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Abstract

The integrated photocatalysis and fluidized bed biofilm reactor (FBBR) is an
attractive wastewater treatment technique for managing wastewater containing
antibiotics. However, the fast recombination of photoinduced charge and low
microbial activity limit the degradation and mineralization efficiency for antibiotics.
To address this, we attempt to introduce magnetic field (MF) to the integrated system
with B-doped BizO04Cl as the photocatalysts to effectively improve removal and
mineralization of ciprofloxacin (CIP). As a consequence, the degradation rate reaches
96% after 40 d in integrated system with MF. The biofilm inside the integrated system
with MF carrier can mineralize the photocatalytic products, thereby increasing the
total organic carbon (TOC) degradation rate by more than 32%. The electrochemical
experiment indicates the Lorentz force generated by MF can accelerate charge
separation, increasing the electron concentration. Simultaneously, the increased
amounts of electrons lead to the generation of more -OH and -O>". MF addition also
results in increased biomass, increased biological respiratory activity, microbial
community evolution and accelerated microbial metabolism, enabling more members
to biodegrade photocatalytic intermediates. Therefore, applied MF is an efficient
method to enhance CIP degradation and mineralization by the integrated system.
Keywords: Photocatalysis, Biodegradation, Microbial metabolomics, Magnetic field,
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1. Introduction

The water environmental concern has become one of the most crucial global
challenges with the continuous development of industrialization and urbanization
facing the world today (Sousa et al., 2018; Zhang et al., 2016). The integrated
photocatalysis and fluidized bed biofilm reactor (FBBR) technique presents potential
applications in improving the degradation and mineralization of recalcitrant
compounds (Zhou et al., 2015; Ma et al., 2018; Fu et al., 2021; Ding et al., 2018). In
an integrated photocatalysis and FBBR system, macroporous carriers support
photocatalysts on their exterior surface and biofilm development on their inside. In
this case, the photocatalytic reactive oxygen species (ROSs) attack recalcitrant
compounds on the outer surface of carriers, producing biodegradable intermediates
that can be instantly used by the internal microorganisms for further mineralization
(Zhao et al., 2018; Dong et al., 2023). Nevertheless, the photocatalysis process is
mainly confined by the recombination speed of photogenerated carriers.
Simultaneously, biofilms are vulnerable to the toxicity of pollutants and are also
affected by free radicals and light, resulting in slow growth and low activity. This
results in low efficiency in the treatment of pollutants by integrating photocatalysis
with FBBR. Therefore, it is necessary to improve the photocatalytic performance and
promote biological growth simultaneously.

Recently, the MF-enhanced photocatalytic activity has received extensive attention.
In the domain of photocatalysis, there are many reports on the magnetic field (MF)

enhancement, since it does not alter the geometries or compositions of the
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photocatalysts and there is no need for complex preparation processes. MF is a fairly
simple, practical, non-contact, and environment-friendly method that can be realized
just by placing permanent magnets (Li et al., 2018). MF can expedite the separation
and transfer of photoinduced carriers by the Lorentz force (Anwer et al., 2022). The
Lorentz force in a MF, the force generated on a charge caused by the relative motion
between the charge and the MF, is defined as: ﬁZq (Vxﬁ), where q is the particle
charge and V is the velocity of a particle moving in a MF with a magnetic induction
intensity (§). According to the left-hand rule, a moving charge in a MF should
undergo a force perpendicular to the direction of the MF plane motion, which causes a
deviation of the charge motion (Gao et al., 2019). Consequently, the electron and hole
experience opposite forces because of their opposite charges and diverge in opposite
directions, thus accelerating the separation and transfer of photoinduced electron and
hole (Gao et al., 2019). Meanwhile, MF effects is a technique developed in recent
years to enhance the growth rate and activity of microorganisms. As a physical factor,
MFs cannot touch off the generation of chemical secondary contaminants.
Furthermore, MF intensity can be precisely and easily commanded, allowing for
extensive applications (Yan et al., 2022). MF applications are promising, including
protein recovery, cell filtration, enzyme immobilization, fermentation, affinity
chromatography, microbial, plant cell culture treatment and biological wastewater
treatment processes (Yavuz et al., 2000). According to previous researches, MFs may
affect microbial gene expression, enzyme reaction activity, free radical production,

and cell membrane characteristics (Albuquerque et al., 2016). In addition, by affecting
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the metal ions of the active center site to alter the conformation, so as to enhance the
enzyme activity (Strasak et al., 2002). Inspired by this, MF cannot only speed up the
separation and transfer of photoinduced charge, but also accelerate growth rate and
activity of microorganisms, thus synergistically enhancing the removal of pollutants.
However, there is no report on the application of MF to integrated photocatalysis and
FBBR system to synergistically enhance the pollutants degradation by speeding up
separation and transfer of photoinduced charges and promoting microbial growth and
activity, and the potential mechanism is still largely unclear.

Therefore, the aim of this study was to investigate for the first time, the application
of MF in integrated photocatalysis and FBBR system. The strengthening mechanism
of ciprofloxacin (CIP) removal and mineralization was assessed in a
visible-light-induced integrated photocatalysis and FBBR process with B-Bi304Cl
(B-BOC) as the photocatalyst by MF. The photo-electrochemical measurements, SEM
and gene function were implemented to study impacts of the photogenerated charges
and microbial activity on MF. Furthermore, chemical oxygen demand (COD), total
organic carbon (TOC), microbial response, and CIP degradation pathways were
analyzed. The microbial community and metabolism changes in integrated
photocatalysis and FBBR system were also examined.

2. Materials and methods
2.1. The integrated photocatalysis and FBBR system fabrication
2.1.1. Photocatalysts coating

The porous carrier of this study was 10 mm x 10 mm x 10 mm with aperture of 300
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~ 800 pm of polyurethane, porosity of 98% (Fig. S1). In this study, effective and
low-cost B-BOC nanosheets were used as photocatalysts. The B-BOC was
synthesized by a hydrothermal method (Dong et al., 2021). The detailed preparation
and characterizations of B-BOC are shown in Text S1 and Figs. S2-5. The coating

was performed by ultrasonically dispersing 2.0 g B-BOC into 20 mL of ethanol and

diffusing 2 mL of HNOj into the solution. Then, the above solution was heated to 80 °C

for 30 min. And the carriers with a volume ratio of 1:1 (V/V) were mixed in the
suspension through ultrasound for 30 min. The carriers absorbed the photocatalysts
and were dried at 60 °C. The obtained coating carrier is defined as sponge@B-BOC
(Fig. S6).
2.1.2. Biofilm cultivation

The activated sludge was obtained from aerobic sludge of a sewage treatment plant.
The photocatalyst-coated carriers were cultured in a fluidized bed reactor driven by
internal circulation airlift. The synthesized feedwater contained (mg/L) 432 CsH120s,
137 peptone, 10 (NH4)2SOs4, 50 KH>POs4, 50 Na,HPO4-2H,O, 50 MgSO4, 5
CaSO04-2H20 and 10 FeCls. During microbial domestication, 40.0 mg/L ciprofloxacin
(CIP) was added for about two months. After microbial acclimatization and
stabilization, the sponge@B-BOC were mixed in the activated sludge reactor for 10
days for microbial colonization. Finally, the growing biofilm sponge@B-BOC was
received, which was recorded as sponge@B-BOC@biofilm.
2.2. Experimental setup and protocols

CIP degradation was conducted in an internal circulation airlift-driven fluidized bed
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reactor with a working volume of 800 mL (Fig. S7). Its configuration details are
displayed in Text S2. Air was supplied by a 35 W aeration pump. [llumination was
provided by an external LED panel (42 W), giving light with wavelength of 420-800
nm (visible light). Magnetic rods were placed on both sides outside the reactor to
generate a static MF.

The two series were named integrated system-1 and integrated system-2 for
non-MF (NMF) and MF, respectively. During integrated system, both photocatalysis
and biodegradation occurred on the sponge carriers (described below). The same
integrated system also was run by sponge@B-BOC:; these strictly photocatalytic tests
were defined as PC-1 and PC-2 for with NMF or MF, respectively. Again, the reactor
was run by sponge@B-BOC@biofilm, but in the dark; these biodegradation-only tests
were defined as FBBR-1 and FBBR-2 for with NMF or MF, respectively.

2.3. Analysis of CIP and intermediates Analytical methods

The CIP concentration was measured by an Agilent 1100 high-performance liquid
chromatography (HPLC) system with a 4.6x250 mm, 5 pum Athena HILIC CI18
column. The wavelength of the ultraviolet (UV) detector was set at 278 nm. The
mobile phase (v/v) is 80% water/formic acid (9/1, V: V) and 20% methanol at a flow
rate of 1.0 mL/min.

CIP-photocatalysis products were tested using an ultra-performance liquid
chromatography tandem mass spectrometry (UPLC-MS) system by an ACQUITY
UPLC BEH C18 column (1.7 pm, 100%2.1 mm). The mobile phase was a mixture of

67% phosphoric acid aqueous solution (0.5%) and 33% methanol, which was applied
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at a flow rate of 0.25 mL/min.
2.4. DNA extraction and microbial community analysis

During the selection period, biological samples were taken from original sludge,
form the integrated system-1 at days 20 and 40, and from the integrated system-2 at
days 17 and 40. The DNA of biological samples was extracted by a E.Z.N.A.® soil
DNA kit (Omega Bio-tek, Norcross, GA, U.S.). The DNA concentration was
determined using NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, USA). 338F (ACTCCTACGGGAGGCAGCAG) and 806R
(GGACTACHVGGGTWTCTAAT) primers were selected to amplify the bacterial
16S rRNA V3-V4.

2.5. Metagenome sequence, assembly, gene prediction, and annotations

DNA was extracted from each sludge using Covaris M220 (Gene Company
Limited, China) and fragmented to an average size of about 400 bp for the
construction of paired-end library. Paired-end sequencing was conducted on an
[llumina Hiseq Xten platform (Illumina Inc., San Diego, CA, USA) at Majorbio
(Shanghai, China). Data cleaning was carried out by trimming low-quality reads (< 50
bp) using fastp v 0.20.0.

Based on the concise de Bruijn graph way, MEGAHIT v 1.1.2 was used to
assemble the clean reads. Then MetaGene was used to predict combination contigs (>
300 bp). Redundant genes were removed, and CD-HIT was used to cluster
non-redundant gene catalogue with 90% recognition rate and 90% coverage. Genes

were also annotated by comparing unigenes with those in functional databases, such
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as Kyoto Encyclopedia of Genes and Genomes (KEGG) and CAZy.
3. Results and discussion
3.1. Improving CIP degradation and mineralisation using MF

To investigate the effect of MF on photocatalysis, we analysed the photocatalytic
degradation performances when using sponge@B-BOC under varying MF intensities.
As depicted in Fig. 1a, the CIP removal rate in the PC process exhibited a progressive
increase under identical reaction conditions with increasing MF intensity, indicating
that MF positively affected the photocatalytic activity. Furthermore, we conducted a
detailed examination of the relation between MF intensity and the efficiency of
photomagnetic coupling degradation of CIP. The obtained data was subjected to
plotting and curve fitting, resulting in Fig. 1b. Notably, the fitting of the removal rate
as a function of external MF intensity conformed to a quasi-first-order dynamic model
(Fig. 1b), with an R? value of 0.9696. This high R? value signifies a strong correlation
between the two parameters, implying that the removal rate increases linearly with
increasing MF intensity.

To gain further insight into the role of MF in the integrated system, we assessed the
efficiencies of CIP and COD removal in the presence of sponge@B-BOC@biofilm
under varying MF intensities. As illustrated in Fig. 1lc, the mean CIP degradation
efficiencies for integrated system-2 under five MF intensities were 59.5%, 67.11%,
74.07%, 87.95% and 87.2%. Corresponding efficiencies for integrated system-1 were
55.35%, 60.93%, 67.52%, 76.74% and 80.44%. Notably, integrated system-2

consistently exhibited significantly higher CIP degradation efficiencies than integrated
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system-1 at each stage. Furthermore, the CIP removal rate of integrated system-2
increased with increasing MF intensity, reaching a peak of 92.88% at 40 mT, after
which it slightly decreased with increasing MF intensity. Notably, the initial state of
integrated system-2 at 10 mT was affected by MF, resulting in temporary inhibition of
microbial activity in a more complex environment compared with integrated system-1.
This result can be attributed to the cumulative effect of MF on microorganisms, owing
to which a certain duration is required for the manifestation of enhanced effects
(observed from 20 to 50 mT). Over time, microbial activity improved and the external
MF caused the moving charged particles to be subjected to the Lorentz force,
ultimately enhancing the CIP removal rate. Furthermore, the trend of COD
degradation in both integrated system-1 and integrated system-2 was similar to that of
CIP (Fig. 1d). Consequently, integrated system-2 exhibited faster adaptation to the
CIP environment, achieving higher CIP and COD removal efficiencies. Additionally,
Fig. S8 illustrates the variation in dehydrogenase activity (DHA) as MF intensity in
integrated system-1 and integrated system-2, aftirming that weak MF exerts a positive
catalytic effect on enzyme activity. Therefore, we selected 40 mT as the optimum
magnetic induction intensity for subsequent tests.

For the short-term tests conducted for 12 h, the various results for each system are
presented in Fig. le. In case of single biodegradation reactions, the presence of
biofilm led to a CIP adsorption rate of only 35.9% for FBBR-1 after 12 h. However,
the CIP adsorption rate for FBBR-2 did not considerably improve under the influence

of MF. Although magnetic induction intensity can promote microbial activity in
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activated sludge, all organisms can detach owing to the toxic effects of strongly
inhibitory CIP. Consequently, the adsorption of CIP for both FBBR-1 and FBBR-2
tends to be similar. The CIP removal rate for photocatalysis alone was considerably
higher under MF than under NMF conditions. This result suggests that the Lorentz
force generated by MF effectively restrains the recombination of photoinduced
carriers, ultimately accelerating the CIP degradation rate in PC-2. The degradation
effect of integrated system-1 on CIP gradually improved and eventually stabilised.
Notably, the CIP degradation rate in integrated system-2 was substantially higher than
in integrated system-1 under MF.

The degradation kinetics of CIP in PC-1, PC-2, integrated system-1 and integrated
system-2 were fitted using quasi-first-order kinetics. The change in reaction rate
constant (k) provides a better understanding of the CIP degradation efficiency in these
systems. Fig. 1f and Table S1 show that the k value for CIP removal in PC-1 is 0.05
h™!, while that for CIP degradation in integrated system-1 is 0.098 h™!. This difference
highlights the higher CIP removal rate in integrated system-1, likely attributed to the
utilisation of intermediate compounds by the microorganisms in this integrated system.
In case of PC-2, under the influence of MF, the k value for CIP degradation is 0.099
h'!, indicating that MF has a certain effect on the photocatalytic removal of CIP.
Moreover, the CIP degradation efficiency in integrated system-2 shows improvement.
A similar trend is observed in UV—vis spectrums related to CIP removal (Fig. S9).
This enhancement may be attributed to the effective restraining of photogenerated

carrier recombination under the influence of magnetic Lorentz force, which enhances
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the photocatalytic CIP removal rate on the carrier surface. Additionally, a specific
magnetic induction intensity can promote microbial and oxidase activity in the
activated sludge, further enhancing the CIP removal rate.

In PC-1, the mineralisation rate of CIP within 12 h is only 44%. This indicates that
without external MF, the photocatalytic oxidation process exhibits poor efficiency in
terms of CIP mineralisation. However, the CIP mineralisation efficiency improves in
PC-2 under MF. Upon coupling biodegradation, integrated system-1 shows a
considerable improvement in TOC removal efficiency, with an increase of 22.92%
compared with PC-1 (Fig. 1g). This confirms the crucial role of microorganisms in
CIP mineralization in integrated system-1. Furthermore, the TOC degradation
efficiency in integrated system-2 is further enhanced under MF. Compared with
integrated system-1, the TOC removal rate in integrated system-2 is increased by 23%,
indicating that MF can improve TOC removal efficiency in the integrated system.
This conclusion is corroborated by the findings presented in Fig. S10.

To assess the stability of integrated system-2 in degrading CIP and COD, we
conducted a 40-day experiment involving successive FBBR, PC, and integrated
system under the influence of MF, as depicted in Figs: 2a and 2b. Fig. 2¢ provides an
overview of the experimental setup. In case of single biodegradation reactions, the
CIP adsorption rate of CIP for FBBR-1 was only ~30% after stable operation, while
that for FBBR-2 barely improved. This phenomenon can be attributed to the fact that
although magnetic induction increased the activity of microorganisms in the activated

sludge, these microorganisms detached owing to the toxic effects of strongly
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inhibitory CIP. Consequently, we observed consistent CIP adsorption for FBBR
regardless of the presence of MF. A similar trend was observed in the COD
degradation process. In the PC-2 system, a notable improvement in CIP degradation
performance was observed, possibly owing to the Lorentz force generated by MEF,
which effectively accelerated charge separation, increased the number of electrons
participating in the photocatalytic process and ultimately improved the efficiency of
CIP degradation. This suggests that MF effectively enhances the photocatalytic
degradation rate of high-concentration CIP. Fig. 2b shows that the COD degradation
efficiency in PC-1 gradually decreased owing to the initial adsorption of CIP by the
sponge carrier, indicating that photocatalysis has a limited effect on CIP
mineralisation. Conversely, in PC-2, the COD removal rate slightly improved,
indicating that MF can enhance COD removal efficiency. Unlike FBBR and PC, the
biofilm loads on the external surface of the carriers in the integrated system were
rapidly shed in the early stages of the reaction regardless of the presence of MF owing
to the erratic nature of the reaction, resulting in fluctuating CIP degradation rates.
However, as the reaction progressed, the CIP removal rate stabilised, possibly because
the biofilm on the exterior of the carriers fell off, exposing the photocatalysts and
forming an effective integrated system. Under the optimal magnetic induction
intensity, the CIP removal rate was 18.78% higher than that of integrated system-1.
Fig. 2b shows that the COD removal rate in integrated system-2 was 23.73% higher
than in the absence of MF. The application of MF and a specific magnetic induction

intensity promoted microbial and oxidase activity, improved microbial membrane
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permeability and effectively inhibited photogenerated carrier recombination under the
influence of the Lorentz force. This led to an enhancement in electron concentration,
thereby improving the COD removal efficiency. In summary, MF helps the integrated
system to enhance the CIP and COD removal rates. Moreover, MF enables integrated
system-2 to maintain stable removal efficiency and adapt to challenging
environmental conditions. Additionally, the loading amount of B-BOC on the carriers
exhibited only a mild decrease after 40 days, indicating enduring adhesion strength
(Fig. S11).

An ESR diagram was employed to assess the presence of free radical intermediates
in both the PC and integrated systems. As shown in Fig. 2d, the -OH signal, captured
by DMPO, is detected for both the PC and integrated systems. However, when
comparing the PC system to the integrated system, only a slight change in the spectral
strength of -OH i1s observed for the integrated system. Fig. 2e displays ESR signals for
DMPO--O>" in both the PC and integrated systems, with the ESR signal being
substantially stronger for the integrated system. This enhancement in the -O>”
spectrum may be attributed to additional photoelectron transfer between B-BOC and
the biofilm in the integrated system. The signal intensity of -OH and ‘O, in B-BOC
and B-BOC@pbiofilm is considerably enhanced under MF. This supports the notion
that the Lorentz force generated by MF effectively accelerates charge transfer
capabilities, increases electron population, and consequently generates more free
radicals. Therefore, MF can enhance the generation of free radicals. Furthermore, the

results from the ESR analysis indicate that -OH and O, are the primary free radicals
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present in integrated system-2.
3.2. Impact of MF on photo-electrochemical measurements and oxygen transfer

A series of measurements were performed to further study the causes for the
increase in -‘OH and -O>" generation under MF. First, photocurrent response tests were
conducted to account for the motion of charged particles experiencing the Lorentz
force in MF. As shown in Fig. 3a, B-BOC-1 rapidly generates photocurrent under
visible light irradiation (Fig. 3a), indicating a high rate of photoelectron transmission.
Moreover, when a biofilm covers the electrode, there is a mild increase in
photocurrent owing to photoelectron transfer between B-BOC-1 and the biofilm. The
photocurrent intensity under MF is considerably higher than that under NMF
conditions, indicating that the Lorentz force generated in MF effectively accelerates
photogenerated charge separation and transfer.

Electrochemical impedance spectroscopy (EIS) provides valuable insights into the
separation efficiency and transfer resistance of photoinduced carriers. Fig. 3b shows
that the semicircle size of integrated system-1 is smaller than that of PC-1. This
implies that integrated system-1 can generate more electrons for transfer than PC-1,
confirming the existence of photoelectron transfer between B-BOC-1 and
microorganisms. Furthermore, the EIS Nernst curves of the B-BOC-2 and
B-BOC@biofilm-2 samples under MF are smaller than those under NMF conditions.
This result indicates the transfer resistance is reduced under MF, highlighting the
effectiveness of the Lorentz force generated under MF in inhibiting photogenerated

carrier recombination. Furthermore, when light is combined with MF, the slopes of
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the Mott—Schottky plot are further reduced, indicating a higher charge carrier
concentration generated by MF (Fig. 3c). In summary, the enhancement in
photocatalytic activity can be primarily attributed to the increased quantity of
separated photogenerated carriers under MF.

Furthermore, time-dependent open-circuit potential decays (OCPDs) were
conducted under two conditions: NMF and MF. When B-BOC nanosheets were
exposed to light, a distinct open-circuit potential (OCP) response was observed, both
in the presence and absence of the MF (Fig. 3d). Moreover, an increase of 0.133 V in
the open-circuit voltage was observed under MF was compared with the open-circuit
voltage obtained under the NMF condition. This increase indicates that the Lorentz
force generated by MF enhances the separation of photogenerated carriers in the
B-BOC-2 nanosheets. Furthermore, when both the biofilm and photocatalyst were
present simultaneously, an enhancement in OCP was observed. In particular, the
OCPD rate of B-BOC@biofilm-1 in integrated system-1 was slower than that in the
PC-1 system, suggesting delayed recombination kinetics of charges. Moreover,
B-BOC@biofilm-1 exhibited a prolonged electron lifetime, implying that many
electrons were involved in the reaction in integrated system-1. This observation
confirms photoelectron transfer between the photocatalyst and biofilm (Fig. S12).
Furthermore, the electron transfer rate was accelerated under the influence of the MF,
thereby demonstrating the enhancement of photocatalytic efficiency by MF. Fig. 3e
illustrates the diagrammatic representation of the transfer mechanism of the

photogenerated charge carriers under MF conditions. The Lorentz force acts on the
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photogenerated electrons and holes, compelling them to move in opposite directions
as they traverse the liquid stream and intersect the magnetic induction lines, thereby
accelerating the separation and transfer of charges. When additional MF is applied,
the Lorentz force acts in the opposite direction on the photoinduced electrons and
holes, promoting their spatial separation and transport. This leads to an increase in the
number of electrons participating in the photocatalytic process.

Furthermore, the application of the MF also disrupts hydrogen bonds, leading to the
elongation of conjugated water molecules, which are subsequently truncated into
shorter conjugated forms. This transformation increases water activity and oxygen
transfer rate. Oxygen transfer is a complex mass transfer phenomenon occurring
between the gas and liquid phases. Therefore, the volumetric gas—liquid mass transfer
coefficient (kra) can be used to investigate the oxygen transfer rate. As depicted in Fig.
S13a, the equilibrium concentrations of dissolved oxygen in water under NMF and
MF conditions were 6.92 and 7.01 mg L™, respectively. Fig. S13b shows that the
calculated kia values were 0.00534 and 0.00812 s~! under NMF and MF conditions,
respectively. Notably, the introduction of MF led to a considerable increase in kra by
approximately 52.06% compared with the MF condition. These findings aftirm that
introducing MF effectively enhances the volumetric gas—liquid mass transfer
coefficient, consequently improving the oxygen transfer rate in water. Such
improvements are highly beneficial for the overall efficiency of photocatalytic
reactions.

3.3. Enhanced microbial survival and activity
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Maintaining rich biomass and ensuring high biological activity in the carrier are
critical factors influencing the degradation efficiency and mineralisation degree of
CIP when treated by the integrated system. To analyse the effect of MF on the
microorganisms of the integrated system, we conducted observations of the biofilm
present on the carrier using scanning electron microscopy (SEM). Figs. 4a and b show
that the interior and exterior surfaces of the carrier are densely covered with a biofilm
that adheres to its skeleton. After the integrated reaction, an ideally coupled composite
carrier is formed, regardless of the presence of the MF. This transformation
completely detaches the biofilm from the carrier surface, exposing most
photocatalysts (as depicted in Figs. 4c and ¢). Simultaneously, the biofilm in the inner
channels of the carrier remains protected, as illustrated in Figs. 4d and f.

Nonetheless, we observed that MF exerts a particular influence on the biofilm
inside the carrier. In terms of biomass, the biofilm inside the carrier before the
reaction exhibits relatively high density and substantial biomass, as shown in Fig. 4a.
However, in case of integrated system-1, although the biofilm inside the carrier is
relatively dense, its biomass undergoes considerable reduction, as illustrated in Fig.
4d. Moreover, the biofilm inside the carrier is also dense and its biomass surpasses
that of integrated system-1 under MF conditions, as depicted in Fig. 4f. This
observation suggests that MF effectively promotes biofilm growth within the carrier.

Furthermore, we conducted confocal laser scanning microscopy (CLSM) to
examine the survival of microorganisms on the carrier closely. Initially, after

membrane culture, the biofilm on the carrier displayed a remarkable ratio of 91% live
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bacteria to 9% dead bacteria, indicating the organisms maintain high activity (refer to
Fig. 5a). However, following a distinct biodegradation reaction, the ratio of live
bacteria to dead bacteria within the biofilm on the carrier in FBBR-2 shifted
drastically to 16% live and 84% dead, underscoring the potent bactericidal effect of
CIP on the biofilm. In contrast, in integrated system-1, the proportion of living
bacteria within the biofilm on the carrier during CIP degradation after the integrated
reaction decreased to only 67%, with 33% of cells succumbing to the inhibitory
effects of CIP on the biofilm. Moreover, in integrated system-2 under the influence of
the MF, the ratio of live bacteria to dead bacteria within the biofilm on the carrier
stood at 86% live and 14% dead, essentially maintaining the levels observed after
membrane culture. This signifies a 19% increase in the proportion of living bacteria
under MF compared to integrated system-1. It further corroborates that while CIP
inhibits the biofilm in integrated system-2, the MF enhances the cellular membrane
activity, consistent with the SEM observations.

The effect of the MF on the biodegradation in the integrated system is twofold.
First, this effect is evident in improving biofilm biomass and biological activity.
Second, MF promotes the succession of the biofilm community structure in the carrier.
Figs. 5b and S14 illustrate the changes in the biofilm community structure on the
carrier before and after integrated system-1 and integrated system-2. After initial
cultivation with activated sludge as the inoculation source (referred to as ‘Initial’), the
dominant genera in the biofilm community structure on the carrier are Zoogloea

(13.15%), Acinetobacter (17.52%), Acidororax (7.24%), Lactobacillus (23.52%),
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Clostridium_sensu_stricto 1 (7.74%) and Pseudomonas (6.36%). These genera are
typical of activated sludge bacteria (Zhang et al., 2011). Among these genera,
Pseudomonas is an obligate aerobic gram-negative non-spore-forming bacillus, a
prominent bacterium in activated sludge communities. During the process of CIP
degradation, there is a considerable decrease in the relative abundance of
Acinetobacter and Acidororax. This decline suggests that these bacteria are not
well-suited to the challenging environment created by CIP and are gradually
eliminated. Conversely, Pseudoxanthomonas and Sphingomonas exhibit enrichment
in both integrated system-1 and integrated system-2 during the reaction. Notably,
Pseudoxanthomonas has been verified to contain CIP resistance genes. At the same
time, Sphingomonas possesses a notable capacity for degrading aromatic hydrocarbon
pollutants in sewage (Albert et al., 2000). These findings highlight the importance of
the biofilm in an integrated system. Accordingly, the biofilm can further mineralise
the intermediate products generated through CIP photocatalysis. Consequently, the
biofilm plays a pivotal role in the mineralisation and degradation of CIP.

However, the community structure of the biofilm in integrated system-2 clearly
differs from that in integrated system-1 under the influence of MF. Initially, the
relative abundance of Ferruginibacter in the biofilm sample was 0.32% before the
integrated reaction. Subsequently, after the integrated photocatalysis and FBBR
system reactions, it experiences considerable enrichment in integrated system-1 and
system-2. However, its relative abundance in integrated system-2 surpasses that in

integrated system-1. This suggests that Ferruginibacter exhibits a robust adaptability
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to MF, and the presence of MF promotes its growth. Pseudomonas, an aerobic
heterotrophic microorganism able to utilise a wide range of organic substances,
including complex organic compounds resistant to degradation by other organisms,
also exhibits a higher biomass under enhanced MF conditions compared to integrated
system-1. Furthermore, the abundance of Lysinibacillus, Clostridium, Bacillus and
Comamonas in integrated system-2 exceeds that in integrated system-1. Among these,
Clostridium is known for its effective cleavage of aromatic rings (Wojcieszynska et al.,
2011). Previous studies have indicated that Lysinibacillus and Bacillus possess
inherent resistance to CIP (Olivares et al., 2013). Comamonas has also been reported
to be able to degrade aromatic compounds and their derivatives (Wojcieszynska et al.,
2011). Therefore, Lysinibacillus, Clostridium, Bacillus and Comamonas contribute to
the degradation of metabolites and adapt well to the MF environment. Moreover,
Lysinibacillus, Pseudomonas, Burkholderia and Bacillus, known for their
extracellular electron transfer ability, exhibit significant increases under MF
conditions (Nandy et al., 2013). This indicates that MF effectively promotes the
transfer of photoelectrons between microorganisms and photocatalysts. Microbes can
use these photoelectrons' energy to re-establish their microbial communities. At the
phylum level, Proteobacteria dominates all reactors by the end of the enrichment stage,
with relative abundances ranging from 45.77% to 57.8%. Interestingly, the abundance
of proteobacteria under MF conditions is 1.36-fold higher than that under NMF
conditions, signifying a positive impact of MF. In summary, MF proves beneficial in

adjusting and optimising the structure of the dominant bacterial community, thereby
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maintaining the species abundance within the reactor.

Furthermore, a comparison between the biological samples from integrated
system40-2 and the initially activated sludge reveals significant differences, as
demonstrated in the Venn diagram (Fig. 5c). Among the 569 ASVs shared by five
biological samples, 67 ASVs are unique to the cultivated sludge, and no ASVs are
detected in the other four biological samples following the reactions, whether with or
without MF. Interestingly, the number of unique ASVs in integrated system40-2 and
integrated system17-2 is notably high, reaching 403 and 356, respectively. These
findings are consistent with the results obtained from the principal component
analysis (PCA) (Fig. S15) and the mean proportions of microbial samples (Fig. S16).
These observations collectively indicate that MF induces changes in the richness of
the microbial community, which proves advantageous for stabilising and enhancing
biofilm activity. Moreover, the increase in Chaol, ACE, and Shannon diversity
indexes and a reduction in the Simpson diversity index in integrated system-2
suggests that MF contributes to heightened microbial community abundance and
diversity (see Table S2).

To provide a more direct comparison of biofilm activity between integrated
system-1 and integrated system-2, we measured dehydrogenase activity (DHA) during
the reaction process (Fig. 5d). Before the reaction, the activity of the unit mass of
biofilm is measured at 0.366 mg TF. However, DHA decreases after the integrated
system reaction. Notably, MF significantly elevates biofilm activity in integrated

system-2 compared to integrated system-1, indicating that MF can enhance biofilm
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activity. In addition to DHA, the activation of the electron transfer system (ETS) is
another crucial indicator for evaluating microbial activity. ETS activation reflects the
degree of inhibition in the electron transfer process during microbial respiration.
When assessing the overall performance of microbial respiration in the presence of 40
mg/L CIP under NMF conditions (Fig. Se), it becomes evident that CIP initially
inhibits microbial respiration and reaches its maximum inhibitory effect on the 5% day.
ETS activation decreases from 288.45 mg/(g-h) to 218.4 mg/(g-h). Subsequently, ETS
activation stabilises and gradually recovers to the observed level before adding CIP,
suggesting that the impact of 40 mg/L. CIP on microbial respiration dissipates after 25
days. In contrast, with the application of MF, CIP initially inhibits microbial
respiration and reaches its maximum inhibitory effect by the 10" day. ETS activation
decreases from 289.4 mg/(g-h) to 226.85 mg/(g-h). Subsequently, ETS activation
stabilises and gradually returns to the level observed before CIP was introduced,
indicating that the effect of CIP on microbial respiration disappears after 30 days.
These results suggest that ETS activation decreases briefly upon introducing CIP and
returns to normal levels. The critical difference is that under MF, CIP fully
demonstrates its effect on ETS activation by the 10" day, while under NMF, it takes
until the 5™ day. This implies that MF can promote microbial respiration.
3.4. MF effect on gene function and metabolic pathways

To investigate the metabolic differences between the NMF and MF processes, we
employed metagenomic analysis to quantify the activity of metabolic pathways.

Triplicate biological samples were collected from the integrated system-1 and
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integrated system-2 reactors on the 40" day. These samples were subsequently
thoroughly mixed to ensure uniformity for DNA extraction.

The carbohydrate-active enzymes (CAZy) database encompasses enzymes involved
in synthesising, metabolising and modifying carbohydrates. These enzymes are
categorised into six functional groups: (1) glycoside hydrolases (GHs); (2) glycosyl
transferases (GTs); (3) polysaccharide lyases (PLs); (4) carbohydrate esterases (CEs);
(5) ancillary activities (AAs); and (6) carbohydrate-binding modules (CBMs)
(Cantarel et al., 2009). In integrated ssyetm40-2, the proportions of these groups are
as follows: PLs (0.8%), AAs (11.2%), CEs (20.9%), GHs (36.7%), GTs (29.1%) and
CBMs (1.3%) (Fig. 6a). Notably, the percentages of GHs and CEs are higher than
those in integrated system40-1. The GH family encompasses various hydrolases, such
as cellulases, cellobiohydrolases, endo-/exo-glucanases and arabinofuranosidases
(Gullert et al., 2016). On the other hand, the GT family is responsible for catalysing
glycosylation reactions involving NDP-sugars and glycosinosides (Cantarel et al.,
2009). Hence, it can be inferred that the introduction of the MF has minimal effect on
the distribution of enzymes within the CAZy database.

We conducted a phylogenetic investigation of communities by reconstructing
unobserved states (PICRUSt) to validate the effects of the MF on gene function.
Functional predictions based on the COG database reveal that genes associated with
energy production and conversion, signal transduction, cell wall/membrane/envelope
biogenesis and inorganic ion transport exhibit increased expression levels under MF

compared to integrated system40-1 (Fig. 6b). This up-regulation in expression can
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subsequently modulate the relevant metabolic pathways, resulting in alterations in the
functional profiles of bacteria.

In this study, we employed function prediction based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (Fig. 6¢). The KEGG database encompasses
six significant pathways: (1) metabolism; (2) cellular processes; (3) environmental
information processing; (4) genetic information processing; (5) human diseases; and
(6) organismal systems. All six metabolic pathways are associated with organic matter
degradation. Due to the increased abundance of energy metabolism, amino acid
metabolism, signal transduction and membrane transport under the influence of MF,
these pathways are further elaborated upon in Fig. 6d. In cellulation processes, the cell
viability of microflora under MF surpasses that under NMF conditions. In our study,
proteobacteria are the predominant phylum, exhibiting high relative abundance levels.
Most bacteria within this phylum possess flagella (Yan et al., 2022). It is possible that
under MF, the electron transfer rate through the flagella is accelerated, which may
explain the increased motility of these bacteria. Regarding metabolic pathways, MF
significantly upregulates the rates of all six pathways. This finding further
substantiates that introducing MF can stimulate the production of key enzymes
involved in these metabolic processes.

Compared to the Universal Protein Resource (UniProt) database, we filtered genes
related to the major carbon metabolic pathways in integrated system-1 and system-2
on day 40. The carbon metabolism pathway involves the conversion of a carbon

source, such as glucose, into pyruvate through a series of enzymatic reactions before
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entering the TCA cycle (Fig. 7). There are 10 consecutive enzymatic reactions from
glucose to pyruvate, with the three most crucial rate-limiting steps being: 1).
Glucokinase (EC: 2.7.1.2), which catalyses glucose to glucose-6-phosphate. 2).
Fructose-phosphokinase (EC: 2.7.1.11), which catalyses fructose-6-phosphate to
fructose-1, 6-diphosphate. 3). Pyruvate kinase (EC:2.7.1.40), which -catalyses
phosphoenolpyruvate. These reactions are irreversible (Fig. S17). Among them, the
abundance of genes encoding these enzymes (EC: 2.7.1.2, EC: 2.7.1.11, and
EC:2.7.1.40) in integrated system-1 is higher than in integrated system-2 (Fig. S19).
Consequently, pyruvate is synthesised more rapidly, and more carbon sources are
consumed in NMF conditions. Citrate synthase (EC:2.3.3.1) -catalyses the
condensation of acetyl CoA and oxaloacetate to synthesise citrate and CoA (Fig. S18).
This step controls entry into the TCA cycle and is a critical rate-limiting step. Genes
related to this function are expressed in integrated system-1 and system-2, and no
significant difference exists between them (Fig. S20). However, the abundance of
genes encoding (EC:2.3.3.1) in integrated system-1 is higher than in integrated
system-2. This implies that introducing the MF increases the relative abundance of
certain microorganisms within the microbial community during the reaction process.
Still, the functional genes related to carbon metabolism do not experience a
corresponding increase. Therefore, MF appears to be beneficial for microbial carbon
metabolism.

3.5. CIP degradation pathways with MF

To investigate the impact of MF on the intermediates and degradation pathways
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during the integrated system degradation of CIP, we conducted UPLC-MS tests. Fig. 8
illustrates the compounds measured by UPLC during photocatalysis (PC-1 and PC-2
products being identical), integrated system-1 and integrated system-2. The
UPLC/MS spectra of the detected products can be found in Fig. S21 and Table S3.
CIP transforms intermediate compounds with mass-to-charge ratios (m/z) of 348, 316,
288 and 291 during photocatalysis alone. These intermediates are identified
throughout the entire photocatalytic reaction. Fig. 8 presents the cumulative results
obtained after a 12 h reaction time. The findings indicate that photocatalysis cannot
further convert these particular aromatic hydrocarbons.

In integrated system-2, three intermediates were detected during the 2™ h of the
reaction, each with m/z of 274, 263 and 219, respectively. Among these intermediates,
the compound with an m/z of 219 originates from the gradual oxidation of the
piperazine side chain of CIP, involving the separation and decarboxylation of the
secondary amine nitrogen and formaldehyde groups. Conversely, compounds with
m/z values of 274 and 263 are generated through the piperazine ring's cleavage and
the CO group's loss from the CIP structure. Consequently, the photocatalytic
compounds undergo further oxidation during the integrated system process,
corroborating our earlier findings (Dong et al., 2023). Additionally, intermediate
compounds with m/z values of 274 and 263 also appear in integrated system-1, albeit
with longer generation times than integrated system-2. This observation further
underscores the capacity of MF to enhance the CIP degradation rate and

mineralisation efficiency.
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In the intermediate reaction stage in integrated system-1, intermediates with m/z
values of 245, 154, 274, and 263 are identified. Furthermore, at the end of the reaction,
three intermediates with m/z values of 245, 154 and 156 are identified, with the first
two intermediates accumulating gradually over the reaction. The structural formulas
indicate that these intermediates are aromatic hydrocarbons containing conjugated
systems, and their structures exhibit relative stability. Consequently, neither
photocatalytic oxidation nor biodegradation in integrated system-1 can facilitate the
further degradation of these two intermediates under NMF.

During the intermediate reaction stage in integrated system-2, two intermediates
with lower molecular weight (M/Z of 148 and 86) were identified. Upon examining
their molecular structure formulas, it is evident that these products contain very few
double bonds and contain carboxyl groups. These characteristics make them highly
susceptible to microbial utilisation for the production of alkane intermediates.
Furthermore, no intermediate products were detected in integrated system-2 at the end
of the reaction. This finding aligns with the results indicating that the concentrations
of TOC and COD in the effluent of integrated system-2 are lower compared to those
of integrated system-1.

Conclusions

In general, MF can effectively improve the CIP removal and mineralization rate
during integrated photocatalysis and FBBR system. A removal efficiency of ~96% is
achieved after 40 days shows the integrated system-2 has outstanding removal

efficiency. Moreover, biological involvement increases CIP mineralization rate by
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32%. The electrochemical experiment results indicate the charge separation can be
promoted by MF, thus increases the electron concentration. Thus, the increase in
electron concentration leads to the massive generation of -OH and -O,". Moreover, the
positive roles of MF on expediting oxidation reactions and increasing microbial
respiratory activity and active biomass obviously promote microbial metabolism that
leads to diverse compounds. The adaption of the microbial community to MF can
alter the microbial community and thus enhance the utilization of the compounds.
These actions work together in integrated system-2 to boost CIP degradation and
more entire mineralization. To sum up, MF can effectively enhance the CIP
degradation and mineralization by integrated system by simultaneously facilitating the
charge separation and microbial activity.
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Figure captions

Magnetic field intensity variation of integrated system-2 (mT)
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Fig. 1. (a) The CIP degradation of PC system at different MF intensity. (b) Correlation

analysis of external MF strength and CIP degradation efficiency. (c) CIP and (d) COD

removal rate of the whole stable operation stage. (e¢) CIP degradation curves and (f)

first-order rate constants of CIP removal under different reaction conditions. (g) TOC

removal in an operating cycle with initial CIP concentration of 40 mg/L.
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Fig. 2. The removal rate of (a) CIP and (b) COD by integrated system, PC and FBBR
under NMF and MF conditions. (c) The photo of CIP (totally 40 mg/L) degradation
device. ESR spectra of B-BOC and B-BOC@biofilm with NMF and MF in the

existence of (d) DMPO--OH and (¢) DMPO--O>’, respectively.
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Fig. 4. (a) surface and (b) core of sponge@B-BOC@biofilm, after
sponge@B-BOC@biofilm operation for 40 days under (c, d) NMF (integrated

system-1) and (e, f) MF (integrated system-2) conditions.
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Text S1. Preparation of B-BizO4Cl (B-BOC)

Briefly, 0.243 g of Bi(NOz3)3-5H20, 0.2 g polyvinyl pyrrolidone (PVP, K30) and 0.3
mL H3BOs solution (20 g/L) were diffused into 15 mL mannitol solution (0.1 mol/L)
to acquire solution A. Totally, the solution B was obtained by 0.5 mmol NaCl
dissolved into 3 mL mannitol solution (0.1 mol/L). Then, solution B and solution A
were stirred by magnetic stirrer for 30 min, and adjusted to pH to 11.5 with NaOH
solution (2 M). After that, the suspension was sealed in a 50 mL Teflon-lined
stainless-steel autoclave, and then the autoclave was kept at 160 °C for 24 h in oven.
After cooled down to normal temperature, the solid substances were gathered by
centrifugation and washed with deionized water and anhydrous ethanol for three times,

respectively, then dried under vacuum at 60 °C all night.
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Text S2. Experimental set-up.

CIP degradation was conducted in an internal loop airlift-driven fluidized bed
reactor with a working volume of 800 mL. The reaction device is made of plexiglass,
which is mainly composed of two inner and outer hollow cylinders. The height of the
outer hollow cylinder is 220 mm, and the outer diameter and inner diameter are 100
mm and 90 mm, respectively. The height of the inner concentric annular column is
170 mm, the outer diameter and inner diameter are 60 mm and 50 mm, respectively,
and four 20 mmx>20 mm rectangular channels are set at the bottom. The inner annular
cylinder is nested in the annular space between the outer annular cylinder and the
bottom aeration disc. The bottom of the reactor is provided with an aeration disc with

the same diameter as the inner wall sleeve.
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Text S3. Analytical methods

The morphology of B-BOC was observed by using an SU8000 scanning electron
microscope (SEM, Hitachi, Japan) at an accelerating voltage of 3-5 kV and a Tecnali
G20 (FEI Co., Holland) microscope operated at an accelerating voltage of 200 kV.
The transmission electron microscopy (TEM) images were tested using Tecnai G2
and FElI Co to acquire morphology of the photocatalysts. Powder X-ray
diffractometry (XRD) was obtained by a Bruker D8 diffractometer with Cu Ka
radiation. X-ray photoelectron spectroscopy (XPS) was collected by a 5300
ESCALAB spectrometer to explore the surface chemical element. UV-Vis absorption
spectra of the photocatalysts were proceeded using a UV-vis spectrophotometer
(U-3900H, Shimadzu). The electron spin resonance (ESR) signals were tested by
using a Bruker EPR JES-FA300 instrument to obtain the activated species.
Photo-electrochemical characterizations were carried out in a standard three-electrode
system by an electrochemical station (CHI660D) with a blank or modified stainless
steel wire (1.0x1.5 cm) as the working electrode, the carbon rod as the counter
electrode, and the Hg/Hg>Cl, electrode as the reference electrode. The electrolyte was
0.5 M NaSOs4 solution. Moreover, the light density employed was 80 mW/cm?.

The microstructure of the biofilm during CIP removal was observed by scanning
electron microscopy (SEM). Details of the sample pretreatment method are provided
in Text S4. Pretreatment procedures for biofilm staining process for confocal laser
scanning microscopy (CLSM) imaging are provided in Text S5. The total organic

carbon (TOC) was measured using a TOC analyzer (Shimadzu, Japan). COD analysis
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was measured using a COD quick detector (LianHua Tech-Co., Ltd., China). The
biofilm samples were collected from each integrated system every five days to
measure for Dehydrogenase Activity (DHA) and electron transport system (ETS)
activity. DHA and ETS were determined by triphenyltetrazolium chloride (TTC)
colorimetry and the 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride
electron transport system (INT-ETS), respectively. Their specific measurement steps

are provided in Texts S6 and S7, respectively.
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Text S4. Pretreatment for SEM observation

Biofilm samples attached to carriers were prepared for SEM by washing them with
0.01 M phosphate buffered saline (PBS) and fixing them with 2.5% (wt)
glutaraldehyde for 30 min, and then frozen at -20 °C. We visualized interior of the
carriers by slicing the carriers with a sterile razor blade prior to gold coating and then

observed with an SEM instrument (JSM-7500F; Japan).
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Text S5. Staining and confocal laser scanning microscopy (CLSM) imaging

The carrier samples attached with biofilm were washed with PBS for three times,
fixed with 4 wt% paraformaldehyde at 4 °C for 4 h, and then washed with PBS again.
Then the pretreated samples were frozen and sliced. Followed by staining using
staining activity assay kit (L-7012, LIVE/DEAD® BacLight TM, USA). The sections
were then placed on microscope slides and analysed using a CLSM instrument

(LEICA TCS SP5, Germany).
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Text S6. Measurement of Dehydrogenase Activity (DHA)

First, 20 sponge carriers were removed from the reactor and placed in a 50 mL
centrifuge tube. Add 2.5 mL distilled water, 5 mL TTC solution (4 mg/mL), 2 mL
glucose solution (0.1 mol/L) and 2 mL Tris-HCI buffer solution (7.874 g/L, pH = 8.4)
successively. Put the centrifuge tube into an oscillator (200 rpm) and shake for 20 min.
Then put it into a constant temperature incubator (37 °C) for 1 h, and drop
concentrated sulfuric acid to terminate the reaction. Finally, triphenylmethane (TC) in
the solution was extracted with 5 mL toluene, and the centrifuge tube was placed in an
oscillator to vibrate (200 rpm) for 30 min before ultrasonic treatment 8 min. The
mixed solution is centrifuged at the speed of 4000 rpm for 5 min after standing for 3
min. The supernatant is taken to measure its absorbance at 485 nm. The
dehydrogenase activity of the sample can be obtained by comparing with the standard

curve.



894
895  Text S7. Measurement of electron transport system (ETS)

896 Add 0.3 mL of sludge mixture, 1.5 mL of Tris-HCI buffer solution, and 1 mL of 0.2%
897  INT solution in sequence to the 10 mL centrifuge tube. The prepared samples were
898  rapidly cultured in a dark oscillator at 37 ==1°C for 30 min, and then 1 mL of 37%
899  formaldehyde was added to terminate the reaction. Centrifuge at 4000 r/min for
900 another 5 min, the supernatant gently discarded, 5 mL methanol added, mixed and
901  stirred evenly, and continued to oscillate and extract at 371°C in the dark for 10
902  min, centrifuge for another 5 min at 4000 r/min. The absorbance of the extract was
903  measured at 485 nm by a spectrophotometer. The calculation formula of INT-ETS is

904 as follows:

7 DagsV

905 =
KVt

906  U’: activation of INT-ETS, mg-(g-h)%; D,gs: absorbance of supermate (wavelength =
907 485 nm); V: volume of extract liquor, mL; K;: slope of standard curve (K; = 0.0475
908  L/mg); ¥V, volume of the mixture, mL; t: culture time, h
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916
917
918  Table S1. First-order loss rates of CIP (k) based on First-order kinetic simulation in

919  PC and integrated system under NMF and MF.

k/h! R?

PC-1 0.050 0.87
PC-2 0.099 0.90
integrated system-1 0.098 0.91

integrated system-2 0.165 0.95
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Table S2. Richness and diversity indices obtained by high throughput sequencing.

Samples Chaol indexes ACE indexes Simpson indexes Shannon indexes
Initial 1403 1729 0.066 4.51
integrated
1782 2069 0.053 8.01
system40-1
integrated
2003 2264 0.038 9.04
system40-2




949
950
951  Table S3. Identification of the possible CIP degradation products by LC-MS under

952  visible light irradiation.

Compounds Formula m/z Proposed structure

CIp C17H1sFN3O3 332
A C17H18FN304 348
B C17H16FN30s 362
C Ci7H16FN3Os 362
D Ci6H16FN304 334
E C16H17N304 316

F C15H16FN3O3 306




CisH17N303 288
C14H11FN204 291
Ci3Hi13N203 245
C7H7NO3 154
C13H10N20s 274
C13H11FN20s3 263
CgHgO3 152
C12H11FN20 219
C7HsFNO- 156
C4H40s¢ 148
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953
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955 Fig. S1. SEM images of sponge.

956 SEM image shows the surface morphology of the sponge carrier is a network

957  skeleton with 300~800 um macropores and large specific surface area (Fig. S1).
958
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Fig. S2. (a) SEM and (b) TEM images of B-BOC nanosheets.

The morphology of B-BOC was analyzed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) (Fig. S2), from which the nanosheets

with a lateral size of one hundred to several hundreds of nanometers can be observed.
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Fig. S3. XRD patterns of B-BOC.
In Fig. S3, the X-ray diffraction (XRD) peaks of the B-BOC nanosheet reveal a
pure monoclinic BOC crystal phase (JCPDS No. 86-2221) with layered structure (Li
et al., 2016). Moreover, there is no other impurity phases observed, which indicates

that B doping does not alter the crystal phase.
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Fig. S4. (a) Ultraviolet-visible diffuse reflectance spectra and (b) the band gap energy
(Eg) of B-BOC.

The photoabsorption performance and energy band characteristic of the B-BOC
nanosheet were implemented by UV-vis diffuse reflectance spectroscopy (DRS) as
showed in Fig. S4a. It is worth noting that an extensive light absorption of B-BOC
can be examined in the visible light range, and the absorption fringe approximately at
503 nm. Attentively, the energy gap of B-BOC is 2.66 eV, resulting B-BOC has a

wide light absorption of visible light (Fig. S4b).
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1017  Fig. S5. (a) XPS survey spectra, (b) valence-band (VB) spectra, (c) B 1s spectra, (d)
1018 O l1s spectra, (e) CI 2p spectra, (f) Bi 4f spectra of the B-BOC.
1019 The XPS survey spectra indicates that all the elements of Bi, O, Cl and B are

1020  presented in the B-BOC (Fig. S5a), which is in accordance with XRD results.

1021  Moreover, the VB of photocatalyst is measured by XPS valence spectra (Fig. S5b).
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And the VB maximum of B-BOC is assessed to be 2.59 eV. For B 1s, the peaks are
observed at binding energy of 190.7 eV and 192.5 eV for B-BOC, which assign to the
Bi-B bonds and B-O bonds, respectively (Fig. S5¢) (Yu et al., 2019). Furthermore, the
O Is peaks situate at 529.8 eV, 531.2 eV and 532.2 eV can be corresponded to Bi-O
bonds, O-H bonds and B-O bonds, respectively (Fig. S5d) (Yang et al., 2016). Then,
for Cl 2p, the peaks at 198.52 eV and 196.9 eV are equivalent to the 2p3» and 2pi.
orbitals of CI, respectively (Fig. S5¢). Furthermore, Bi 4f spectra display two peaks at
163.31 eV and 158.08 eV, assign to the Bi 4fs» and Bi 417, (Fig. S5f). Therefore, the

above results indicate that the successful synthesis of B-BOC photocatalyst.
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Fig. S6. SEM images of sponge@B-BOC.

Moreover, Fig. S6 demonstrates the B-BOC photocatalysts are uniformly and
densely attached to the bone surface of the sponge carrier, its original network

skeleton is fully preserved.
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Fig. S8. Microbial dehydrogenase activity in integrated system-1 and integrated
system-2 reactors.

Microbial dehydrogenase activity (DHA) can reflect the degradation efficiency of
substrate under different MF intensity. Fig. S8 shows the variation trend of DHA as
MF intensity in integrated system-1 and integrated system-2 reactors. The enzyme
activity of integrated system-2 increases first and then decreases, and MF enhanced
DHA is higher than integrated system-1 at all intensities. At the intensity of 40 mT,
MF has the most significant strengthening effect, and integrated system-2 has the
maximum strengthening activity of 0.36 mgTF/mgSS compared with integrated
system-1 with 0.19 mgTF/mgSS. Obviously, the suitable MF intensity is helpful to
improve the microbial DHA and the degradation efficiency of the substrate. MFs
exerts a significant force effect on enzyme activity by influencing metal ions at the
enzyme active site. It is found that weak MF has a positive catalytic effect on enzyme
activity, depending on the type and structure of the enzyme. MF strength can achieve

greater enhancement efficiency of microbial activity.
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Fig. S9. Changes of UV-vis spectra of CIP solutions in (a) integrated system-2, (b)
integrated system-1, (c) PC-2 (d) PC-1 (e) FBBR-2 and (f) FBBR-1 along the
operating time of 12 h.

Fig. S9 shows the UV-vis full scanning spectra of CIP degradation in integrated
system, PC and FBBR at different times under NMF and MF. For individual
biological reactions, the adsorption rate of FBBR-1 to CIP is low, but do not
significantly improve after applied MF, indicating the toxic effect of CIP on
microorganisms. The removal rate of PC-2 to CIP is significantly higher than that of
PC-1, indicating that the Lorentz force produced from MF can effectively inhibit the
recombination of photogenerated carriers, and ultimately improve the degradation
efficiency of PC-2 to CIP. In integrated system-1, the absorbance of CIP solution at
278 nm decreases with the reaction. However, when MF is applied to integrated
system, we find that the absorbance drop rate of CIP solution at 278 nm in integrated

system-2 increases. The results indicate that MF has a certain effect on the
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Fig. S10. COD removal in an operating cycle with initial CIP concentration of 40
mg/L.

As can be seen from Fig. S10, the applied MF hardly increases the mineralization
rate of CIP by individual organisms when the initial concentration of CIP is 40 mg/L.
The mineralized efficiency of CIP in PC-1 is only 35.0%, indicating that
photocatalytic oxidation alone has poor mineralized efficiency of CIP. However, PC-2
improves the mineralization rate of CIP. After coupled biodegradation, integrated
system-1 increases CIP mineralization efficiency by 34.91% compared with PC-1.
This demonstrates the use of intermediates by organisms in integrated system. In
addition, integrated system-2 increases COD removal rate by 24% compared with
integrated system-1. This indicates that applying MF in integrated system can

improve the mineralization efficiency of CIP.
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Fig. S11. B-BOC loading amount on the surface of carrier after 40 days of operation.

After 40 days of continuous operation, the loading amount is slightly reduced from
the initial 566.1 mg/g to 497.7 mg/g, resulting in a peeling ratio as low as 12.1%.
These results further confirm B-BOC are well attached to sponge carrier, indicating
that integrated system-2 have good stability. This is beneficial to the long-term

operation of integrated system-2.
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Fig. S13. (a) The changes of dissolved oxygen (DO) for water with air inlet time
under NMF and MF conditions. (b) Volume mass transfer coefficient of oxygen-water
vapor-liquid two phases under NMF and MF conditions.

Volumetric gas-liquid mass transfer coefficient (kza) measurements were measured
by the dynamic gassing-in method (Gogate and Pandit, 1999). In this method, the DO
concentration in the water was initially reduced to zero by sparging nitrogen gas. The
system was then kept stationary for a few minutes so that all the nitrogen bubbles
were allowed to escape from the liquid. Under NMF and MF conditions, air was
added into the system. The difference of dissolved oxygen concentration with time
was recorded by a dissolved oxygen meter every 2 min until the liquid is almost
saturated by oxygen.

The oxygen-water-gas-liquid mass transfer coefficient kza of two-phase volume
could be measured based on the equation from the literature (Kumar et al., 2005).

The equation for the oxygen absorption rate:
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Integrate to the above equation to obtain kza:

Pg" —PL
t—ty PpPg"—PLo

where, kza is the volumetric mass transfer coefficient (s™), t is time (s), pg* is the
dissolved oxygen saturation concentration (mg/L), pr is the dissolved oxygen
concentration at any time (mg/L) and pro is the initial dissolved oxygen concentration
(mg/L).

Through mathematical transformation:

pgX —PL

In(
Pg" — Pro

) =Ka(ty—t)
Therefore, with t as the abscissa and In((pg*-pr)/(pe*-pro)) as the ordinate, a straight

line can be obtained, and the slope is kza.
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Fig. S14. Pyrosequencing results of DNA from the microbial community of Initial,
integrated system20-1, integrated system40-1, integrated system17-2 and integrated
system40-2 samples at the genus levels.

The heat map (Fig. S14) clearly shows the evolution of the microbial community at
the genus level. Pseudoxanthomonas and Sphingomonas emerge after the degradation
process, indicating adaptation to the intimately coupled environment. Lysinibacillus,
Pseudomonas, Burkholderia, and Bacillus are all very abundant and have the ability
to transfer extracellular electrons, revealing the potential of photoelectron transfer
between microorganisms and photocatalysts. Moreover, the number of bacteria
increases significantly after applying MF, indicating that MF can effectively promote

electron transfer.
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Fig. S15. Principal component analysis (PCA) analyses of samples.

PCA was used to determine the correlation of five activated sludge samples. The
closer the samples are, the more similar the species composition structure will be.
Therefore, the samples with highly similar community structure will be closer in the
figure, while the samples with large community differences will be farther apart. It
can be seen from Fig.S15 that the integrated system40-2 sample is significantly
different from the Initial sample, indicating that the MF has an effect on the structural

changes of the biological community in the reactor.
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Fig. S16. Mean proportions of microbial genus by Initial, integrated system20-1,
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Fig. S16 shows the bacteria genera with significant differences in Initial, integrated
system20-1, integrated system40-1, integrated system17-2 and integrated system40-2
samples. Compared with integrated system20-1 and integrated system40-1 with NMF,
the community structure of integrated system17-2 and integrated system40-2 samples
is significantly different, resulting in an obvious difference. It can be concluded that
the MF has an effect on the structural changes of the biological community in the

integrated system-2 reactors.
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Fig. S17. Carbon metabolic pathways.
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Fig. S21. Mass spectra of emerging intermediates when MF added in integrated
system-2 at different time.

Fig. S21 shows the MS spectra of the newly emerged intermediates of integrated
system-2 after applied MF. When the MF is applied, four new intermediates appear in
integrated system-2, whose M/Z are 219, 152, 148 and 86, respectively. The lower
molecular weight of intermediates detects in integrated system-2 compared with
integrated system-1 may be related to the enhancement of biodegradation within the

carrier in integrated system-2 by MF.
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