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Abstract

Bisphenols as an important industrial raw material has endocrine disruption, reproductive toxicity, and neurotoxicity. Lac-
case (Lac) has demonstrated excellent catalytic oxidation performance for phenolic compounds. Micro-nano bubbles (MNB)
have been extensively used in wastewater treatment, and the high efficiency of MNB-assisted laccase (MNB-Lac) as a hybrid
technique for removing bisphenols from water has been established. In this study, MNB-Lac system was used to degrade
bisphenols including bisphenol A (BPA), bisphenol B (BPB), bisphenol C (BPC), bisphenol E (BPE), and bisphenol F
(BPF). A comparative analysis was conducted to evaluate the degradation of individual and mixed bisphenols by MNB-
Lac. The results indicated that the degradation effect on all individual bisphenols was superior. Notably, BPC consistently
demonstrated higher selectivity in the mixed degradation process. In the mixed bisphenol degradation process, a distinct
degradation sequence between BPE and BPF was observed. The affinity order of BPA and BPE was found to be inconsistent
with their individual degradation order, and the degradation reaction was found to conform to second-order kinetics. By gas
chromatography mass spectrometry detection, it was found that the degraded products of BPA, BPB, BPC, BPE, and BPF
were ring and chain compounds, and the degradation pathways of the five substances were also maintenance ring structure
and direct ring opening. The possible transformation relationship of mixed bisphenols during degradation by MNB-Lac was
proposed. Moreover, the industrial application of MNB-Lac was evaluated by increasing the wastewater volume of BPA.
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1 Introduction

Bisphenols are compounds that contain two phenolic
groups per molecule [1, 2]. They belong to a synthetic
class of chemicals that can be used in the production of
polycarbonate plastics and epoxy resins, as well as other
consumer products including toys, electronics, food, bev-
erage packaging, store receipts, and medical device [3].
However, the comprehensive physical, biological, and
chemical treatment of wastewater treatment plants is not
efficient in removing bisphenols, resulting in serious pol-
lution of discharged sewage streams [4]. Among which
bisphenol A (BPA) is a reproductive biotoxic substance,
which has been widely exposed and concerned. Since bis-
phenol B (BPB), bisphenol C (BPC), bisphenol E (BPE),
and bisphenol F (BPF) are structurally similar to BPA,
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these bisphenols have similar endocrine disrupting capa-
bilities that can adversely affect the reproductive system
[5].

In recent years, the degradation of bisphenols has been
widely investigated, and common technologies including
membrane separation [6], adsorption [7], photodegrada-
tion [8] advanced oxidation are studied [9]. However, these
methods have been found to be constrained by their high
costs, low efficiency, and the generation of toxic by-prod-
ucts. Enzymatic hydrolysis has emerged as a prominent
research focus both domestically and internationally for
the treatment of diverse pollutants, including phenols,
carboxylic acids, aromatic amines, and other types. The
enzymatic treatment of pollutants in wastewater is advan-
tageous due to its high catalytic efficiency, strong substrate
specificity, mild operating conditions, low toxicity, and
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significant degradation of by-products [10], and has been
extensively studied in scientific research. Currently, the
biocatalysis of hydrolase and oxidoreductase is commonly
used to remove most pollutants from wastewater [11, 12].
Especially, peroxidase is widely used to degrade some
organic micropollutants [13-15].

Laccase (EC 1.10.3.2, Lac) is a copper-containing mul-
tifunctional oxidase widely found in plants, fungi, bacteria,
and some insects [16]. Dissolved oxygen is usually used as
the final electron acceptor for Lac, giving Lac good stability
and catalysis [17]. Lac is widely used in industry and has
excellent catalytic activity for the degradation of bisphenols.
However, the current research on the degradation of mixed
bisphenols by Lac remains to be explored [18-20]. Previ-
ously, a large number of studies focused on immobilized Lac
to improve BPA degradation [21, 22]. A complex advanced
oxidation process combining Lac and photocatalysis (PEC)
has been proposed to degrade BPA [23] with excellent deg-
radation efficiency. This similar Lac coupling technology
represents an interesting starting point.

Micro-nano bubbles (MNB) are bubbles that are between
tens of micrometers and hundreds of nanometers in diameter
when bubbles occur. These properties have led to their exten-
sive application in wastewater treatment due to their large
specific surface area, prolonged residence time, enhanced
mass transfer efficiency, and the generation of a substantial
number of highly active free radicals [24]. Studies have been
shown that hydroxyl radicals are potent oxidizing agents that
play an important role in the degradation of phenols [25, 26].
The feasibility of MNB assisted Lac (MNB-Lac) as a hybrid
technique for removing bisphenols from water has been
proved in our previous study [27]. The results showed that
MNB could induce hydroxyl radical formation to degrade
bisphenols and increase laccase activity by 7.7-20.4%, thus
promoting the degradation of bisphenols. The initial pollut-
ant concentration, temperature, intake volume, pH, outlet
pipe length, and Lac concentration had significant effects
on the removal of BPA by MNB-Lac, and the degradation is
as high as 95.5+0.7% under optimal conditions. However,
the degradation mechanism of mixed bisphenols degraded
by MNB-Lac has not been perfected, and the degradation
pathway and transformation relationship of bisphenols are
still to be explored.

The fundamental goal of the current study was to employ
MNB-Lac system to degrade bisphenols including BPA,
BPB, BPC, BPE, and BPF. The degradation effect of individ-
ual bisphenol and mixed bisphenols by MNB-Lac under the
optimized conditions was compared in detail. The Michae-
lis—Menten kinetics was fully analyzed and the effect of the
introduction of microbubbles on the degradation kinetics
was studied. The possible degradation pathways of BPA,
BPB, BPC, BPE, and BPF degraded by MNB-Lac were
studied based on the degradation products. Moreover, the

transformation relationship between five different bisphenol
was further discussed. In addition, the industrial applicabil-
ity of MNB-Lac was evaluated by increasing the amount
of BPA wastewater. These research results will provide a
theoretical basis for further treatment of degraded bisphenol
wastewater and the industrial application of MNB-Lac.

2 Experimental
2.1 Materials

Trametes versicolor Lac (120 U-g~!) was supplied by Shang-
hai Yuanye Biological Co., LTD. BPA was supplied by
Adamas Reagent Co., LTD. (Shanghai, China). BPB, BPC,
and BPE were supplied by Tiantai Technology Co., LTD.
(Shanghai, China). BPF was supplied by Macklin Biochemi-
cal Co., LTD. (Shanghai, China). Ethyl acetate, 1-octanol,
and sodium hydroxide were supplied by Colon Chemical
Co., LTD. (Chengdu, China). CLW-K20 purification system
was supplied by Dry Lai Instrument Co., LTD. (Chongqing
China). All the chemicals and reagents were analytical grade
and were used as received without further purification.

2.2 Construction of MNB-Lac

MNB-Lac was constructed and operated in according with
the findings of the previous investigation [27]. The inlet pipe
(9.0 mm in diameter, 1.5 m in length) and outlet pipe (9.0
mm in diameter, 8.6 m in length) of the MNB generator (LF-
1500, Shanghai Xingheng Technology Co., LTD., China)
were placed into a glass container containing bisphenols and
Lac solution (pH 7, 40 ‘C). Furthermore, the pressure of the
MNB generator is maintained at 0.5 MPa and the air intake

is 30 mL-min~".

2.3 Determination of Bisphenols

The content of bisphenols (BPA, BPB, BPC, BPE, BPF) was
analyzed by GC (SCION 456C, Tianmei Scientific Instru-
ments Co., LTD., China). Agilent DB-624 was used as a
column (0.53 mm X 3.0 pm X 30 m) with N, as carrier gas at
a constant flow rate of 6 mLemin~", and the injection volume
was 1 puL. The temperature of injector and FID is 260 °C and
300 °C respectively, and the operating in split mode at a split
ratio of 20:1. The retention time of BPA, BPB, BPC, BPE,
and BPF was 8.50 min, 9.60 min, 8.80 min, 8.20 min, and
7.85 min, respectively. The retention time of 1-octanol was
3.48 min. The temperature ramp was started at 70 °C, then
increased to 100 °C at a rate of 100 °C-min~" for 1 min, fur-
ther increased to 260 °C at a rate of 100 °C-min~" for 6 min.
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2.4 Bisphenols Degradation by MNB-Lac

The degradation of bisphenols by MNB-Lac was shown
in Fig. 1. The optimal parameters (the reaction time of 3
h, substrate concentration of 1 mM, enzyme concentration
of 1.2 geL™!, temperature of 40 °C, air intake volume of
30 mLemin~!, pH 8, and outlet pipe length of 8.6 m) were
selected based on the previous study [27]. The degradation
of BPA, BPB, BPC, BPE, and BPF with different concentra-
tions (0.5, 1.0, 1.5, 3.0, 5.0 mM) was studied by MNB-Lac.
Accordingly, the degradation of mixed bisphenols contained
BPA, BPB, BPC, BPE, and BPF was carried out under the
same conditions. Samples of 900 pL. were taken at 0, 15,
30, 60, 120, and 180 min, and placed in a centrifuge tube.
Then the same volume of internal standard solution (1 mM
n-octanol in ethyl acetate) was added. After swirling for 20 s,
centrifuge (GL-16S, Sichuan Shuke Instrument Co., LTD.,
China) at 20 °C for 2 min at 10,000 r/min, and take liquid
to detect bisphenol.

2.5 K,and YV,

max

of MNB-Lac for Bisphenols

The kinetic experiment was carried out by GC to detect
the change of bisphenol concentration in 500 mL bisphe-
nol (BPA, BPB, BPC, BPE and BPF) solution degraded by
MNB-Lac within 60 min. The initial concentration of bis-
phenol was 0.5-5.0 mM, and the concentration of Lac was
1.2 geL~". The kinetic constants, K, and V,,,, (Maximum
reactionrate), were calculated with five kinds of bisphenol by
using the Lineweaver—Burk plots of the Michaelis—Menten
equation.

Fig.1 Schematic diagram of
bisphenols degradation by
MNB-Lac
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2.6 Degradation Kinetics of Bisphenols by MNB-Lac

The degradation of individual bisphenol by MNB-Lac was
studied further to explore the degradation kinetics of bis-
phenols. The same conditions were selected according to
the Section 2.4, and the initial concentration of individual
bisphenol was 0.5, 1.0, 1.5, 3.0, and 5.0 mM. After 500 mL
bisphenols solution (BPA, BPB, BPC, BPE, and BPF) was
degraded with MNB-Lac for 180 min. Samples of 900 pL
were taken at 0, 15, 30, 60, 120, and 180 min, and the con-
tent of bisphenols was detected by GC. The bisphenol deg-
radation was calculated, and the zero-order, first-order, and
second-order kinetic models were fitted to obtain the rate
constants and correlation coefficients.
Zero-order reaction rate equation: Co — C, = kot

. . . C
First-order reaction rate equat10n:In< FO> =kt

1

l —
fo=
. .. E k2C0 .
where, ¢, represents the initial substrate concentration
(mM). ¢, represents the substrate concentration (mM) in the
reaction system at time t. k, stands for the zero-order reac-
tion rate constant (mMeh™). k, stands for the first order reac-
tion rate constant h™!. k, stands for the second-order reaction

rate constant (mMeh™).

1
Second-order reaction rate equation <

2.7 Analysis of Degradation Products
for Bisphenols

The degradation products of individual bisphenol and mixed
bisphenols were determined by gas chromatography mass
spectrometry (GC-MS, QP2020NX, Shimadzu, Japan).
GC-MS was performed on a sh-rxi-5sil (0.25 mmx0.25

valve

inlet
%
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pm X 30 m) column with N, as carrier gas at a flow rate of
1.5 mL-min~"!, column temperature of 70 ‘C. Temperature
profile: 40 °C/min from 70 °C to 120 °C hold 4 min, 20 °C/
min to 250 °C hold 4 min, 20 °C/min to 300 °C hold 5 min.
Sample size of 1 pL, ion source temperature of 220 °C, and
interface temperature of 250 °C. The full scanning range of
the analysis was 35-610 m/z with solvent delay of 2 min.

2.8 Influence of Wastewater Volume on BPA
Degradation by MNB-Lac

Under the optimal reaction conditions described in Sec-
tion 2.4, the effects of BPA volume (0.5, 0.8, 1.0, 1.5, and
2.0 L) on the degradation by MNB-Lac were investigated
using 500 mL BPA solution for 180 min, and samples were
taken at 0, 15, 30, 60, 120, and 180 min. The residual con-
tent of BPA was determined by GC, and the degradation,
degraded BPA quality, and reaction rate of BPA by MNB-
Lac at each volume were calculated.

3 Results and Discussion

3.1 Degradation of Individual Bisphenol
by MNB-Lac

The degradation of individual bisphenol (BPA, BPB, BPC,
BPE, and BPF) at different concentrations was shown in
Fig. 2. When the concentration of BPA increased from
0.5 mM to 5.0 mM, the degradation of BPA showed a
decreasing trend, as shown in Fig. 2a. Especially, the deg-
radation of BPA decreased significantly when the initial
concentration of BPA exceeded 3.0 mM, and the high-
est degradation of BPA was 95.5+0.7% (3 h). For BPB,
BPC, and BPE, the nearly degradation was observed at
0.5-1.5 mM, as shown in Fig. 2b-d. Interestingly, the
increasing BPF degradation was obtained from 0.5 mM
to 1.5 mM, as shown in Fig. 2e. This was related to the
concentration providing the driving force to overcome
the mass transfer resistance. The higher the concentra-
tion provided the greater the driving force. Therefore, the
degradation of BPF increased with the increase of con-
centration. Nevertheless, at 0.5 mM for BPB, BPC, and
BPE, the concentration was high enough that degradation
would no longer be controlled by mass transfer [28—30].
However, the degradation of BPA decreased significantly
at 1.0 mM, and the degradation of BPB, BPC, BPE and
BPF also decreased significantly after 1.5 mM. That is,
their initial substrate concentration was already high
enough, and a higher concentration load would lead to the
accumulation of more free radicals and blocked the active
site of the enzyme, resulting in enzyme inactivation [31].
The highest degradation of BPB, BPC, BPE, and BPF

observed at 1.5 mM was 97.7+1.0% (2h),98.9+0.1% (2
h), 95.0+1.0%(2 h), and 91.5+0.1%(3 h), respectively.
The degradation of the five compounds by MNB-Lac was
as follows: BPC > BPB > BPA > BPE > BPF. However, this
was inconsistent with the published results of different
bisphenols by Lac. Previously, Lac was found to have a
better removal effect on bisphenols with simpler structure,
and lower molecular weight. Theoretically, the degrada-
tion of the five bisphenols by MNB-Lac was as follows:
BPF > BPE > BPA > BPB > BPC [32, 33]. This is related
to the fact that the degradation of bisphenols by MNB-
Lac is carried out under alkaline conditions rather than
acidic conditions. The hydrogen bond formation ability
of five bisphenols is changed under alkaline conditions,
so Lac has different affinity and specificity for substances.
Previous studies have shown that the affinity of laccase
is related to substrate hydrogen bond, and the increase in
enthalpy generated by hydrogen bond may be conducive to
the increase of substrate affinity to the enzyme, resulting
in a higher degree of degradation [34].

3.2 Degradation of Mixed Bisphenols by MNB-Lac

The degradation of mixed bisphenols (BPA, BPB, BPC,
BPE, and BPF) at different concentrations (0.5, 1.0, 1.5,
and 3.0 mM) was investigated, as shown in Fig. 3. The
results showed that in the mixed system, the degradation
was higher at low concentration and lower at high con-
centration, which was consistent with that at individual
degradation. When the concentration of the mixture was
0.5 mM, the degradation of BPB was the highest, and
the degradation of five substances showed a trend of
BPB > BPC > BPA > BPF > BPE. With increasing con-
centration, BPC always showed higher selectivity. The
degradation efficiency of the five substances changed
to BPC > BPB > BPA > BPF > BPE. Such a transforma-
tion may be the fact that BPB is a product of BPC. The
amount of BPB in the mixed solution is higher than that
of BPC. In addition, in mixed degradation, the degrada-
tion of BPA, BPB and BPC decreased with increasing
concentration. With the increase of concentration, the
degradation of BPE and BPF showed a trend of decreas-
ing first and then increasing. This suggests that there
may still be some transformational relationship between
the five substances, and competitive biotransformation
between phenolic heterobiogenic mixtures has been pre-
viously shown in the literature [35]. However, BPE is
always negative when the mixing concentration is less
than 3.0 mM. This may be the substance produced by
MNB-Lac when it degrades the mixture has the same
retention time as BPE, resulting in more substances
being detected during this retention time.

@ Springer
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Fig.2 Degradation of BPA (a), BPB (b), BPC (c), BPE (d), and BPF (e) at different concentrations by MNB-Lac. Conditions: 0.5-5.0 mM bis-
phenol, 1.2 g-L"' Lac, pH 8, 40 °C, 30 mL-min~! air intake, 8.6 m outlet pipe

3.3 Michaelis—-Menten Kinetics of Individual
Bisphenol with MNB-Lac

The Lineweave-Burk plots between the rates, V, and individ-
ual bisphenol concentration S are given in Fig. 4. K, reflects
the affinity of Lac to substrate. The lower the K, value, the
greater the affinity, and the easier the enzyme reacts with the
substrate [36], the order of K, of the five bisphenols was as
follows: BPA > BPE > BPF > BPB > BPC. Compared with

@ Springer

the other four bisphenols, Lac has slightly greater affinity
with BPC, that is, Lac is easier to react with BPC, and the
degradation effect is slightly better. Compared with the other
four bisphenols, Lac had a slightly greater affinity with BPC.
This result is consistent with the conclusion that BPC deg-
radation is the highest in 3.1. However, the affinity order of
BPA and BPE was not consistent with the conclusion 3.1.
The observed differences in affinity may be attributed to the
fact that BPA is more likely to react with specific reaction
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Lac, pH 8, 40 °C, 30 mL-min~! air intake, 8.6 m outlet pipe

intermediates during mixture degradation [37]. Additionally,
the degradation of BPB, BPC, BPE, and BPF was conducted
under the optimal conditions for BPA but not for BPB, BPC,
BPE, or BPF. This suggests that there are distinct affinity
differences related to the reactivity of these compounds.

3.4 Degradation Kinetics of Individual Bisphenols
with MNB-Lac

The rate constants and correlation coefficients of different
kinetic models of bisphenols degradation by MNB-Lac were
evaluated. As can be seen from Table 1 that BPA, BPB, BPE
and BPF all highly follow second-order kinetics at five dif-
ferent concentrations (1.0, 1.5, 3.0, and 5.0 mM), while BPC
highly follows second-order kinetics at 1.0, 2.0, and 3.0 mM.
At 5.0 mM, the first-order kinetic correlation coefficient of
BPC is closer to 1. However, the difference between the sec-
ond-order kinetic correlation coefficient and the first-order
kinetic correlation coefficient is very small, both greater
than 0.9, which can also indicate that BPC conforms to the
second-order dynamics. It can be seen that when the initial
concentrations of BPA, BPB, BPC, BPE and BPF are 1.0,

1.5, 3.0 and 5.0 mM, the correlation coefficients of the sec-
ond-order kinetic equation are all greater than 0.9, indicating
that the reaction of degradation of bisphenol by MNB-Lac
was more consistent with the second-order kinetic reaction.
This conclusion was consistent with previous experiments
on Lac degradation of BPA [38, 39], which demonstrated
that the introduction of microbubbles had no effect on the
reaction process.

3.5 Degradation Products of Bisphenols
by MNB-Lac

The degradation products of BPA, BPB, and BPC were con-
sistent with previous literature [27] are shown in Fig. 5a-
c. The products of BPE and BPF based on the analysis of
GC-MS are shown in Fig. 5d-e. The mass-to-charge ratio
(m/z) is used to describe the m/z of the peaks, which allows
the structure of the compound to be inferred. Eight peaks
of products of BPA (m/z: 340, 312, 130, 122, 116, 114, 92,
and 88). Nine peaks of products of BPB (m/z 312, 286, 228,
144, 116, 122, 114, 102, and 92). Six peaks of products of
BPC (m/z 326, 312, 144, 116, 114, and 92). Seven peaks
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phenol, 1.2 g-L"1 Lac, pH 8, 40 °C, 30 mL-min~"! air intake, 8.6 m outlet pipe

of products of BPE (m/z 206, 178, 144, 130, 126, 116, and
92). Six peaks of products of BPF (m/z 144, 136, 130, 122,
116, and 92). The products of BPA and BPB with m/z of
312 were the same substance. The products of BPB, BPC,
BPF and BPF with m/z of 144 were the same substance. The
product of BPA with m/z of 130 was the same substance as
the product of BPE. The product of BPA with m/z of 122,

@ Springer

the product of BPB, and the product of BPF were the same
substance. The product of the five substances with m/z of
116 and 92 was the same substance. The product of three
substances (BPA, BPB, and BPC) with m/z of 114 was the
same substance. Compared with previous studies [40], the
structure of the products of bisphenol degradation by MNB-
Lac was simpler, the molecular weight was lower, and the
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Table 1 Kinetic models for

‘ : Bisphenols Concentra-  Zero order First order Second order
bisphenols degradation by tion (mM)
MNB-Lac P k(mM-h™) 2 k™ 2 k(mM~"hh)
BPA 1.0 0.8407 0.0032 0.9710 0.0104 0.9957 0.0780
1.5 0.8711 0.0039 0.9468 0.0066 0.9865 0.0123
3.0 0.9570 0.0080 0.9887 0.0061 0.9952 0.0051
5.0 0.9878 0.0078 0.9926 0.0018 0.9959 0.0004
BPB 1.0 0.7108 0.0018 0.8853 0.0161 0.9782 0.2711
1.5 0.7750 0.0035 0.9535 0.0161 0.9914 0.1295
3.0 0.8945 0.0088 0.9528 0.0065 0.9668 0.0054
5.0 0.9713 0.0062 0.9803 0.0017 0.9876 0.0005
BPC 1.0 0.6978 0.0019 0.8468 0.0123 0.9426 0.1192
1.5 0.6674 0.0024 0.9012 0.0175 0.9765 0.2697
3.0 0.9646 0.0056 0.9947 0.0080 0.9792 0.0133
5.0 0.9790 0.0121 0.9914 0.0041 0.9900 0.0014
BPE 1.0 0.8066 0.0036 0.8827 0.0055 0.9391 0.0092
1.5 0.8131 0.0022 09113 0.0073 0.9701 0.0271
3.0 0.9320 0.0056 0.9531 0.0021 0.9692 0.0008
5.0 0.9666 0.0061 0.9729 0.0012 0.9785 0.0003
BPF 1.0 0.8737 0.0029 0.9428 0.0064 0.9855 0.0154
1.5 0.8785 0.0050 0.9566 0.0090 0.9947 0.0194
3.0 0.9508 0.0062 0.9680 0.0021 0.9812 0.0007
5.0 0.9565 0.0051 0.9619 0.0010 0.9670 0.0002

ring-opening products were more. This may be the intro-
duction of microbubbles to improve the activity of Lac, and
substances are degraded more thoroughly.

3.6 Degradation Pathway of Bisphenols by MNB-Lac

According to the results of mass spectrum analysis, the deg-
radation path can be deduced. As can be seen from Fig. Sa-c
that the possible degradation pathways of BPA, BPB, and
BPC were as follows: First, BPA,BPB, and BPC captured
electrons from the aromatic ring to form phenol free radicals
[41], and further reacted to form products with more com-
plex structures. Second, BPA,BPB, and BPC were broken
down into xylene, which produced toluene in a free radical
reaction [42], and then which in turn gave rise to phenyletha-
nol. The last was the difference found in the obtained prod-
uct, which suggest that BPA, BPB, and BPC have reacted
with some intermediates. The aromatic intermediates could
be oxidized to produce a variety of ring opening compounds
by ring breaking reaction [43]. There were two possible deg-
radation paths for BPE and BPF in Fig. 5d-e. First, BPE
and BPF were p-xylene, and then them reacted with free
radicals to produce toluene, and then reacted with some
intermediates to produce other products. Second, the aro-
matic intermediates of BPE and BPF were oxidized to form
ring-opening compounds through a ring-breaking reaction.

In summary, the five bisphenols have two major degra-
dation pathways. The first is to maintain the ring structure,

and eventually to produce benzene compounds. The second
reaction opens the ring directly, producing a chain product
containing oxygen. These two degradation pathways are
similar to bisphenol degradation pathways previously stud-
ied [44]. BPA, BPB, BPC, BPE, and BPF share many of the
same products. In addition, BPA, BPB, BPC, BPE and BPF
have similar degradation paths, and these also indicate that
there is a certain transformation relationship.

3.7 Transformation Relationship of Bisphenols
Degradation

The possible transformation relationships of BPA, BPB,
BPC, BPE and BPF are shown in Fig. 6. According to the
above 3.2 experimental conclusions, in the mixed degra-
dation, the removal efficiency of BPB and BPC were sig-
nificantly higher than those of BPA, BPE, and BPF. Due to
the similarity of the structure of bisphenols, it can be seen
from Fig. 5 that many identical and similar products can be
observed after degradation of different bisphenols, and their
transformation paths were also similar. It can be inferred that
BPA, BPC and BPF are one of the degradation products of
BPB. The degradation products of BPC are BPA, BPB and
BPF. BPB and BPF are one of the degradation products of
BPF. In addition, BPA, BPB and BPC are one of the degra-
dation products of BPF. However, in the experimental results
of 3.6, such a complete conclusion was not found, which
may be the complete transformation of bisphenol substances

@ Springer
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in the individual degradation process, and other bisphenols
as intermediate products were not detected.

3.8 Evaluate the Applicability of MNB-Lac
It can be seen from Fig. 7a-b that the degradation of BPA
decreases with the increase of the volume, while the

relative degradation quality of BPA increased and then
decreased with the increase of the volume. The reaction

@ Springer

rate of BPA also decreased with the increase of volume.
This may be the substrate volume increases, the pres-
ence of pollutants will also increase, which will lead to
the gradual decline of Lac's degradation effect on BPA.
With the increase of pollutants, the degradation quality
will decrease with the increase of volume. This may be the
fact that when the volume increases, excessive pollutants
will hinder the active site of Lac, and the degradation qual-
ity will decrease [31]. Therefore, the catalytic degradation
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Fig.6 Possible transformation
relationship of bisphenols by
MNB-Lac

Fig.7 Degradation (a),
degraded BPA quantity (a), and
reaction rate (b) of MNB-Lac
to different volumes of BPA.
Conditions: 0.5-2.0 L BPA
solution, 1.2 g~L_1 Lac, 1.0 mM
BPA, pH 8, 40 °C, 30 mL-min~!
air intake, 8.6 m outlet pipe
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ability of enzymes is not enough to deal with a large num-
ber of pollutants, and it provides a theoretical basis for
further study of practical scale production.

4 Conclusions

The degradation of individual bisphenols (BPA, BPB,
BPC, BPE and BPF) and mixed bisphenols by MNB-Lac
technique was studied. In individual degradation, the deg-
radation of BPA, BPB, BPC, BPE and BPF all exceeded
90%, and it indicated the applicability of MNB-Lac tech-
nology, and BPC always showed higher selectivity in
mixed degradation. A comprehensive analysis was con-
ducted on the Michaelis—Menten kinetics governing the
degradation of BPA, BPB, BPC, BPE, and BPF via the
MNB-Lac method. It was observed that MNB-Lac exhib-
ited the lowest K, value for BPC degradation, suggesting
a marginally greater affinity for BPC than for the other
bisphenols. At the same time, it was found that the deg-
radation reaction of five kinds of bisphenols was highly
consistent with the second-order kinetic reaction. In addi-
tion, it was found that the five bisphenols have two major
degradation pathways. The first was to maintain the ring
structure, and eventually to produce benzene compounds.
The second reaction opened the ring directly, producing
a chain product containing oxygen. It has been concluded
that BPA, BPC, and BPF are among the degradation prod-
ucts resulting from the breakdown of BPB. Additionally,
BPA, BPB, and BPF are identified as degradation products
of BPC. Furthermore, BPB and BPF are determined to
be degradation products of BPF. It is also concluded that
BPA, BPB, and BPC are among the degradation products
of BPF. The relative degradation quantity and reaction rate
of BPA decreased with the increase of the volume, and the
degradation first increased and then decreased. These find-
ings provided a theoretical basis for further exploring the
removal of bisphenols from actual wastewater. In actual
industrial applications, the challenge of economically and
effectively enhancing the degradation of bisphenols fol-
lowing the expansion of wastewater volume has yet to be
addressed.
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