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a b s t r a c t

The wide application of bisphenol A (BPA) leads to the emergence of BPA residuals in natural water
environments. Dissolved organic matter (DOM) existed in water can bind with BPA, hence influencing
the migration and transformation of BPA in aquatic environments. pH is a crucial factor governing the
binding interactions between DOM and BPA. However, the mechanisms driven the binding process under
different pH conditions are still unclear. In this study, the interactions between BPA and humic acids
(HA), a primary component of DOM, are investigated over a wide pH range of 3e12 by integrating
fluorescence quenching, dynamic light scattering and microcalorimetry. pH dependence of the binding
interactions between HA and BPA are interpreted from a thermodynamic perspective. The results indi-
cate that HA can spontaneously interact with BPA to form a stable HA-BPA complex. With the increasing
pH, the binding interactions change from entropy driven to entropy-enthalpy co-driven. Hydrophobic
force dominate the binding interactions under acidic condition. The synergy of hydrophobic force and
hydrogen bond promotes the binding process under neutral condition. Under alkaline conditions,
electrostatic repulsion participates the binding process in addition to hydrophobic force and hydrogen
bond, weakening the binding strength. Therefore, neutral pH is favorable for HA to bind with BPA,
consequently enhancing the dissolution of BPA in natural water bodies. The results are beneficial to
better understand the pH dependent distribution of BPA in aquatic environments.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Endocrine disrupting chemicals (EDCs) bring about adverse
impact on human health via intimating hormones or blocking re-
ceptor sites to disrupt basic physiological function (Komesli et al.,
2015; Omar et al., 2016). Bisphenol A (BPA) is a typical EDC,
which has toxic effects on male reproduction function even under
trace amount of exposure (Manfo et al., 2014). The wide application
of BPA in industrial production leads to the emergence of BPA re-
siduals in natural water environments (Huang et al., 2012; Santhi
e by Dr. Sarah Harmon.
an Ecological Processes and
Station for Forest Ecosystem,
st China Normal University,
et al., 2012).
Dissolved organic matter (DOM) ubiquitously exists in aquatic

environments, comprising multiple aromatic and aliphatic hydro-
carbon structures (Liu et al., 2017). DOM extensively participates
the migration and transformation of contaminants in water envi-
ronments, such as binding with hydrophobic organics to form
complex (Zhu et al., 2012). This process markedly enhances the
dissolution of the hydrophobic organic contaminants in water
bodies (Song et al., 2017). BPA is moderately hydrophobic and is
readily bound with DOM as well (Petrie et al., 2019). The binding
interactions between DOM and BPA significantly influence the
migration and transformation of BPA in aquatic environments
(Bhatnagar and Anastopoulos, 2017).

Several mechanisms make contributions to the binding in-
teractions between DOM and BPA such as hydrogen bond, aromatic
stacking, hydrophobic force, and electrostatic interaction (Zhu
et al., 2012). Hydrogen bond tends to be formed between DOM
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and organics carrying functional groups such as hydroxy and
carboxyl. Aromatic stacking is likely to occur between DOM and
organics with aromatic structures (Trout and Kubicki, 2007). Zhu
et al. suggested that hydrogen bond is more significant than aro-
matic stacking for the interactions between DOM and BPA based on
Gaussian calculation (Zhu et al., 2012). In addition, the inclusion of
BPA into the cavity of cyclodextrins implies the existence of hy-
drophobic binding between BPA and DOM (Chelli et al., 2007). The
binding interactions between BPA and DOM are highly correlated
with solution conditions since hydrogen bond, aromatic stacking
and hydrophobic interaction are evolving under different pHs, ionic
strengths and temperatures. Especially, pH is a critical factor gov-
erning the interactions between DOM and contaminants (Casanova
et al., 2018; Longstaffe et al., 2013). Carrying two phenol groups,
BPA exists in three possible forms: molecular, mono-anion and
dianion forms depending on solution pH (Qi et al., 2017). Simulta-
neously, the configuration of DOM is also distinct at different pH
levels (Longstaffe et al., 2013; Saldana-Robles et al., 2018). However,
previous investigations mainly focus on the binding affinity be-
tween DOM and contaminants under different pH conditions, deep
insights into the bindingmechanisms influenced by solution pH are
still lacked.

In this study, the interactions between BPA and humic acid (HA),
a primary component of DOM (Li and Hu, 2016;Wu et al., 2016), are
investigated over a wide pH range of 3e12 by integrating fluores-
cence quenching, dynamic light scattering (DLS) and microcalo-
rimetry. The binding affinity of the interactions are quantified, and
the configuration changes of HA after binding with BPA are
explored. This study aims to characterize the binding interactions
between HA and BPA, and to interpret the mechanisms driven the
binding process from the thermodynamic aspect. The results are
beneficial to better understand the pH dependent migration and
transformation of BPA in natural aquatic environments.
2. Materials and methods

2.1. Sample preparation

HA (No. 53680) and BPA (No. 239658) were purchased from
Sigma-Aldrich Co. USA. Other reagents of analytical grad were from
Sinopharm Chemical Reagent Co., China. To maintain the assigned
pH during the binding experiments, 50mM phosphate buffer (PBS)
was used to prepare HA and BPA solutions to guarantee sufficient
buffering capability. The stock solution of HAwas filtered through a
0.45 mmmembrane before utilization. The concentration of HAwas
quantified by total organic carbon (TOC) on multi N/C® 3100
analyzer (Analytik Jena, Germany), which was determined to be
2885mg C/L.
Fig. 1. The fluorescence of HA quenched by increasing BPA dosage (pH 7, ionic strength
50mM, 25 �C).
2.2. Binding experiments between HA and BPA

BPA, HA and PBS were added into eight volumetric flasks,
making the final concentration of HA to be 5mg C/L. The concen-
trations of BPA in the flasks ranged from 0 to 28mg/L with 4mg/L
increment. Three parallel samples were prepared for each BPA
concentration. All the solutions were blended thoroughly and
balanced for 4 h before fluorescence measurements. The binding
interactions between HA and BPAwere investigated under different
temperatures (15, 25, 35 �C), pH (3e12), and ionic strengths
(50e1000mM). The solution pH was adjusted using 50mM NaOH
and 50mM H3PO4, while ionic strength was adjusted with 1M
NaCl.
2.3. Spectral analysis

The fluorescence spectrum of HA-BPA mixture was collected on
a luminescence spectrometer (F-4600, Hitachi Co., Japan). The
excitationwavelength was set at 270 nm, and emission wavelength
ranged from 300 to 550 nm at 0.2 nm increment. The excitation/
emission slits were both 5 nm, and the scan speedwas 240 nm/min.
The UVeVis spectra of HA-BPA mixture was measured on a spec-
trophotometer (UV-4500, Shimadzu Co., Japan). Fourier transform
infrared spectroscopy (FTIR) was employed to characterize the
functional groups of HA before and after the binding interactions
(Nicolet iS5, Thermo Co., USA).

2.4. Isothermal titration calorimetry (ITC) measurement

Microcalorimetry (ITC-200, MicroCal Co., USA) was applied to
obtain the thermodynamic parameters of the interactions between
HA and BPA. HA (476.60mg C/L) and BPA (423.03mg/L) were pre-
pared in 50mM PBS (pH 9.5) and degassed for 15min under vac-
uum. Here, ITC measurement was only conducted at pH 9.5, as the
ITC signals were too weak to analyze at pH 5 and 7. High concen-
trations of BPA and HA were utilized for a better resolution of the
signals in heat change, since the binding affinity were independent
of HA and BPA concentrations (Yan et al., 2019b). BPA was injected
into PBS buffer and HA solution, respectively. The working volume
of the titration cell was 199.3 mL. An initial equilibrium time of 90 s
was required before 19 injections. Each titration was completed by
injecting 2 mL BPA into the working cell in 4 s, with 120 s spacing
time between injections. Temperature was regulated at 25 �C and
the stirring rate was 750 rpm. Data was analyzed by Origin 8.0 (Yan
et al., 2019b), as described in Supplementary Materials.

2.5. Other analysis

Zeta potential and hydrodynamic radius (Rh) of HA before and
after binding with BPA were measured by DLS (NANO ZS3600,
Malvern Co., UK). Each sample was measured in triplicate at 25 �C.

3. Results and discussion

3.1. Complex formation between HA and BPA

The fluorescence of HA was quenched by BPA (Fig. 1) for two
possible mechanisms: static quenching due to the formation of HA-



Fig. 2. FTIR spectra of HA before and after binding with BPA (pH 7, ionic strength
50mM, 25 �C).
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BPA complex at ground state, and dynamic quenching arising from
the molecular collision at excited state (Xu et al., 2013). Sterne-
Vomer equation could verify the quenching mechanisms (Yu
et al., 2015):

F0
F
¼1þ Kqt0½Q � (1)

Where F and F0 are the fluorescence intensity of HA (Ex/Em 270/
450) with and without BPA addition; t0 is the average lifetime of
HA, whose value is 10�8 s (Yan et al., 2019a); [Q] is BPA concen-
tration; Kq is the quenching rate constant. As shown in Table 1, the
values of Kq were far larger than the maximum diffusion collision
quenching rate constant of 2.0� 1010 L/mol/s (Yan et al., 2019a),
excluding the possibility of dynamic quenching. Accordingly, static
quenching dominated the binding process with the formation of
HA-BPA complex, that was also confirmed by UVeVis difference
spectrum in Fig. S1 (Xu et al., 2013).

The variation in FTIR spectra of HA also revealed the formation
of HA-BPA complex (Fig. 2). Compared to pristine HA, the peaks
ascribed to aliphatic CeH bending (2926 cm�1 and 2850 cm�1)
(Adeyinka and Moodley, 2019) and C]C stretching in aromatic
rings (1585 cm�1) (Tian et al., 2018) disappeared in HA-BPA com-
plex. A new peak corresponding to C]O stretching of carboxylic
acid groups (1714 cm�1) was observed (Chen et al., 2015). The re-
sults revealed the configuration changes of HA after binding with
BPA: the hydrophobic structures (such as aromatic rings and alkyl
groups) were occupied by BPA, while the hydrophilic groups (such
as carboxylic acid groups) were exposed. Accordingly, hydrophobic
interactions might play crucial roles in the binding interactions
between HA and BPA. In addition, the magnified peak intensity at
1264 cm�1 being related with CeO in carboxyl groups indicated the
enhancement of hydrogen bond in HA-BPA complex (Wang et al.,
2012).

3.2. pH dependence of the binding interactions between HA and
BPA

The binding constant (K) and the number of binding sites (n)
was determined as follows (Zhang et al., 2010):

log
F0 � F

F
¼ logK þ nlog½Q � (2)
Table 1
Binding constant (K), binding site (n) and quenching rate constant (Kq) of the in-
teractions between HA and BPA at various pH values (ionic strength 50mM, tem-
perature 25 �C).

pH K (� 103 L/mol) n R2
2 Kq (� 1011 L/mol/s) R1

2

3 15.09± 0.51 1.19± 0.008 0.997 2.63± 0.08 0.982
4 5.76± 1.98 1.03± 0.04 0.955 4.03± 0.36 0.980
5 41.78± 7.44 1.20± 0.06 0.993 3.05± 0.12 0.968
6 30.63± 6.23 1.23± 0.03 0.965 3.29± 0.17 0.972
6.5 11.89± 1.45 1.12± 0.01 0.995 3.52± 0.13 0.991
7 361.51± 3.33 1.49± 0.004 0.998 4.68± 0.13 0.985
7.5 242.92± 14.47 1.47± 0.01 0.949 2.68± 0.02 0.974
8 94.47± 3.86 1.39± 0.003 0.992 2.44± 0.04 0.971
8.5 37.63± 7.89 1.27± 0.02 0.995 3.06± 0.13 0.984
9 10.24± 4.19 0.97± 0.23 0.960 3.01± 0.19 0.962
9.5 4.57± 0.26 1.04± 0.006 0.975 3.06± 0.07 0.972
10 2.80± 0.58 0.99± 0.02 0.960 2.91± 0.15 0.975
10.5 1.69± 0.56 0.93± 0.04 0.952 3.02± 0.04 0.967
11 1.04± 0.34 0.91± 0.03 0.953 2.10± 0.11 0.967
11.5 1.32± 0.17 0.89± 0.02 0.958 3.56± 0.31 0.955
12 1.08± 0.05 0.87± 0.006 0.953 3.42± 0.12 0.963

R1 is the regression coefficient according to Eq. (1).
R2 is the regression coefficient according to Eq. (2).
The binding constant (Table 1) changed along with the pH
values, which could be divided into three regions (Fig. 3): (i) pH
3e6.5, the binding constant slightly fluctuated (Region 1); (ii) pH
7e9, the binding constant pronouncedly increased to a peak value
of 3.6� 105 L/mol at pH 7 and then monotonously decreased (Re-
gion 2); (iii) pH 9.5e12, the binding constant gradually decreased
and maintained stable (Region 3).

In Region 1, the binding constant was relatively lower, ranging
from 5.76� 103 to 4.18� 104 L/mol (Table 1). The weak binding
affinity was related with the properties of HA and BPA under the
acidic conditions. pH significantly affected the configuration of HA
colloids. As showed in Fig. 4a, the size of HA was decreasing with
the declining pH from 6.5 to 3. HA colloids were stabilized by weak
forces such as electrostatic interaction, hydrophobic force and
hydrogen bond. Hydrogen bond was progressively more important
at a low pH. Strong intermolecular hydrogen bond held the HA
molecules together, making HA colloids to be dense and compact
(Wang et al., 2013). The decreasing Rh of HA with lowering pH also
demonstrated the compression of HA molecules (Fig. 4a). The
compressed configuration of HA colloids made some areas
Fig. 3. Binding constant of the interactions between HA and BPA at different pH levels
(ionic strength 50mM, 25 �C).



Fig. 4. Hydrodynamic radius (a) and zeta potential (b) of HA before and after binding
with BPA at different pH values (ionic strength 50mM, 25 �C).

L.-h. Gan et al. / Environmental Pollution 255 (2019) 1132924
inaccessible for BPA to bind with, impeding hydrophobic inclusion
of BPA into HA. After binding with BPA, Rh of HA-BPA declined
significantly, revealing the shrink of HA configuration. Simulta-
neously, zeta potential of HA-BPA increased after binding with BPA
(Fig. 4b), indicating that the negative charges of HA decreased.
Considering that BPA was in the molecular form in Region 1
(Fig. S2), the reduction in negative charges of HA were mainly
ascribed to its conformations changes after binding with BPA rather
than charges neutralization.

In Region 2, the peak value of binding constant appeared at pH 7
(Fig. 3), which was 1e2 magnitudes higher than those under acidic
conditions (Table 1). Zeta potential of HA decreased to �27mV at
pH 7 and maintained stable at higher pH values (Fig. 4b). Two
mechanisms might be responsible for the decreased zeta potential
of HA: dissociation of acidic groups (such as eOH, eCOOH) and
breakage of internal hydrogen bonds in HA colloids (Klu�c�akov�a and
V�e�zníkov�a, 2017). Both of the two processes would induce the
expansion of HA configuration (Angelico et al., 2014), exposing
more sites for BPA to bind with. Thus, the binding affinity between
HA and BPA was significantly improved at pH 7. With the further
increase in pH, the binding constant monotonously decreased
(Fig. 3). That was because the increasing electrostatic repulsion
between the negative charged HA and BPA in anion form impeded
the binding process.

In Region 3, BPA existed in molecule, mono-anion and dianion
forms (Fig. S2). The binding strength of BPA to HAwas considered to
be contributed by different BPA species, which could be
distinguished by an empirical model (Figueroa et al., 2004). Over
the pH range of 9.5e12, the apparent binding constant (K) is the
composition of binding constants of three BPA species:

K ¼ K0a0þK�a�þK2�a2� (3)

Where K0, K�, K2� are the binding constants of BPA in molecule,
mono-anion and dianion forms to HA; a0, a�, a2� are the pro-
portions of BPA in molecule, mono-anion and dianion forms at a
given pH value. As shown in Fig. S3, the binding constants of
different BPA species to HA were fitted as K0 (7.09� 103 L/mol), K�

(2.11� 103 L/mol), and K2� (1.03� 103 L/mol). The results indicated
that both BPA molecules and anions contributed to the binding
interactions in Region 3.

3.3. Mechanisms driving the binding processes between HA and
BPA under different pH conditions

Thermodynamic parameters including Gibbs free energy change
(DG), enthalpy change (DH), and entropy change (DS) indicated the
mechanisms driven the binding interactions between HA and BPA.
DH and DS at pH 5 and 7 were fitted by Van’t Hoff Equation (Yan
et al., 2019a).

lnK ¼ � DH
RT

þ DS
R

(4)

Where R is universal gas constant (8.314 J/mol/K), T is absolute
temperature, and DG is calculated as:

DG¼DH� TDS (5)

ITC measurement was conducted to obtain the thermodynamic
parameters at pH 9.5 (Fig. S4). As summarized in Table 2, thermo-
dynamic parameters were distinct under acidic, neutral and alka-
line conditions, suggesting different binding mechanisms between
HA and BPA in the three pH regions abovementioned. Hydrogen
bond, hydrophobic force, and electrostatic interaction mainly
contributed to the interactions between HA and BPA (Zhu et al.,
2012): (1) hydrophobic force induced DH> 0, -TDS< 0; (2)
hydrogen bond induced DH < 0, -TDS > 0; (3) electrostatic inter-
action induced DHz 0, -TDS< 0 (Ross and Subramanian, 1981).

Accordingly, the mechanisms of the binding interactions be-
tween HA and BPA at different pH levels could be identified from
the thermodynamic parameters in Fig. 5. At pH 5, positive DH and
negative -TDS suggested the great contributions of hydrophobic
forces. Considering that BPA carried no charges at pH 5 (Fig. S2),
electrostatic interactions were excluded. Therefore, hydrophobic
force mainly drove the binding interactions of HA and BPA under
acidic conditions. At pH 9.5, negative DH indicated the prevalence
of hydrogen bonds under alkaline conditions. The electrostatic
repulsion between negative charged HA and BPA in anion form
made -TDS to be negative (Bi et al., 2014). The absolute value of DH
was close to zero, indicating that the hydrophobic forces offset the
negative DH produced by hydrogen bonds.

The highest binding strength presented at pH 7. Positive DH and
negative -TDS suggested the dominance of hydrophobic forces,
being similar with pH 5. However, the absolute values of DH and
-TDS decreased compared to those of pH 5, yielding amore negative
value of DG. This was caused by hydrogen bonds formation be-
tween HA and BPA at pH 7, as shown in FTIR spectrum (Fig. 2). Since
BPA molecules accounted for more than 99% at pH 7 (Fig. S2), the
influences of electrostatic interactions on the binding process were
negatable. Influences of ionic strength on the interactions between
BPA and HA could further illuminate the binding mechanisms at pH
7. The binding constant decreased dramatically by two magnitudes



Table 2
Thermodynamic parameters of the interactions between HA and BPA at various pH values (ionic strength 50mM).

pH T (�C) K (� 103 L/mol) n R2 DG (kJ/mol) DH (kJ/mol) DS (J/mol/K) -TDS (kJ/mol)

5a 15 0.58± 0.04 0.80± 0.007 0.974 �16.67 174.60 663.78 �191.27
25 41.78± 7.44 1.20± 0.06 0.993 �23.31 �197.91
35 63.05± 6.06 1.31± 0.02 0.957 �29.95 �204.54

7a 15 45.96± 4.34 1.28± 0.01 0.960 �25.84 136.50 563.39 �162.34
25 361.51± 3.33 1.49± 0.004 0.998 �31.47 �167.97
35 1849.11 ± 14.69 1.71± 0.002 0.983 �37.11 �173.61

9.5b 25 4.09 0.975 �20.60 �10.40 34.29 �10.39

R is the regression coefficient according to Eq. (2).
a Thermodynamic parameters obtained from Van’t Hoff Equation.
b Thermodynamic parameters obtained from ITC measurement.

Fig. 5. Evolution of thermodynamic mechanisms driving BPA binding to HA at
different pH values (ionic strength 50mM, 25 �C).
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when ionic strength increased from 50 to 500mM (Table 3). High
ionic strength clearly hindered the binding process of BPA to HA,
that was highly related with the configuration changes of HA col-
loids as shown in Fig. S5a. HA molecules are stretched when ionic
strength was 50mM, with a high Rh value of 93.4 nm. Accordingly,
more binding sites were exposed for BPA to bind with and a rela-
tively higher binding constant was obtained. Increasing ionic
strength from 50 to 500mM compressed the electric double layer
of HA colloids, as demonstrated by the increased zeta potential of
HA (Fig. S5b). The configuration of HA became constrictive at high
ionic strength of 500mM, with a decreasing Rh value. That was not
favorable for the binding interactions since less binding sites of HA
were accessible for BPA. Further improving ionic strength to
1000mM insignificantly altered the binding constant (Table 3).
However, the binding behavior of BPA to HA totally changed, since
zeta potential of HAwas positive at ionic strength of 1000mM. This
was because the configuration of HA was altered by the extremely
high ionic strength. Multiple Naþ entered the interior of HA and
boundwith carboxyl and hydroxyl groups (Baker and Khahli, 2003),
destroying the instinct structure of HA. Rh of HAwas higher at ionic
Table 3
Binding constant (K) and binding site (n) of the interactions between HA and BPA at
various ionic strengths (temperature 25 �C, pH 7).

Ionic strength (mM) K (� 103 L/mol) n R2

50 361.51± 3.33 1.49± 0.003 0.998
250 56.67± 0.74 1.29± 0.02 0.996
500 6.53± 0.66 1.05± 0.02 0.994
1000 6.0± 2.8 1.04± 0.05 0.998

R is the regression coefficient according to Eq. (2).
strength of 1000mM than that at 500mM, indicating that the
reconstructed HA colloids presented in stretched state. It was
noticed that the binding constants at ionic strength of 500mM and
1000mM were similar, although HA changed from negative
charged to positive charged (Fig. S5b). This result also confirmed
that electrostatic force was insignificant for the binding in-
teractions between HA and BPA at pH 7. The synergy of hydro-
phobic force and hydrogen bond promoted the binding process,
resulting in the highest binding affinity at the neutral condition.

3.4. Environmental implication

The interactions between HA and BPA highly depended on so-
lution pH. Neutral pH was favorable for HA to bind with BPA, that
could markedly enhance the dissolution of BPA in natural aquatic
environments. When solution pH changed, BPA would dissociate
from HA-BPA complex, arising the risk of BPA re-releasing into the
environments. This study implied that the BPA concentrations
detected in natural water bodies were likely underestimated, since
considerable BPA presented in the form of HA-BPA complex.

Actually, in addition to pH, other factors such as temperature,
surfactants and aquatic colloids also influenced the binding in-
teractions between HA and BPA. The binding strength of BPA to HA
was clearly enhanced with the augment of temperature. Cationic
surfactants were readily adsorbed by HA, hence promoted the
binding interactions between BPA and HA due to the increased
binding sites (Gao et al., 2001). Anionic surfactants increased the
solubility of BPA inwater phase and reduced the distribution of BPA
in HA (Sanchez-Martin et al., 2003). Colloids such as bacteria, sand,
clay were also important carriers of organic pollutants (Zhou et al.,
2007), that weakened the stability of HA-BPA complex by
competitive coordination with BPA. The interferes of these factors
would definitely affect the distribution of BPA in natural water
environments.

4. Conclusions

pH affected the configuration of HA, speciation of BPA, and
hence the binding interactions between HA and BPA. The thermo-
dynamic mechanisms for the binding interactions changed from
entropy driven to entropy-enthalpy co-driven with increasing pH
values (Fig. 6). Under acidic conditions, hydrophobic force domi-
nated the binding interactions. The synergy of hydrophobic force
and hydrogen bond strengthened the binding affinity under neutral
condition. Under alkaline conditions, the integration of hydropho-
bic force, hydrogen bond and electrostatic repulsion weakened the
binding affinity. Neutral pH obviously favored the formation of HA-
BPA complex, therefore improving the dissolution of BPA in natural
aquatic environments. Therefore, the concentrations of BPA in
water bodies were likely underestimated due to the formation of
HA-BPA complex.



Fig. 6. The mechanisms of the interactions between HA and BPA under different pH conditions.
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