
lysts is ongoing, and several studies have combined clay
minerals (Herney-Ramirez et al., 2010; Iurascu et al.,
2009; Ramirez et al., 2007), organo-clays, and even
TiO2-pillared clays or clays impregnated with TiO2 (Bel
Hadjltaief et al., 2019; Chen et al., 2013). In the current
study the focus was on comparing the basic properties of a
synthetic montmorillonite (Syn-1 "Barasym"), either raw
or impregnated with TiO2. Additional experiments with
the addition of a small amount of H2O2 (2 mg L–1, 58.8
μM) were performed to test a combined heterogeneous/
homogeneous process.

Considering the detrimental health effects of BPA and
BPS, and their general and increasing importance, the objec-
tives of the current study (carried out by B.Sc. and M.Sc.
students) were to measure the adsorption or photodegradation
of BPA and BPS in waters using clays, organo-clays, or
modified clays. The results indicate that: (a) B1-montmoril-
lonite organo-clay might be relatively effective for the adsorp-
tion of BPA but less successful in the case of BPS; and (b)
photocatalytic degradation, combining clays (original or mod-
ified) with H2O2, offers a very fast and effective mineralization
process even when applied at low catalyst concentrations. The
testing of BPA photocatalysis was beyond the scope of this
project due to the formation of degradation byproducts that
absorb in the UV-Vis range.

MATERIALS AND METHODS

Materials

SWy-2 montmorillonite and SYn-1 Barasym SSM-100
synthetic mica-montmorillonite were obtained from the Source
Clays Repository of The Clay Minerals Society. Thiamine
hydrochloride (>99%), BPA, BPS, materials for the prepara-
tion of TiO2-barasym clay (TTIP, titanium(IV)-isopropoxide
97%), catalyst-grade industrial TiO2 (Hombikat®), and a 30%
(9.79 M) concentrated H2O2 solution were obtained from
Merck/Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
Sand for the breakthrough columns was collected from the
Mediterranean coast in northern Israel. All materials were used
without further treatment, except the sand which was sieved
for particles >2mm, and washed four times with distilled water
to remove excess salt. All the experiments were performed at
ambient conditions (23 ± 2°C).

B1-SWy-2 Organo-Clay and TiO2-Barasym Preparation

The SWy-2 organo-clay (denoted B1–SWy-2) for the BPA
and BPS batch and column adsorption experiments were pre-
pared as described in previous studies (Ben Moshe & Rytwo,
2018): to a homogeneous dispersion of 1 g of SWy-2 with
100 mL distilled water, 175 mg of thiamine powder was added
gradually, while stirring. The organo-clay was allowed to reach
equilibrium for at least 24 h. The remaining B1was washed by
centrifuging the suspension then replacing 90.0% of the super-
natant with distilled water three times, after which no measur-
able amounts of B1 remained in the supernatant. The final
amount of organic cation adsorbed (~0.6 mole kg–1) was
evaluated by measuring thiamine concentration in the super-
natants and performing mass balance. The TiO2 barasym
photocatalyst was prepared by the "impregnation method"
(Bel Hadjltaief et al., 2019) by adding, while stirring, 5 g of
barasym clay to 20 mL of TTIP solution and heating to 150°C
for 5 h. As in the case of B1-SWy2, the remaining reagents
were removed by washing, and the TiO2 barasym catalyst was
dried at 105°C for 24 h and calcined at 500°C in a N2 purged
vessel for 3 h. To confirm successful impregnation of TiO2 on
barasym clay, X-ray fluorescence (XRF) measurements
(Fig. 2) of the dried powders were made in a He atmosphere
at 10, 20, 40, and 50 keV using a S2 Ranger Energy Dispersive
XRF (Bruker GmBh, Karlsruhe, Germany). Semiquantitative
evaluation of the XRF spectrum, performed using an adapted
EQUA-ALL application in Spectra EDX v.2.4.2 software pro-
gram (Bruker GmBh), indicated that while in the raw barasym
clay 27% and 22% of the atoms were Si and Al, respectively,
and no Ti was measured; in the TiO2-barasym sample only
8.2% and 7.8% of the atoms were Si and Al, respectively,
while 39% were Ti atoms. Those results can be observed
clearly in Fig. 2.

Adsorption Isotherms and Column Breakthrough Experiments
BPA and BPS isotherms of raw or B1-SWy-2 montmoril-

lonite were measured, as described in a previous study (Ben
Moshe&Rytwo, 2018) in 15-mL plastic tubes with screw caps
by adding 1 mL of a stirred 10 g L–1 of the relevant clay
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dispersion, and the relevant amounts of BPA or BPS ranging
between 0–0.4 mmole adsorbate g–1 of adsorbent. Distilled
water was added to give a final volume of 14 mL. The tubes
were agitated on an orbital shaker for 24 h to ensure equilib-
rium, which was confirmed by measuring again after 48 h.
Preliminary studies had shown that the molar absorption coef-
ficient of BPA and BPS at the wavelengths used for determi-
nation of the concentration did not change significantly in the
range of pH of the experiment (pH ≈ 7.0). From each tube,
1.5 mL was transferred to Eppendorf vials that were then
centrifuged at 12,000 rpm (RCF = 9700×g) in a SciLogex
D2012 Eppendorf centrifuge (SCILOGEX, Rocky Hill, Con-
necticut, USA) for 15 min to separate the solids from the
supernatant. The concentration of the adsorbate (BPA or
BPS) in the supernatant was measured using a diode-array
HP 8452A UV-Vis spectrophotometer (Hewlett-Packard
Company, Palo Alto, California, USA), and determined by
absorbance at 276 nm (OD276) for BPA (ε = 3060 M–1 cm–1)
and OD260 for BPS (ε = 18500 M–1 cm–1), respectively.
Experiments were performed in three replications, and average
values and standard deviations were calculated. The isotherm
results were adapted to a dual mode adsorption model, based
on a combination of the Langmuir equation (the left term on
the right side) and chemical partition between the adsorbent
and the solvent (right term on the right side) (Gonen & Rytwo,
2006).

q ¼ KLSmaxC
1þ KLCð Þ þ KpC ð1Þ

where q is the amount adsorbed (in mole kg–1), C is the
adsorbate equilibrium concentration (M), Smax is the amount
of adsorption sites per mass of adsorbent (mole kg–1), KL

represents the Langmuir adsorption constant (M–1), and Kp is
a partitioning coefficient (in L kg–1). The relevant coefficients
(KL, Kp, and Smax) were evaluated using the 'Solver' algorithm

in Excel® software (Office 365, Microsoft Intl.), to minimize
the sum of root mean-squared error (RMSE) between mea-
sured and calculated values.

Columns for breakthrough experiments were prepared
using plastic tubes with a cross section of 5.59 cm2

(diameter = 2.67 cm) and a total volume of 40 cm3. The tubes
were filled with mixtures of sand and clay mineral or organo-
clay. The sand was added to avoid clogging and ensure rela-
tively fast flow of the effluent. Control columns contained sand
and 1% (w/w) crude SWy-2, while the experiment columns
contained sand and 1%B1-SWy-2 organo-clay. BPA and BPS
effluents were 0.225 and 0.4 mM, respectively, flowing at a
volume rate of 3.2 ± 0.02 mL min–1. BPA and BPS concen-
trations at the outflow were measured as described above and
normalized to the initial concentration (C/C0). The pore
volume of columns was measured by the "water-displacement
method" (Montes et al., 2005) based on measuring the volume
of water needed to fill the pores in a certain volume of medium.
Experiments were performed twice.

Photocatalysis Experiments

In order to evaluate the efficiency of clay or TiO2-clay in
photocatalytic degradation of EDCs, several irradiation exper-
iments were performed in a 100-mLUV-C-transparent quartz
glass (refractive Index n = 1.5048), 5.3-cm diameter beaker
placed in a Rayonet RMR-600 mini photochemical chamber
reactor (Southern New England Ultraviolet Company, Bran-
ford, Connecticut, USA), as described in previous studies
(Rendel & Rytwo, 2020a, 2020b). The photoreactor was
equipped with eight RMR 2537A lamps (254 nmwavelength),
each lamp emitting an irradiance flux of 19 J m–2 s–1 at
254 nm, as measured in the center of the chamber using a
Black Comet SR spectrometer with an F400 UV–VIS–SR-
calibrated fiber optic probe equipped with a CR2 cosine light
receptor (StellarNet Inc., Tampa, Florida, USA). The same
spectrometer was used to measure the spectrum of the solution

Fig. 2 XRF spectra of barasym and TiO2-barasym irradiated with a 10 KeV Ag lamp
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with a 20 mm pathlength DP400 dip probe cuvette placed
inside the beaker. The solution was mixed constantly with an
external stirrer (VELP Scientifica, Usmate Velate, Italy) rotat-
ing at 100 rpm. Spectra were measured using the SpectraWiz
software (StellarNet Inc., Tampa, Florida, USA) every 10–20 s
for 30–60 min. Data was transformed to comma separated
value (CSV) files, and absorption at the maxima of each
chemical (260 or 276) was downloaded after subtracting a
baseline value at wavelengths depending on the sample. To
allow comparisons between parameters in different reaction
mechanisms, the “relative dimensionless concentration at time
t” [A](t) was evaluated (Rytwo et al., 2015) asCt/C0 = ODt/OD0

(the ratio of actual to initial concentration, or actual to initial
light absorbance); thus A0 = 1. This procedure led to >200 data
points for each experiment.

Considering that all parameters in each experiment re-
mained constant, the rate of photodegradation of BPA or
BPS can be defined by a simple rate law (Rendel & Rytwo,
2020a, 2020b):

υ ¼ d A½ �
dt

¼ −kapp A½ �napp ð2Þ

where υ is the reaction rate, kapp is the apparent rate coefficient,
A is the relative dimensionless concentration, and napp is the
apparent or 'pseudo' reaction order. napp can be found empiri-
cally and is related to the mechanism by which the process
occurs. It should be emphasized that high values for napp
indicate higher degradation rates (d A½ �

dt Þ at large concentrations;
but, at very low pollutant concentrations, lower orders yield
better performance. The term 'pseudo' is used to acknowledge
the fact that all other influencing parameters (catalyst/degrada-
tion agent, temperature, light, etc.) were kept constant
(IUPAC, 2014). Because A is dimensionless, none of the
parameters has concentration units. This is convenient because
it yields apparent kinetic coefficients that always have dimen-
sions per time, regardless of the order of the process (Rytwo
et al., 2015). Analytical integration of Eq. 2 yields:

A½ � tð Þ ¼
1

1
A0½ �napp−1 þ napp−1

� �
kappt

0

@

1

A

1
napp−1

ð3Þ

From the large amount of data in each experiment, a
"bootstrap" (Efron, 1979; Mishra et al., 2011) procedure was
performed by choosing five sets of 20 random values for each
experiment. Values of kapp and napp were calculated by evalu-
ating [A](t) using Eq. 3, and finding to each set the best possible
parameters using the 'Solver' algorithm in Excel® software, to
minimize the RMSE between measured and calculated
[A](t)values (Rytwo & Zelkind, 2022). Half-life times were
evaluated by solving mathematically Eq. 3 for the case where
[A](t) = 0.5, yielding

t1=2 ¼
2napp−1−1

napp−1
� �

kapp A0½ �napp−1 ¼ 2napp−1−1
napp−1
� �

kapp
ð4Þ

The simplification in the right-hand term is, as mentioned
above, due to A0 = 1. For all three parameters in each exper-
iment (kapp, napp, and t1/2), averages and confidence values at
α = 0.001 of the five sets of randomly chosen values were
evaluated.

Preliminary experiments were performed to test the accu-
racy of UV-Vis measurements in the determination of the
concentration of BPA and BPS. For this purpose, BPA and
BPS photodegradation was tested with no catalysts or reagents
(photolysis) by placing in the photoreactor a 25 mg L–1 con-
centration of each of the EDCs and comparing measured
results from the UV-Visible measurements with an
LC-MS/MS analysis performed with a heated electrospray
ionization (HESI-II) source connected to a Thermo Scientif-
ic™ Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass
Spectrometer (Thermo Fisher Scientific GmbH, Darmstadt,
Germany). ESI capillary voltage was set to 3500 V, capillary
and gas temperature to 350°C, and gas flow to 35mL/min. The
mass spectra (m/z 50–500) were acquired in negative-ion
mode. Peak determination and peak-area integration were per-
formed using Compound Discoverer (Thermo Xcalibur, Ver-
sion 3.1.0.305). The conclusion of this preliminary experiment
(see the Results section) was that, while BPS concentration can
be determined reliably by UV-Vis measurements, BPA 'appar-
ent' concentrations measured by UV-Vis spectroscopy, are
erroneous, presumably due to aromatic degradation products
that absorb light strongly at the wavelength used.

Based on the preliminary results, the following experi-
ments with an initial BPS concentration of 5 mg L–1

(20.6 μM) BPS were performed: (a) photolysis
(photodegradation with no catalyst); (b) photocatalysis
using the 'gold standard' P-25 TiO2 photocatalyst; (c)
photocatalysis using barasym synthetic montmorillonite;
(d) photocatalysis using TiO2-barasym prepared as de-
scribed in the B1-SWy-2 Organo-clay and TiO2-barasym
preparation subsection; (e) as (a) with the addition of a low
concentration (58.8 μM) of H2O2; (f) as (c) with 58.8 μM
H2O2; and (g) as (d) with 58.8 μM H2O2. The last three
experiments were performed to test the contribution of an
auxiliary component in order to perform a combination of
"photo-Fenton process" (Poyatos et al., 2010) with hetero-
geneous catalysis. In all the experiments, catalyst concen-
tration was 20 mg L–1. After analyzing the results, a second
set of experiments was performed, identical to (b)–(d), (f),
and (g), but the concentrations of catalysts (barasym, TiO2-
barasym, and TiO2) were reduced by two orders of magni-
tude to 0.2 mg L–1.

RESULTS AND DISCUSSION

Adsorption Isotherms

The adsorption isotherms of BPA and BPS to B1-SWy-
2organo-clay are shown in Fig. 3. Adsorption to raw SWy-2 is
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not shown; preliminary experiments indicated that it was null.
As reported and reviewed extensively, organophilic matrices
adsorb hydrophobic organic compounds efficiently
(Churchman et al., 2006; Nafees & Waseem, 2014), and have
been used in water treatment. Indeed, the organophilic modi-
fication with B1 converted the montmorillonite (that did not
adsorb BPA and BPS at all) to a relatively efficient removal
matrix.

The adsorption results of BPA fit the dual model very well,
but do not fit the regular Langmuir equation as well and do not
reach a real saturation value in the range tested. On the other
hand, adsorption of BPS fits the Langmuir model very well,
giving a saturation value of ~0.13 mole Kg–1. The improve-
ment obtained using the dual model for BPS is not very
significant, and this is supported by the fact that the partition
coefficient is about one order of magnitude lower than for BPA
(see Table 1). The noticeable difference in the isotherms is
ascribed to the fact that BPS is more hydrophilic than BPA; the
solubility of BPS in water is almost four times that of BPA
(Samineni, 2017), thus almost no partition effect was observed.
For the case of BPA, due to its greater hydrophobicity, very
high affinity (H-type) allowing complete removal was ob-
served at low concentrations, whereas partition behavior
(C-type) allowed a large capacity for adsorption at larger
concentrations, offering it as a relatively effective adsorbent.
Phenol-calculated adsorption parameters for the equations
based on previous studies (Ben Moshe & Rytwo, 2018) were
also added to Table 1 and brought an interesting perspective:
partition coefficients for phenol and BPA are similar, whereas
Smax of phenol in the Langmuir equation is almost five times
that of BPA and eight times that of BPS. On the other hand, the
KL value of phenol is relatively low, but this does not hinder
the vast adsorption of this pollutant due to the large Smax

according to both models.

Breakthrough Column Experiments
To complete the picture of the efficiency of B1-SWy-2 in

the removal of BPA and BPS from water, column break-
through flowing experiments were performed. Clay-based ma-
terials have very low hydraulic conductivity, thus the flow rate
through an organo-clay column is very low (Rytwo, 2018). In
'real' systems, this severe limitation might be solved by using
flow-through active slurry filters (Rytwo & Daskal, 2016) or a
series of consecutive slurry vessels (Rytwo et al., 2007). How-
ever, for laboratory purposes, such a handicap is usually
bypassed by mixing the active ingredient (the organo-clay)
with inactive sand, quartz, or other materials with good hy-
draulic properties (Radian et al., 2011). The relative concen-
tration of BPA or BPS in the outflow, as a function of the
number of pore volumes of polluted solution introduced to the
column, is shown in Fig. 4. For adsorption on organoclay
columns, both replicates for each EDC are shown.

Almost no removal of either pollutant occurred in the raw-
clay/sand columns, and after 1 pore volume the relative con-
centration increased, reaching a maximum concentration after
5 and 9 pore volumes for BPA or BPS, respectively (it should
be emphasized that the initial concentration of BPS was almost
80% larger than that of BPA).

As for the organo-clay/sand columns in previous studies
using the same matrix of a 2% organo-clay/sand, phenol was
removed completely from a 0.45 mM solution with >80 pore
volumes (Ben Moshe & Rytwo, 2018), whereas complete
removal of BPA required just 14 pore volumes. Comparing
these two cases is difficult, however, due to differences in
pollutant and organo-clay concentrations, but it is obvious that
removal of BPA by B1-SWy-2 is considerably less effective
than removal of phenol. Such differences can be ascribed to the
data shown in the isotherms and in Table 1; the maximum
adsorption of BPA was considerably lower than for phenol.

Fig. 3 Adsorption isotherms of BPA (red triangles and lines) and BPS (green squares and lines). Triangles and squares represent measured values
with their respective standard deviations. The lines represent calculations according to the Langmuir equation (dotted lines), or to the dual mode
model (dashed lines). Coefficients and fitting parameters are reported in Table 1
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In the case of BPS removal, the results revealed that removal
by the clay/sand column was even less effective than for BPA;
pollutant leaks appeared in the outflow after only three pore
volumes. Such results might be explained by the combination
of low maximum adsorption capacity and no partition effect, as
shown in the adsorption isotherms. After breakthrough, how-
ever, the behaviors of the two EDCs were completely different.
Breakthrough of BPA occurred (as mentioned above) after 14
pore volumes and the increase in outflow concentration was
sharp, from no BPA in the outflow, to 0.8 C0 in less than three
additional pore volumes, with complete saturation reached after
20 pore volumes. For BPS, the increase after breakthrough was
slow and gradual, from 0.1 C0 after ~3 pore volumes to up to
0.8 C0 after 20 pore volumes. Similar behavior was reported in
previous studies with humic-acid removal by columns based on
ODTMA organo-clays (Beall, 2003).

Photocatalytic Degradation

As mentioned in the Photocatalysis Experiments subsec-
tion, a preliminary experiment was performed to ensure that
UV-Vis measurements gave reliable information about the

concentration of BPA and BPS. Photolysis experiments with
no catalyst (only UVC light) were performed and concentra-
tions as a function of time were measured by both LCMS/MS
and UV-Vis, as described in the Methods section (Fig. 5).
While BPS concentrations using both methods were similar,
indicating that for BPS UV-Vis may offer a very fast and
relatively accurate quantification, the values measured for
BPA by the two methods gave completely different results.
Detailed LCMS/MS measurements screening the range of
molecular weights between 50 and 500 g mole–1 indicated that
indeed there are several aromatic photodegradation byproducts
that may be wrongly misinterpreted in a simple UV-Vis eval-
uation as BPA. Because the study focused on collecting large
amounts of data for each experiment (which cannot be done in
LCMS/MSmeasurements), only BPSwas tested in subsequent
experiments.

The intention of the following experiments was to deter-
mine if clay or TiO2-modified clay can act as an effective
photocatalyst for BPS. In a review on AOPs for the removal
of BPS, a series of studies was reported but in all of them the
half-life of BPS was 40–120 min (Fang et al., 2020).

Table 1 Parameters for the calculations of BPA, BPS, and phenol adsorption on B1-SWy-2 organo-clay, according to the Langmuir
equation and the dual mode model. Adsorption of phenol was evaluated based on the work of Ben Moshe and Rytwo (2018).

Model Parameter BPA BPS Phenol

Langmuir equation KL (mole kg
–1) 837.3 1373 23.82

Smax (mole kg–1) 0.2230 0.1290 1.0500

R2 0.7336 0.9374 0.9324

RMSE (μmole kg–1) 788.2 48.00 7769

Dual mode model KL (mole kg
–1) 3278 1902 97.12

Smax (mole kg–1) 0.1580 0.1160 0.5797

Kp (L kg–1) 1.0681 0.1262 1.1341

R2 0.9921 0.9867 0.9958

RMSE (μmole kg–1) 21.51 10.02 403.69

Fig. 4 Breakthrough curve of a BPA (triangles) or a BPS (squares) solution filtered through sand mixed with 1% B1–SWy-2 organoclay (full or
partially full symbols) or sand mixed with 1% raw SWy-2 montmorillonite (empty symbols) columns. Full or partial symbols indicate results from
two separate experiments
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Heterogeneous photocatalysis with TiO2 (Abo et al., 2016) or
organo-clays (Yang et al., 2016) gave similar values. Homo-
geneous photocatalysis ranged between a few minutes
(Goulart de Araujo et al., 2020; Mehrabani-Zeinabad et al.,
2015) to several tens of minutes (Mehrabani-Zeinabad et al.,
2015; Onundi et al., 2017), but short half-life times were
observed only at very high concentrations of H2O2 (>3 mM,
50 times greater than the concentration used in the present
study) or combinations of H2O2 with ozone.

The efficiency of barasym clay or TiO2-barasym clay as a
photocatalyst was evaluated based on the half-life (t1/2) of the
degradation, as compared with photolysis, or a 'gold standard'
well known photocatalyst – commercial type P-25 TiO2 (Rioja
et al., 2016). The catalyst concentration was set at 20 mg L–1

based on previous studies on the photodegradation of carba-
mazepine (Klein & Rytwo, 2014, unpublished results) which
showed that the optimal efficiency was observed at
<100 mg L–1 TiO2. The determination of t1/2 was based (as
described in the Methods section) on performing more than
200UV-Vis measurements for each experiment, and analyzing
the change of concentration with time, finding suitable specific
kapp and napp values for each case that fitted the integrated
simple rate law (Eq. 2).

Figure 6 shows the concentration of BPS as a function of
time for the various treatments (a–f in the Photocatalysis
Experiments subsection), whereas Fig. 7 summarizes t1/2 and
napp (the pseudo order) of all the experiments, according to Eqs
2–4. The photolysis process (without catalysts) followed a
close to 1st order process (napp = 1.02 ± 0.06), and t1/2 = 22.0
± 0.77 min. Performing homogeneous photocatalysis with
hydrogen peroxide (2 mg L–1 = 58.8 μM H2O2) changed the
pseudo order of the process to napp = 0.82 ± 0.03, and reduced
the half-life time to almost 50% of the value measured by
photolysis (t1/2 = 11.2 ± 0.07 min). The use of clay-based
materials as heterogeneous catalysts yielded slightly longer
half-life times (t1/2 = 13.7 ± 0.12 and 13.6 ± 0.18 min for
barasym and TiO2-barasym, respectively). However, even

though the half-life time for both catalysts was almost the
same, the pseudo order was completely different. While for
the raw barasym it was almost a pseudo first-order process
(napp = 0.95 ± 0.02), for the TiO2-barasym it was napp = 0.74 ±
0.04. The outcome of it is that the behavior was almost iden-
tical for both catalysts at the beginning of the process; but after
15–20 min, differences appeared (Fig. 6) and the TiO2-
barasym exhibited slightly better degradation performance at
very low concentrations, as expected due to the lower
pseudo order of the process (see Eq. 1) (Rytwo & Zelkind,
2022). Thus, the results indicated that clay-based catalysts
under current conditions reduce the half-life times to ~55%
of photolysis values, reaching results like those obtained by
homogeneous catalysis with hydrogen peroxide. An additional
observation was that the modification of the clay mineral with
TiO2 impregnation indeed changes the process in someway, as
can be seen by the different pseudo order.

To compare the efficacy of clay-based catalysts with cata-
lysts used commonly, the same experiment was performed
using the same concentration of commercial catalyst P25 type
TiO2. Asmentioned above, this material is considered the 'gold
standard' of heterogeneous catalysts, and, indeed, exhibits the
best results for this set. While the pseudo order with P25 type
TiO2 was similar to that of TiO2-barasym (napp = 0.75 ± 0.05),
the half-life time was only 30% of the photolysis value
(t1/2 = 6.8 ± 0.11 min).

Following these results, a test for a possible synergistic
effect by combining a "photo-Fenton process" (addition of
H2O2) with heterogeneous catalysis using clay-based materials
was performed. Results were indeed improved. In barasym/
H2O2, pseudo order changed to napp = 0.74 ± 0.06 and t1/2 = 8.5
± 0.26 min (62% of the value without hydrogen peroxide). In
TiO2-barasym, the pseudo order remained as before
(napp = 0.72 ± 0.05), but the improvement was even more
significant (55%, t1/2 = 7.5 ± 0.13 min), reaching values close
to those of the 'gold standard' commercial TiO2.

Fig. 5 Comparison of concentrations measured by LCMS and UV-Vis of the photolytic degradation of BPA and BPS as a function time. The
initial concentration of both pollutants was 25 mg L–1
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Fig. 6 Relative concentration in a photodegradation experiment of an initial concentration of 5 mg L–1 (20.6 μM) BPS. 'Photolysis' represents the
process without catalyst; HP, 2 mg L–1 H2O2; Bar High, barasym 20mgL–1; Ti-Bar High, TiO2-barasym 20mg L–1; Ti-dioxide High, commercial
TiO2 20 mg L–1; Bar High/HP, barasym 20 mg L–1 + 2 mg L–1 H2O2; Ti-Bar High/HP, TiO2-barasym 20 mg L–1 + 2 mg L–1 H2O2

Fig. 7 a Pseudo order and bhalf-life time in photodegradation experiments of an initial concentration of 5 mg L–1 (20.6 μM) BPS. 'Photolysis'
represents the process without catalyst, whereas the term 'HP' indicates 2 mg L–1 H2O2. The terms 'Bar', 'Ti-Bar', and 'Ti-dioxide' indicate barasym.
TiO2-barasym, and commercial TiO2, respectively. The terms 'High' and 'Low' indicate catalyst concentration of 20 mg L–1 or 0.2 mg L–1,
respectively
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Previous studies on caffeine photodegradation (Rendel &
Rytwo, 2020a, 2020b) demonstrated high efficiency at TiO2

concentrations of 1 mg L–1 and even less. Thus, following the
results described above, the photodegradation experiments
were performed again, with the same EDC (5 mg L–1 BPS)
and homogeneous catalyst (2 mg L–1 H2O2) concentrations,
but reducing the heterogeneous catalyst (barasym, TiO2-
barasym or commercial TiO2) by two orders of magnitude to
0.2 mg L–1. As mentioned above, Fig. 7 summarizes
t1/2 and napp (the pseudo order) of all the experiments, accord-
ing to Eqs 2–4. Raw barasym at low catalyst concentration
yielded a slightly lower half-life time than at high concentra-
tion (t1/2 = 12.3 ± 0.16 instead of 13.7 ± 0.12 min) but the
pseudo-order change from almost pseudo first order to
napp = 0.79 ± 0.03. TiO2 barasym at 0.2 mg L–1 appeared to
be considerablymore effective than at 20mgL–1 (t1/2 = 9.9 ± 0.29
instead of 13.6 ± 0.18min), but with almost identical pseudo order
(napp = 0.75 ± 0.08). Decreased efficiency at higher catalyst
concentrations was ascribed in previous studies to light dispersion
by the colloidal catalysts, and even catalyst aggregation, causing a
reduction in the active surface (Chong et al., 2010). In commercial
TiO2 the effect was completely different; reducing the catalyst
concentration lowered the efficiency and increased the half-life
time (t1/2 = 9.9 ± 0.18 instead of 6.8 ± 0.12 min) with slightly
lower pseudo order (napp = 0.70 ± 0.09 instead of 0.74 ± 0.04).
The outcome was that while at 20 mg L–1 catalysts con-
centration the commercial TiO2 exhibited better perfor-
mance than TiO2-barasym, the results were almost identical
when the catalyst concentration was 0.2 mg L–1, thus the
modified clay met the 'gold standard' of photocatalysis,
under the same conditions.

The most impressive effect was obtained, however, by
combining small concentrations of clay-based catalyst with
H2O2 (Fig. 7, Fig. S1 in Supplemental Information). In
barasym, the parameters changed to t1/2 = 6.6 ± 0.09 min, napp
= 0.50 ± 0.07, while in TiO

2
-barasym results were even better

(t1/2 = 6.0 ± 0.11 min, napp = 0.47 ± 0.07). Thus, both raw clay
and TiO2-impregnated clay exhibited very good performance
at low concentrations, especially in combination with hydro-
gen peroxide.

As mentioned above (Rytwo & Zelkind, 2022), according
to Eq. 1, at low pollutant concentrations processes benefit from
lower pseudo orders. From Fig. 7a it can be hypothesized that
the real orders that depend on the exact and specific set of
"consecutive elementary reactions" (Atkins & de Paula, 2006)
are essentially 1, 0.75, or 0.5. Forcing the pseudo order to such
rounded values (the best fit between 1, 0.75, or 0.5) delivered
almost the same t1/2 in all cases, while kapp changed slightly
accordingly. For example, by fixing the pseudo order of the
low concentration of TiO2 to napp = 0.75 instead of the opti-
mized value of 0.70, yielded t1/2 = 9.7 min instead of 9.9 min.
In all other cases, differences were even smaller. The hypoth-
esis is that a relationship exists between the pseudo order and
the efficacy of the process: With less effective processes
(t1/2 > 14 min) the observed pseudo orders were close to one.
When efficacy improved (7 min < t1/2 < 13 min), pseudo order
was reduced to 0.75. Borderline cases (t1/2 ≈ 13.5 min) can be

either one pseudo order or the other (high concentration of
barasym is pseudo order ≈ 1 whereas high TiO2-barasym is
≈ 0.75). Additional improvement in efficiency (t1/2 < 7 min)
was accompanied by reduction of the pseudo order to 0.5.

SUMMARY

As mentioned in the introduction, bisphenol compounds
are considered to be very hazardous. In the pursuit of ways to
remove such health concerns from water, this study presented
test cases of the use of clay-basedmaterials either as adsorbents
or as catalysts.

Results show that bisphenol molecules are not adsorbed on
raw clays, but the preparation of organophilic organo-clays can
offer a possible effective sorbent, especially for BPA which is
more hydrophobic. Adsorption columns combining 1%
organo-clay as an active ingredient were able to remove
BPA completely for ~15 pore volumes. Preparing mixed col-
umns with other active components (such as activated carbon)
may improve considerably the efficiency, even though this
should be tested in a closer-to-nature environment that includes
lower EDC concentrations, and other chemicals that may
compete with BPA for adsorption. It is interesting to note that
there does not appear to exist a single solution; even though
BPA and BPS are considered 'homologue molecules,' the
specific matrix used in the present study (B1-SWy-2 organo-
clay) exhibited relatively high removal efficiency for BPA but
was not very effective at removing BPS, probably due to its
relatively high hydrophilicity, leading to the lack of a partition
mechanism. More research is required to find specifically
adapted adsorbing matrices to optimize the specific interaction
with a particular hazardous pollutant case, and a combination
of matrices may be required in real cases.

On the other hand, the present study showed that BPS can
be removed effectively by photocatalytic processes, using
clays or modified clays as catalysts. Based on the results of
this test case, another conclusion is that, at low catalyst con-
centration (0.2 mg L–1), clay-based catalysts may be as effec-
tive for the photodegradation of BPS as the 'gold standard'
P-25 type TiO2, especially when combined with low concen-
trations (0.059 mM) of hydrogen peroxide. Modifications of
the clay, such as impregnation with TiO2, may yield even
better results. Optimization of the process requires additional
experimental work because other solution components should
also be considered, and their contribution to the photocatalytic
process cannot always be predicted. On one hand, BPA ho-
mogeneous photocatalysis was severely hindered in wastewa-
ter compared with clean water (Goulart de Araujo et al., 2020).
On the other hand, while bromide hindered caffeine homoge-
neous photocatalysis even at very low concentrations, chloride
improved the photodegradation when present up to 100 mM
but hindered the process at higher concentrations (Rendel &
Rytwo, 2020a).

In summary, clay minerals offer solutions for the removal
of health-hazardous pollutants from water, based on complete-
ly different procedures andmechanisms. The versatility of clay
minerals allows us to 'tailor' specifically adapted materials that
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might improve their efficiency based on specific pollutant-
matrix interactions.
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