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Abstract The release of bisphenols such as bisphenol
A (BPA) and its alternative bisphenol S (BPS) into the
subsurface environment may cause serious pollutions to
soil and groundwater. However, only few works have
examined their fate and transport in porous media. In
this work, batch and column experiments and mathe-
matical modeling were conducted to study the transport
behaviors of BPA and BPS in water-saturated limestone
porous media. The effects of contaminant input concen-
tration, solution ion type, and solution ionic strength on
the retention and transport of BPA and BPS in the
columns were investigated. BPS had higher mobility
in limestone porous media than that of BPA. With its
input concentration decreased, BPA showed lower mo-
bility, while the transport of BPS in the media was not
affected by the input concentration perturbations. The
retention of both BPA and BPS was higher in divalent
calcium ion solution than that in monovalent sodium

solution in limestone porous media. Ionic strength
showed little effect on the retention and transport of
BPA and BPS except that high concentration of Ca2+

inhibited the migration of BPS in the media. Because of
its relatively high mobility and toxicity, BPS may pres-
ent a great risk to groundwater quality and thus may not
be an environmentally friendly bisphenol alternative.

Keywords Bisphenol A . Bisphenol S . Fate and
transport . Adsorption . Limestone porousmedia

1 Introduction

Bisphenol A (BPA; 4,4-isopropylidene diphenol) is a
chemical intermediate used primarily in themanufacture
of polycarbonate products and epoxy resins, which are
widely used in plastics, food packing, and thermal re-
ceipts (Staples et al. 1998). In recent years, the world
production of the BPA has increased rapidly and is
forecasted to reach 10.6 million metric tons by 2022
(Report Code CP021 2016). BPA is a known endocrine
disruptor which is harmful to environment and public
health. Its exposuremay lead to various serious diseases,
such as breast cancer, prostate cancer, neuroendocrinol-
ogy disease, metabolism disorder, and obesity (Chen
et al. 2016; Diamanti-Kandarakis et al. 2009; Rochester
2013). Therefore, some restrictions and legislations
have been introduced to the use of BPA worldwide
recently (Baluka and Rumbeiha 2016; Erler and
Novak 2010). With the growing awareness of the tox-
icity and the use limitations of BPA, alternatives such as
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bisphenol S (BPS, 4,4′-sulfonyldiphenol) and bisphenol
F are increasingly used in commercial products (Choi
and Lee 2017; Liao et al. 2012). BPS, whose molecular
structure is similar to that of BPA, is an organic com-
pound composed of two phenol groups connected by a
sulfone group (SO2), instead of a branched three carbon
group that connects the two phenol (Russo et al. 2017).
It may exhibit estrogenic or genotoxic activities similar
to BPA even at very low concentrations (Chen et al.
2016; Rosenmai et al. 2014). BPA and BPS may be
released directly or indirectly into the environment dur-
ing the manufacture, usage, and disposal of polycarbon-
ate and epoxy resins and plastic products (Huang et al.
2012). They have been detected frequently in ground-
water, surface water, landfill leachate, soil, sediment,
and even in the blood and urinary of human beings
around the world (Corrales et al. 2015; Im and Loffler
2016; Jin and Zhu 2016; Liao et al. 2012; Lin et al.
2017; Rosenmai et al. 2014; Vandenberg et al. 2007;Wu
et al. 2017; Yang et al. 2014). The occurrence of BPA
and BPS in the environment has posed great risks to
public health; therefore, it is necessary to investigate
their fate and transport in subsurface.

The retention of BPA/BPS in the porous media is
one of the most important processes which strongly
affects their transport and fate in subsurface. Some
researchers have evaluated the sorption of BPA in
soils or sediments through batch sorption experi-
ments with controlled physicochemical factors (Sun
et al. 2012; Sun et al. 2009; Xu et al. 2008). It has
been reported that decrease of pH, temperature, and
salinity can increase the sorption of BPA on sedi-
ments (Xu et al. 2008). The sorption of BPA on
sediments also increases with rising ion concentra-
tion and Ca2+ has a greater influence on the adsorp-
tion process of BPA than Na+ (Sun et al. 2009). In
addition, the sorption capacities of soils and sedi-
ments to BPA are positively correlated to their organ-
ic carbon contents (Sun et al. 2012). Previous studies
have also demonstrated that both black carbon and
organic matters in soils can increase the adsorption of
BPA (Cunha et al. 2012; Toledo et al. 2005; Xu et al.
2008; Zeng et al. 2006). However, there is little
information about the sorption behaviors of BPS in
the soils or sediments, even though it is a popular
bisphenol alternative (Guo et al. 2016).

In comparison to the batch sorption method, column
transport experiment is more suitable for the evaluation
of the fate and transport of contaminants in subsurface.

Li et al. conducted soil column experiments to study the
retention and release of BPA and found that the presence
of higher ionic strength, heavy metals, and cationic
surfactants can increase the BPA adsorption (Li et al.
2008). Using column experiments and mathematical
model, Zakari et al. examined the transport behaviors
of BPA at different pore-water velocities and initial
input concentrations and found that BPA transported
0.11–0.83 m/day in the sandy sediment column with
the water velocity of 1 m/day (Zakari et al. 2016).
Nevertheless, the information and knowledge of the fate
and transport of bisphenols such as BPA and BPS in
soils and groundwater system are still limited. Further
studies on the fate and transport of BPA and BPS in
porous media thus are critical to understand their envi-
ronmental impacts and potential risks.

The transport of organic pollutants in groundwa-
ter depends on the properties of not only the com-
pounds and the flow (e.g., ionic strength and pH),
but also the media (i.e., the aquifer materials)
(Banzhaf and Hebig 2016). Nevertheless, previous
studies on the fate and transport of organics includ-
ing bisphenols have only used porous media such as
sand, soils, and sediments. Little is known about the
transport and fate of organic compounds in the lime-
stone porous media. Limestone is a sedimentary
rock composed of the mineral calcite (calcium car-
bonate), which makes up about 10% of the total
volume of all sedimentary rocks (Kogel 2006). It
has a wide distribution in the world, such as karst
area and calcareous soil. Some research has found
that the limestone has a wide range of surface po-
tential with both positive and negative values which
is different from the sand (Alotaibi et al. 2011;
Alroudhan et al. 2016; Chen et al. 2014). It is thus
of great interest to study the transport and fate of
BPA/BPS in the limestone porous media.

This work investigated the transport behavior of
BPA and BPS in limestone porous media. Laborato-
ry experiments and numerical simulations were con-
ducted under different solution chemistry conditions.
The overall objectives were as follows: (1) deter-
mine the influence of input concentration on the
transport of BPA/BPS in saturated limestone porous
media; (2) determine the effects of solution ion type
and ionic strength on the sorption and transport of
BPA/BPS in the media; and (3) test mathematical
models for simulating the fate and transport of BPA/
BPS in the media.

260 Page 2 of 11 Water Air Soil Pollut (2018) 229: 260



2 Materials and Methods

2.1 Materials

BPA and BPS with purity of 99.5% were purchased
from Sigma Chemicals. Basic physical and chemical
properties of BPA and BPS are displayed in Table S1.
To prepare the BPA stock solution (100mg/L), BPAwas
first dissolved inmethanol and then diluted by deionized
(DI) water. The volume ratio of methanol to water was
below 0.1% (v/v) in order to avoid the cosolvent effect
(Zhou et al. 2014). The BPS stock solution (100 mg/L)
was prepared by dissolving BPS directly in DI water.
The stock solutions were stored in the refrigerator at
4 °C and were diluted with DI water to the desired
concentrations prior to each use. Sodium chloride
(1.0 mM, 20.0 mM, 50.0 mM) and calcium chloride
(0.3 mM, 6.7 mM, 16.7 mM) were used in the experi-
ments to test the effects of ion type and ionic strength.

Limestone was collected from an outcrop in Heng-
yang County, Hunan Province, China. It was crushed
and sieved into the size ranged from 0.6–0.9 mm as the
limestone porous media (granular material of limestone
composition) and washed sequentially with tap and DI
water to remove impurities, followed by oven drying at
40 °C for 48 h (Bayat et al. 2015). Mineral composition
of the limestone was analyzed by X-ray diffraction
(XRD, DMX-IIIA, Japan) with the Cu kα radiation
(λ = 0.154 nm) and a step size of 0.02° in the 2θ range
from 3 to 51°. The surface morphology and elemental
composition of the limestone were determined with a
scanning electron microscope equipped with energy
dispersive X-ray (SEM-EDX, JEOL JSM-6490, Japan).
The major surface elements of limestone were also
detected by an X-ray fluorescence (XRF, ARL-9800,
Switzerland). The Brunauer-Emmett-Teller (BET) sur-
face area of the limestone was measured by a Micropore
& Chemisorption Analyzer (ASAP 2020 HD88,
Micromeritics) with eight-point nitrogen pressured
ranged from 0.05–0.2 and pretreatment of degassed
10 h at 105 °C. The organic content of the limestone
was detected by an Elemental Analyzer (ECS 4024
CHNSO, Costech Inc., Italy). The surface functional
groups of the limestone were detected by Fourier Trans-
form Infrared Spectrometer (FTIR, NICOLET6700, Ni-
colet Continuum Microscope). The zeta potentials of
limestone under varying solution chemistry conditions
were conducted using a Zeta PALS analyzer
(Brookhaven Instruments Corporation, NY, USA).

2.2 Batch and Column Experiments

2.2.1 Batch Experiments

The adsorption kinetics, adsorption isotherm, and de-
sorption experiments were carried out to determine the
adsorption behaviors of BPA/BPS onto the limestone
porous media. For all batch experiments, the BPA/BPS
solutions were adjusted by NaCl and CaCl2 to have the
ionic strength with 1, 20, and 50 mM, respectively. An
accurate weighing of 2.0 g limestone grains and 20 mL
of the BPA/BPS solutions were mixed in 40 mL
polytetrafluoroethylene (PTFE) tubes and shaken in
the mechanical shaker at 125 rpm and 25 °C. For the
sorption kinetic experiments, the limestone porous me-
dia with BPA and BPS (5 mg/L) were shaken for 0.02,
0.08, 0.17, 0.33, 1.00, 3.00, 6.00, 12.00, and 24.00 h,
respectively. For the adsorption isotherm experiments, a
series of initial concentrations of BPA (0.5, 2, 5, 10, 20,
50 mg/L) and BPS (1, 5, 20, 50, 100 mg/L) solutions
adjusted by NaCl and CaCl2 were mixed with limestone
porous media and shaken 24 h to achieve equilibration.
Desorption experiment were conducted using the post-
sorption limestone samples from the isotherm experi-
ments. The solid samples were rinsed with the working
electrolyte solution without any BPA/BPS. All of the
liquid samples from the batch experiments were collect-
ed and filtered by the PTFE filter (0.22 μm). The BPA
and BPS concentrations in each of the liquid samples
were analyzed by a high-performance liquid chromatog-
raphy (HPLC, Agilent 1100, Agilent Technologies, Co.,
California, USA) with a DAD detector, at the wave-
length of 227 nm and 258 nm respectively. The HPLC
system is equipped with a C18 column (150 mm ×
4.6 mm, Thermo Fisher, Hypersil GOLD). The samples
with 100 μL injection volume were eluted by methanol/
water (68/32 and 47/53 v/v for BPA and BPS, respec-
tively) at a velocity of 1.0 mL/min. At the same time, the
pH of part of the liquid samples was tested with a
Thermo ORION STAR A215 pH/Conductivity Meter
which was calibrated before each used. The batch ex-
periments of BPA/BPS were carried out in triplicate
including blank and control samples.

2.2.2 Column Experiments

Column experiments were conducted in PTFE columns
(12-cm length and 2.5-cm inside diameter) (Dong et al.
2017). Stainless-steel mesh (50 μm) was placed at each
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end of the column to hold the limestone porous media
and to make the flow uniformly. The limestone grains
were wet-packed into the column in order to avoid air
entrapment as the saturated porous media. The porosity
of each column was about 0.435. A high-precision
syringe pump (Sigma Aldrich Corp., St. Louis, MO)
with a glass syringe connected to the columns by PTFE
tubing was used to introduce the desired electrolyte
solution at a constant Darcy velocity of 0.204 cm/min
(flow rate of 1.0 mL/min). Before each experiment, all
the columns were firstly flushed with DI water for about
10 pore volumes (PVs) to remove impurities, followed
by five PVs of background solution for hydrochemical
equilibration. The BPA/BPS solution of different solu-
tion chemistry (Table 2) was then introduced into the
inlet of columns as a pulse (50 mL, ~2 PVs) by the
syringe pump at the same constant flow rate. After that,
the column was flushed with the background solution
for 13 PVs. Effluent samples were collected in glass
tubes from the outlet of the columns with a fraction
collector (BS-100A, Puyang Scientific Instrument
Research Institute, China) at every 4-min intervals.
The collected samples were filtered by a PTFE filter
(0.22 μm) and analyzed immediately by the HPLC for
BPA/BPS concentrations and the pH meter for pH
values. KNO3 (25 mg/L) was used as the conservative
tracer under the same conditions. Nitrate (NO3−) con-
centrations were detected by a UV-2000 Spectropho-
tometer (UNICO Instrument Co., ltd. China) at the
wavelength of 220 nm (Dong et al. 2017). The break-
through curves obtained from the plotted normalized
effluent concentration (the ratio of effluent samples
concentration and input concentrations, C/C0) versus
time. All the column experiments were conducted in
duplicate at the temperature of 25 °C.

2.3 Mathematical Model

2.3.1 Langmuir Model

The Langmuir (Eq. (1)) adsorptionmodel was applied to
analyze the sorption isotherms of the BPA/BPS onto the
limestone.

qe ¼
CeK lqm
1þ CeK l

ð1Þ

where qe (mg/kg) is equilibrium adsorbed concentra-
tions of the solid; Ce (mg/L) is the concentration of the

aqueous; Kl and qm are the Langmuir adsorption coeffi-
cient and the maximum adsorption capacity.

2.3.2 Two-Site Kinetic Model

Two-site kinetic model (attachment and detachment
model) was used to simulate BPA/BPS transport in the
limestone porous media columns (Simunek and van
Genuchten 2008; Teijón et al. 2014; Zakari et al.
2016). The governing equations that base on the
advection-dispersion equation (ADE) are defined as:

∂C
∂t

þ ρ
θ
∂S1
∂t

þ ρ
θ
∂S2
∂t

¼ D
∂2C
∂z2

−v
∂2C
∂z

ð2Þ

ρ
θ
∂S1
∂t

¼ k1C ð3Þ

ρ
θ
∂S2
∂t

¼ k2C−kd2
ρ
θ
S2 ð4Þ

where C is the concentration in the aqueous phase
(M/L3); t is time (T); ρ is the bulk density of limestone
porous media (M/L3); θ is the volumetric water content;
S1 and S2 are the solid phase solute concentration-
associated site 1 and site 2, respectively (M/M); D is
the hydrodynamic dispersion coefficient (L2/T); z is the
coordinate parallel to flow (L); v is the velocity of pore
water (L/T); k1 and k2 are the attachment coefficients for
site 1 and site 2, respectively (T−1), and kd2 is the
detachment coefficient for site 2 (T−1).

The two-site kinetic model was used to simulate the
transport experiment data by inverse fitting of k1, k2, and
kd2 using the HYDRUS-1D software (Simunek et al.
1998). The dispersion coefficient (D) was obtained from
inverse fitting of the experimental breakthrough curves
(BTCs) of the tracer.

3 Results and Discussion

3.1 Characterization

The XRD image (Fig. S1) shows that the mineralogy of
limestone porous media used in this study was mainly
calcite with a small amount of dolomite and quartz.
SEM images (Fig. S2a, b) indicate that the limestone
porous media had a rough surface with full of irregular
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bumps and dents. Therefore, there is a high possibility
that the remained BPA and BPS became trap inside the
porous medium. The BET surface area of the limestone
porous media was 0.5921 m2/g, which is relatively large
at the grain size of 0.6–0.9 mm. The rough surface and
relatively large surface area might promote the adsorp-
tion and retention of the BPA and BPS onto the lime-
stone porousmedia. The EXD analysis results (Fig. S2c)
show that element of limestone surface was mainly
calcium (wt% 18.5), oxygen (wt% 57.7), carbon (wt%
16.5), and a low content of silicon and other metal
elements (magnesium, aluminum, and potassium). The
X-ray fluorescence results (Table S2) show that the
limestone porous media was mainly CaO (wt% 48.8)
with small amount of SiO2, MgO, Al2O3, and K2O,
which are consistent with the XRD and EDX conclu-
sions that the major element of the limestone media was
calcium, with some silicon, magnesium, aluminum, and
other elements. In addition, the limestone porous media
used in this work contained very low level organic
carbon (wt% 0.08). In the FTIR spectra of the limestone
porous media (Fig. S3), absorption peaks at 714, 876,
1441, and 2513 cm−1 were ascribed to CaCO3 (El-
Sherbiny et al. 2015). Carboxyl (absorption peaks
appearing at 1734 cm−1) and hydroxyl (absorption
peaks appearing at 3622 cm−1) groups were also found
on the limestone porous media (Dong et al. 2017).

The zeta potential of limestone porous media gener-
ally decreases with the increasing solution pH; however,
it increases with the increasing of the cation (e.g., Ca2+

and Na+) concentrations (Alroudhan et al. 2016; Chen
et al. 2014; Kasha et al. 2015). In this work, the zeta

potential of the limestone porous media in different
electrolyte solutions increased from − 12.60 to − 3.11
(mV) and from − 1.34 to 9.02 (mV) with the increasing
of the concentrations of NaCl and CaCl2, respectively
(Table S3). Alotaibi et al. reported that surface-charge
(zeta potential) adjustment from negative to positive can
alter the wettability of carbonate rock from preferential-
ly water-wet to oil-wet (Alotaibi et al. 2011). High Ca2+

concentration in the solution made the limestone porous
media more hydrophobic (or less hydrophilic) in this
work and thus could potentially promote the adsorption
of BPA/BPS onto the limestone porous media surface.

3.2 Batch Experiments

Sorption kinetic results of BPA and BPS onto limestone
porous media showed that their sorption rates from fast to
slow and reached equilibrium within 24 h (Fig. S4). In
comparison to that of BPS, the sorption of BPA onto the
limestone porous media was higher under different ion
type and ionic strength conditions (Fig. 1). The Langmuir
results fitted the experimental isotherms well with R2 >
0.99. The maximum sorption capacity (Qmax) and Kl of
BPA are greater than those of BPS under the same ion
type and ionic strength conditions (Table 1). In addition,
the desorption experiment indicated that the desorption of
BPS from the limestone porous media was lower than
that of BPA (Fig. S5). This may be attributed to the fact
that BPA and BPS have different molecular structures
(Table S1). The intermediates connecting the two phenols
of BPA and BPS are propyl and sulfone, respectively.
Because the sulfone group of the BPS has strong

Fig. 1 Adsorption isotherms of a BPA and b BPS onto limestone
porous media in different ionic solutions (NaCl and CaCl2). Error
bars represent standard deviations of replicate experiments under

all conditions (n = 3). Symbols and lines represent experimental
and model results, respectively
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electron-withdrawing ability than propyl group of the
BPA, the solubility (1774 mg/L) of BPS is much higher
than that of BPA (120mg/L) (Choi and Lee 2017; Staples
et al. 1998). In addition, the BPS has a lower logKow
value (logKow = 1.65) than BPA (logKow = 3.40), indi-
cating BPS is less hydrophobic (Choi and Lee 2017).
Therefore, the BPA with lower solubility has a stronger
tendency to be adsorbed onto the organic matters of the
limestone porous media (Choi and Lee 2017; Sun et al.
2012; Zhou et al. 2014). The difference in molecular
structures also makes the two compounds have different
pKa values (Table S1). The pKa1、pKa2 values of the
BPA are 9.6 and 10.2, higher than the corresponding
values of the BPS (7.4 and 8.0). Under tested conditions
in this work (pH 8.6–9.8), most of the BPAwas in either
uncharged or partially negatively charged (i.e., one of the
two hydroxyl groups was deprotonated) forms; while
BPS was mainly in either partially negatively charged
or fully negatively charged (i.e., two hydroxyl groups
were deprotonated) form. The hydroxyl groups of the
uncharged BPS compound and the partially charged
BPS and BPA compounds might interact with the
oxygen-containing groups of the limestone porous media
through hydrogen bond or hydrophobic interactions to
promote the adsorption (Jing et al. 2012; Zhou et al.
2014). However, for most of the tested conditions (except
in Ca2+ solutions), the limestone porous media surfaces
were also negatively charged. The electrostatic repulsion
interactions might hinder the adsorption of the partially
negatively charged compounds (especially BPS) onto the
limestone porous media.

In comparison to Na+, Ca2+ in the solutions promoted
the adsorption of BPA and BPS onto the limestone
porous media (Fig. 1 and Table 1). This was probably
caused by following two factors: (1) the presence of

Ca2+ in the solution changed the surface potential of
the limestone porous media from negative into positive,
which might introduce the electrostatic attraction of
charged BPA/BPS onto the limestone porous media
surface, and (2) as a divalent cation, Ca2+ might act as
Bcation bridges^ to promote the deposition of negatively
charged BPA/BPS onto negatively charged limestone
porous media surface. Similar effects of ion type (Ca2+

vs. K+) on BPA adsorption on soils have been observed
in previous studies (Sun et al. 2005).

Ionic strength had little effect on the adsorption of
BPA onto the limestone porous media (Fig. 1a and
Table 1), confirming the importance of hydrogen bond
and hydrophobic interactions to BPA adsorption under
the tested conditions. For similar reason, ionic strength
also showed little influences on BPS adsorption on lime-
stone porous media in Na+ solution. However, BPS ad-
sorption increased with increasing Ca2+ (Fig. 1b and
Table 1), which is consistent with the previously pro-
posed mechanisms that the presence of Ca2+ increased
electrostatic attraction of negatively charged BPS to lime-
stone porous media through altering the surface charge of
the media or providing cation bridges.

3.3 Effect of Input Concentration on BPA/BPS
Transport

The results of the nonreactive tracer test showed the
limestone porous media were well-packed in the columns
without notable signs of preferential flow paths or Bwall
effects,^ and the dispersivity (0.1087 cm) was obtained
by fitting the tracer result (Table 2). The BTCs show that
BPS has higher mobility than BPA under the same ex-
perimental conditions (Fig. 2). Mass balance calculations
show that the total recovery rates of BPS in the effluents
were 84.11–90.37%, much higher than those of BPA
(36.69–72.68%) under the same conditions (Table 2).
These results suggest that BPS was more mobile in the
limestone porous media than BPA, which is consistent
with isotherm data that the adsorption BPA onto lime-
stone porous media was higher than that of BPS.

When the input concentration of BPA increased from 1
to 25 mg/L, its recovery also increased from 36.69 to
72.68% (Table 2). In addition, the initial breakthrough
time of BPA also reduced with the increasing input con-
centration. These results suggest that the adsorption of
BPA onto the limestone porous media relied on the avail-
ability of the adsorption sites (e.g., amount of surface
function groups). When the input concentration increased,

Table 1 Isotherm fitting parameters for BPA and BPS adsorption
by limestone in different solution

Solution BPA Langmuir BPS Langmuir

Qmax Kl R2 Qmax Kl R2

IS = 1 mM (NaCl) 66.63 0.06 0.99 23.08 0.03 0.99

IS = 20 mM(NaCl) 66.29 0.06 0.99 23.19 0.02 0.99

IS = 50 mM(NaCl) 66.38 0.06 0.99 22.24 0.03 1.00

IS = 1 mM (CaCl2) 69.64 0.07 0.99 45.61 0.02 0.99

IS = 20 mM(CaCl2) 71.33 0.07 0.99 54.12 0.02 1.00

IS = 50 mM(CaCl2) 70.79 0.07 0.99 57.83 0.03 1.00
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the adsorption sites were filled quickly to reduce the
further retention of BPA in the limestone porous media,
which is called as the Bblocking effect^ (Kasel et al. 2013).
Blocking is a process that occurs when adsorbates attached
to a surface of porous media reduce the area (or site)
available for attachment of other adsorbates to the surface

(Camesano et al. 1999). This Bblocking^ effect has also
been observed for the retention and transport of other
contaminants in saturated porous media (Sun et al.
2015). For BPS, however, its BTCs showed little changes
with the input concentrations (Fig. 2b), probably because
the amount of adsorbed BPS was too little to cause the

Table 2 Fitting parameters of the two-site kinetic model for BPA and BPS transport in limestone porous media at varying electrolyte
solution and concentration

Compound Concentration (mg/L) IS (mM) Effluent recovery (%) Disp
a

(cm)
k1

b

(min−1)
k2

b

(min−1)
kd2

b

(min−1)
R2

NaCl CaCl2

BPA 1 1 – 36.69 0.1087 0.0394 0.1517 0.0312 0.81

5 1 – 50.42 0.1087 0.0316 0.1105 0.0774 0.95

5 20 – 55.89 0.1087 0.0291 0.1232 0.0850 0.93

5 50 – 55.90 0.1087 0.0291 0.1045 0.0712 0.93

5 – 1 46.41 0.1087 0.0354 0.1615 0.0599 0.88

5 – 20 47.78 0.1087 0.0341 0.1638 0.0539 0.83

5 – 50 45.14 0.1087 0.0376 0.1850 0.0651 0.85

25 1 – 72.68 0.1087 0.0181 0.0821 0.1053 0.96

BPS 1 1 – 85.91 0.1087 0.0082 0.0922 0.3128 0.99

5 1 – 84.11 0.1087 0.0085 0.0454 0.1713 1.00

5 20 – 84.36 0.1087 0.0080 0.0531 0.1877 0.99

5 50 – 80.65 0.1087 0.0096 0.0563 0.1658 0.99

5 – 1 58.45 0.1087 0.0247 0.0579 0.0775 0.98

5 – 20 49.41 0.1087 0.0287 0.0615 0.0559 0.97

5 – 50 44.28 0.1087 0.0358 0.1067 0.0798 0.96

25 1 – 90.37 0.1087 0.0041 0.0760 0.2847 1.00

Disp, k1, k2, and kd2 represent longitudinal dispersivity, first-order sorption coefficient and desorption coefficient on site 1, first-order sorption
coefficient on site 2, respectively. R2 represents the squared Pearson correlation coefficient
a Parameter determined from tracer experiments
b Parameter determined from BPA/BPS experiments

Fig. 2 Breakthrough curves of different concentration a BPA and
b BPS in the limestone porous media. C and C0 represent the
concentration of effluent and influent, respectively. Error bars

represent standard deviations of replicate experiments under all
conditions (n = 2)
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blocking effect. The mass recovery rates of BPS in the
column effluents were very high with values ranged from
84.11 to 90.37% for all the tested conditions (Table 2).

Although the two-site kinetic model does not consider
the blocking effect, it described the BTCs of both BPA
and BPS under different input concentrations very well
(Fig. 2). The best-fit k1 and k2 values of BPA in the
limestone porous media columns decreased with increas-
ing input concentrations (Table 2), which might be attrib-
uted to the blocking effect as the two model parameters
are constants reflecting the average deposition rates. For
BPS in the columns, the best-fit k1 and k2 values did not
change much with the increasing of input concentration,
confirming the insignificance of blocking effect on the
retention and transport of BPS in saturated limestone
porous media. The best k1 and k2 values of BPA were
0.0181–0.0394 min−1 and 0.0821–0.1517 min−1, respec-
tively, which are higher than the corresponding values of
BPS in the columns (0.0041–0.0085 and 0.0454–
0.0922 min−1, respectively). This confirms that BPS
was more mobile than BPA in the columns.

3.4 Effect of Electrolyte Solution on BPA/BPS
Transport

In comparison to that of Na+, the presence of Ca2+

reduced the transport of BPA and BPS through the
limestone porous media columns (Figs. 3 and 4). Mass
balance calculations show that the recovery rates of BPA
in Na+ and Ca2+ solutions were 50.42–55.90% and
45.14–47.78%, respectively (Table 2). For BPS, the
recovery rates in Na+ and Ca2+ solutions were 80.65–

84.36% and 44.28–58.45%, respectively (Table 2).
When the other conditions are the same, both BPA and
BPS showed lower BTCs and mass recovery rates in
Ca2+ solutions than in Na+ solutions. This indicate that
Ca2+ increased retention of the two compounds in satu-
rated limestone porous media, which is consistent with
adsorption results that Ca2+ increased BPA and BPS
adsorption onto the limestone porous media.

For the same ion type, changes in ionic strength
showed little effect on the retention and transport of
BPA in saturated limestone porous media (Fig. 3). This
is consistent with the findings of the batch adsorption
experiments (Fig. 1). The mass recovery rates of BPA in
effluents of the columns were 50.42–55.90% and
45.14–47.78% in Na+ and Ca2+ solutions, respectively
(Table 2). Because BPA was mainly in uncharged and
partially charged forms, its adsorption onto the lime-
stone porous media was mainly through hydrogen bond
and hydrophobic interactions. Increasing solution ionic
strength thus had insignificant influences on its retention
and transport in the media. For BPS in Na+ solutions,
ionic strength also showed little effect on its retention
and transport in saturated limestone porous media
(Fig. 4a) and mass recovery rates were 80.65–84.36%
(Table 2), which was also due to the dominance of the
hydrogen bond and hydrophobic interaction mecha-
nisms. Increasing in ionic strength of Ca2+, however,
clearly reduced the transport of BPS in saturated lime-
stone porousmedia (Fig. 4b).When the ionic strength of
Ca2+ increased from 1 to 50 mM, the recovery rate of
BPS reduced from 58.45 to 44.28% (Table 2), consistent
with the adsorption experimental results that Ca2+ could

Fig. 3 Breakthrough curves of BPA in the limestone porous
media under different electrolyte solution (a NaCl and b CaCl2).
C and C0 represent for BPA concentration of effluent and influent,

respectively. Error bars represent standard deviations of replicate
experiments under all conditions (n = 2)
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enhance the deposition of negatively charged BPS onto
limestone porous media via the electrostatic attraction
and cation bridge mechanisms.

Simulations of the two-site kineticmodel alsomatched
the experimental BTCs very well (Figs. 3 and 4) with R2

values larger than 0.83 (Table 2). The best-fit k1, k2, and
kd2 values of BPAwere 0.0341–0.0376, 0.1615–0.1850,
and 0.0539–0.0651 min−1 in Ca2+, respectively; and
0.0291–0.0316, 0.1045–0.1232, and 0.0712–
0.0850 min−1 in Na+, respectively (Table 2). In compar-
isons to the corresponding values of BPA, the best-fit k1
and k2 values of BPSwere smaller but the kd2 values were
slightly larger, which are consistent with experimental
results that BPS had higher mobility than BPA. The
best-fit k1, k2, and kd2 values of BPS were 0.0247–
0.0358, 0.0579–0.1067, and 0.0559–0.0798 min−1 in
Ca2+, respectively, and 0.0080–0.0096, 0.0454–0.0563
and 0.1658–0.1877 min−1 in Na+, respectively
(Table 2). In general, the k1 and k2 values of Ca2+ for
both BPA and BPS were larger than the corresponding
ones of Na+; while the kd2 values of Ca

2+ were smaller
than the corresponding ones of Na+. These results con-
firm that Ca2+ promoted the retention of both compounds
in saturated limestone porous media.

4 Conclusions

Results of the batch adsorption and column transport
experiments provide an insight into the dynamics and
mechanisms of the retention and transport of BPA/BPS
in saturated limestone porous media. All the experimen-
tal and modeling evidences suggest that BPA had lower

mobility than BPS under various conditions because of
the higher adsorption of BPA to the limestone porous
media. In comparison to Na+, the divalent cation Ca2+

promoted the adsorption of BPA/BPS onto the lime-
stone porous media and thus reduced their transport in
the media. In Na+ solutions, ionic strength showed little
effect on the retention and transport of BPA/BPS. In
addition, blocking effect due to increasing input con-
centration was observed for BPA transport in the lime-
stone porous media, but it was not obvious for that of
BPS. Hydrogen bond and hydrophobic interactions
might play governing roles in controlling the adsorption
and retention of the two compounds, especially un-
charged BPA, under the tested conditions; while elec-
trostatic attraction and cation bridges introduced by
Ca2+ might also contribute to the adsorption and reten-
tion of negatively charged BPA/BPS in the media. Find-
ings from this study can improve current understanding
of bisphenol fate and transport in the subsurface envi-
ronment, and thus help making accurate assessment of
their potential environmental risks.
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