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ABSTRACT

With the increasing use of antibiotics and the rising concentration of antibiotics in medical
wastewater, the treatment of antibiotics in wastewater from medical buildings has become
increasingly important. To enhance the efficiency of antibiotic removal in medical wastewater
treatment, [ proposed the design of a thicker membrane material with larger interconnected
pores. Additionally, I attempted to synthesize a layer of adsorptive polymer on the membrane
surface to enhance its affinity for antibiotic molecules. Through this approach, I successfully
synthesized polymerization adsorption membranes (PAM) and tested their performance using
Ciprofloxacin (CIP) as a model antibiotic. The results demonstrated the presence of adsorption
capacity and permeation inhibition for CIP molecules on the PAM. Furthermore, to meet the
demand for selective adsorption of specific types of antibiotic molecules, 1 introduced
molecular imprinting technology onto the PAM membrane. This resulted in the synthesis of a
Molecularly Imprinted Membrane (MIM) using CIP as a template. The MIM exhibited

significantly improved absorption capacity and permeation inhibition for CIP molecules.

In Chapter 1, RESEARCH BACKGROUND AND PURPOSE OF THE STUDY, the research
backgrounds of the increasing use of antibiotics and the rising concentration of antibiotics in
medical wastewater are introduced in chapter 1, including the sources and distribution of
antibiotics in the environment. As well as the antibiotic pollution in water resources. Then the
hazards of antibiotics pollution to the environment, creature and human beings is well
introduced. Researching the treatment technologies for antibiotics in medical building
wastewater is of great importance. At last, the research purpose and logical framework is shown

in order to support reviewers understand the content of this paper.



In Chapter 2, LITERATURE REVIEW OF ANTIBIOTIC REMOVAL, this chapter provides a
comprehensive overview of past research on the removal of antibiotics from wastewater. The
focus is on three primary treatment methods: biological treatment, oxidation methods, and
physical methods. The biological treatment approach is cost-effective and can achieve high
removal efficiencies but sensitive to environmental conditions, and have the potential for the
development of antibiotic-resistant bacteria. The oxidation methods have high treatment
efficiency but its energy and cost consumption are high, too. Physical methods, particularly
membrane separation technology, offers high removal efficiencies, compatibility, and the
potential for resource recovery. Therefore, the treatment of antibiotics by membrane technology

is the focus of this study.

In Chapter 3, METHODOLOGY, in this chapter, the design of membrane synthesis methods
was explored. The aim was to enhance both membrane flux and adsorption efficiency. To
achieve this, the membrane thickness was increased, and a sacrificial template method was
utilized to enhance the interconnected pore structure within the membrane. To address the issue
of pore size affecting treatment efficiency, a plan was devised to synthesize a polymer layer on
the inner and outer surfaces of the membrane to absorb antibiotic molecules. In order to ensure
that the synthesized materials meet our requirements, a design for the characterization methods
of the membrane materials was established. This involved conducting a series of material
property characterizations, including scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), in-situ

diffuse reflectance infrared Fourier transform spectroscopy (In-situ DRIFT) and so on.

In Chapter 4, DATA RESOURCE AND MEMBRANE PERFORMANCE ANALYSIS, this
chapter focused on the planning and design of testing methods for membrane performance, with
ciprofloxacin selected as the target molecule for testing. The testing methods were carefully

planned to evaluate the efficacy of the membranes in adsorbing and permeating ciprofloxacin.



The adsorption capacity would provide insights into the membrane's ability to remove the target
molecule from the solution, while the permeation tests would assess the membrane's ability to
allow or restrict the passage of the molecule through its structure. By conducting these tests and
employing the provided calculation methods, the performance of the synthesized membranes

could be quantitatively evaluated.

In Chapter 5, POLYMERIZATION ADSORPTION MEMBRANE, in this chapter, the
synthesis of the Polymerization Adsorption Membrane (PAM) was performed. After
determining the materials and characterization equipment, the PVDF-BCD-dopamine
membrane (VCDM) was synthesized as a precursor, followed by ethylene modification and
subsequent polymerization to obtain the desired PAM. The membrane was then subjected to
material characterization, confirming the success of each reaction step. The performance testing
began with isothermal adsorption tests, which revealed that the adsorption capacity of the PAM
for ciprofloxacin (CIP) reached 22.04 mg g-1. Furthermore, the adsorption sites on the PAM
exhibited a uniform and monolayer distribution, confirming its adsorption capability for CIP
molecules. Subsequently, permeation adsorption experiments were conducted, and it was
observed that the equilibrium of CIP molecules in solution was reached after 24 hours. This

indicated that the PAM had an inhibitory effect on the permeation of CIP within 24 hours.

In chapter 6, MOLECULARLY IMPRINTED MEMBRANE, in this chapter, to maximize
membrane utilization and address real antibiotic discharge scenarios, I enhanced the absorption
capacity of the PAM membrane for a specific antibiotic molecule among various types. Through
modification during synthesis, the final step incorporated molecular imprinting technology,
using ciprofloxacin (CIP) as the template, resulting in the creation of a Molecularly Imprinted
Membrane (MIM). Material characterization confirmed the successful synthesis at each step.
In adsorption performance tests, the MIM exhibited an impressive adsorption capacity of
121.12 mg g-1 for CIP molecules. The membrane surface demonstrated a uniform monolayer



distribution of adsorption sites, with a coexistence of chemical adsorption and physical
diffusion. Subsequently, selective adsorption and permeation experiments were conducted with
four structurally similar but different types of antibiotics, including CIP. The results revealed
that the MIM possessed significantly higher absorption capacity for CIP molecules compared
to the other three types. The inhibitory effect on CIP permeation lasted for 36 hours, surpassing
the 24-hour mark observed for the other types. These findings demonstrate the strong inhibitory

and adsorption capabilities of the MIM specifically for CIP molecules.

In chapter 7, PERFORMANCE COMPARISON, in this chapter, in order to evaluate the
performance enhancement achieved by incorporating molecular imprinting technology, a
comparison of the Molecularly Imprinted Membrane (MIM) and the Polyacrylamide (PAM)
membrane was conducted. Additionally, the PAM membrane was subjected to adsorption and
permeation experiments involving four structurally similar but different types of antibiotics.
The results of the comparison indicated that the MIM is far superior to PAM in terms of
adsorption capacity, permeation inhibition, adsorption selectivity and permeation selectivity,
highlighting the role played by the imprinting sites on the membrane surface. Then regeneration
performance and anti-fouling tests were performed on the MIM, demonstrating comparable
regenerative properties and a wider range of resistance to fouling. Taking all the findings into
consideration, the as-constructed MIM exhibited superior comprehensive properties compared

to similar materials, thus presenting promising prospects for broader applications.

In Chapter 8, CONCLUSION AND PROSPECT. A summarized of each Chapter is

concluded.
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1.1 Medical antibiotic pollution

1.1.1 Background

Antibiotics are medications that fight bacterial infections. Which is used in a wide range of
hospitals and residents. Between 2000 and 2015, antibiotic consumption, expressed in defined
daily doses (DDD), increased 65% (21.1-34.8 billion DDDs), and the antibiotic consumption
rate increased 39% (11.3—15.7 DDDs per 1,000 inhabitants per day) [1]. The residence time of
antibiotics into the body is short, only a small part is absorbed into the organism for metabolism,
about 60% to 90% of antibiotics in the form of prototypes or metabolites are excreted with the
feces and urine. Studies have shown that more than 85% of antibiotics are transferred to the
environment through sewage in the form of prodrugs and their metabolites. Currently, the range
of detectable concentrations of antibiotics in wastewater has developed worldwide from the ng
L' and pug L' levels to the mg L' level. And for example, the detection concentration of
antibiotics in medical wastewater can reach 21 pg L' [2]. This antibiotic-laden medical effluent

eventually makes its way through the sewage plant and into natural water bodies.

After antibiotics enters the water body directly or indirectly, it is still biologically active, and
even if the level is only at trace level, it is still harmful to the ecological environment and human

health, which can be divided into the following aspects [3]:

Drug resistance and superbugs: the residual hazards of antibiotics are mainly the induction
of resistance genes, damage to aquatic ecology, and threats to human health; risk of ecological
imbalance: antibiotics is toxic to many aquatic organisms, and its long-term exposure to
antibiotics will inhibit their metabolic processes, and may lead to ecological imbalance due to
the different sensitivity of different organisms to antibiotics; hazards to humans: antibiotics can
cause adverse reactions in humans [4], such as nausea, vomiting, appetite disorders, abdominal
pain, diarrhea, and other gastrointestinal reactions. Therefore, for medical buildings, it is of
great importance to add antibiotic removal equipment to their drainage systems. The core

technology of antibiotic removal is the subject of this paper.
1.1.2 Overview of Antibiotics

Antibiotics are mainly organic compounds produced by microorganisms (such as bacteria,

1-1



fungi, etc.) with anti-pathogenic or other activities or by synthetic or semi-synthetic analogues
for the treatment and prevention of human and animal diseases caused by bacterial and
microbial infections, and can also be used as growth promoters to stimulate the growth of farm
animals. Since 1928 British scientist Alexander. Fleming inadvertently discovered penicillin,
the emergence of antibiotics has saved countless lives and is one of the greatest inventions of
mankind since the twentieth century. Due to the excellent efficacy and wide application value

of antibiotics, they were soon developed rapidly.

However, in recent years, with the continuous progress of industrial and scientific
development, the production and use of antibiotics are also increasing, and even the emergence
of the problem of abuse has made the ecological and environmental problems caused by
antibiotics increasingly become the focus of discussion. As an emerging pollutant in the
environment, there are many different types of antibiotics with different physicochemical
properties and scope of application, and therefore the degree of residue in the environment and

the ecological risks caused, and the development of antimicrobial resistance induced also vary.

In most cases, antibiotics are highly hydrophilic and weakly volatile, and their transmission
in the environment is mainly through the aqueous phase and food chain, ultimately posing a
threat to human health, while the residual antibiotics in the environment have certain toxic
effects on organisms that threaten the health of the ecosystem. At present, the misuse of
antibiotics is relatively common, and a WHO survey shows that up to 80% of patients in z
Chinese medical institutions have antibiotics in their drug list, which is much higher than the
international level (about 50%), and in 2015 WHO has described the problem of antibiotic-

induced drug resistance as a global public health crisis that must be addressed urgently.
1.1.3 Production and use of antibiotics

Since the 1940s, the discovery of penicillin has led to the gradual development of the
antibiotic production industry. In terms of production methods, natural synthesis is the main
method, supplemented by artificial synthesis, mainly by microbial fermentation, and a few
antibiotics can be synthesized by chemical synthesis. At the same time, the naturally obtained
antibiotics have been modified biochemically or chemically to give them superior properties.
For antibiotic-producing bacteria, the two main groups include mycobacteria and
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actinomycetes.

The fermentation production process of antibiotics is basically like the production process of
microbial fermentation, which uses the cultivation of microorganisms to ferment them to
produce antibiotics or other active pharmaceutical ingredients. Generally, a typical biological
fermentation process mainly includes the steps of strain screening, seed expansion culture,
microbial fermentation and extraction and purification, etc. A typical biological fermentation
process is shown in Fig. 1-1. With the continuous optimization of modern biotechnology
engineering, the yield of antibiotics has been effectively improved, and the components and
production process of antibiotics have been effectively improved, which in turn makes the

produced antibiotics more application value.

The advent of antibiotics has been a boon to save countless lives. For the present, the use of
antibiotics basically falls into three areas: they can be used to treat human and animal diseases,
as growth promoters, and to improve feed feeding efficiency. Globally, it has been reported that
more than 100,000 tons of antibiotics are used annually [5]. China is the largest producer and
user of antibiotics in the world. In 2013, the total use of antibiotics in China was reported to be
about 160 million kg, which is nine times more than the use in the United States during the
same period, and the per capita use of antibiotics was all more than six times that of the United
Kingdom, the United States, and Canada [6]. The widely used antibiotics include sulfonamides
(SAs), macrolides (MLs), quinolones (QNs), tetracyclines (TCs), and B-lactams ($-Ls), etc. A
2013 survey of five major classes of commonly used the survey of antibiotics showed that the
use of antibiotics was the largest in East China and the smallest in Northwest China, in which

macrolides, B-lactams and quinolones were used more in most regions.

In agriculture, animal husbandry and farming, the use of antibiotics covers almost all types
of antibiotics used for human medical treatment [5], and in 2017, China ranked first in the world
in the use of veterinary antibiotics (43% of the total) [7] In recent years, the use of veterinary
antibiotics in China has increased year by year, and it is estimated that the proportion of the
total global use of veterinary antibiotics in China will rise from 23% in 2010 to 30% in 2030

[8], while about 48% of the total use of antibiotics in China is used for human medical treatment.



The rate of antimicrobial drug use among hospital patients at all levels in China has been
reported to be above 70%, far exceeding the WHO recommendation of 15%-30%. A survey of
antibiotic prescriptions in 48 primary health care facilities in China showed that cephalosporins,
fluoroquinolones, penicillin, imidazole and macrolides were the commonly prescribed clinical

classes of antibiotics in medical use [9].
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Fig. 1-1 Block figure of conventional microbial fermentation pharmacy
1.1.4 Sources and distribution of antibiotics in the environment

There are various source pathways of antibiotics in the environment, mainly including:
municipal (domestic and urban wastewater), agricultural (aquaculture, animal husbandry) and
pharmaceutical industries. The main sources and migration pathways of antibiotics in the

environment are shown in Fig. 1-2.
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Fig. 1-2 Sources and distribution of antibiotics in the environment

After antibiotics are ingested by humans or animals, most of them cannot be metabolized by
the organisms and are discharged into the sewage in their original form or as metabolites in the
form of feces and urine. In China, more than half of the citizens have blind medication practices
that increase the possibility of antibiotics entering the environment. To date, there have been
many reports on the concentration levels of residual antibiotics in human feces and urine. Wang
et al [10] quantified 18 antibiotics in the urine of 1064 children, and all antibiotics were detected,
with the highest concentrations of 8 antibiotics reaching 1000 ng ml'. 19 antibiotics
investigated in human feces were detected, with the highest concentrations of sulfonamides,
tetracyclines, and quinolones [6]. The highest concentrations were detected in human feces [6].
These antibiotics in feces and urine are discharged with domestic sewage, which increases the
load of domestic sewage, i.e., municipal sewage. It also makes municipal wastewater one of

the important sources of is antibiotics.

P. Verlicchi et al. compiled 78 global articles on antibiotic concentrations in municipal
wastewater, which ranged from 0.001 ug L' to 32 ug L™, with higher levels occurring in OFL
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(maximum 32 ug L"), RTM (maximum 17 ug L") and CIP (maximum 14 ug L'"). Dinh et al
[11] in a French sewage system of NOR, CIP, OFL, ERY and SMX were found in domestic
sewage ranging from 100 ng L' to 1753 ng L'!. In the coastal area of South China Sea, Chen et
al [12] found that untreated domestic sewage was the major source of antibiotics followed by
agricultural sewage. Zhang et al [13] investigated the source of antibiotics in Chaobai River,
Beijing and found that domestic sewage was the main source of antibiotics in the rivers of the

region.

Municipal wastewater is considered to be one of the major sources of antibiotics, where
domestic wastewater accounts for more than 70% of municipal wastewater in the UK and US,
followed by hospital wastewater 5%-20% [14], and antibiotics in domestic wastewater
subsequently enter the wastewater treatment plant. A large number of studies have shown that
current urban municipal wastewater plants have poor treatment capacity for antibiotics [15],
and there are often varying degrees of antibiotic residues in the secondary effluent of municipal
wastewater plants, and untreated antibiotics are subsequently discharged into the receiving

water bodies and into the aquatic environment.

Watkinson et al [16] reported that residual concentrations of 20 antibiotics in wastewater
from wastewater treatment plants in Australia could reach 10 ug L. Antibiotics were detected
in municipal wastewater plant effluent throughout China at levels up to microgramme per liter
[17], and in municipal wastewater plants in the Pearl River Delta cities of southern China (e.g.,
Guangzhou, Shenzhen, and Hong Kong), the frequently detected and highly concentrated the
antibiotic species detected frequently and at high concentrations in municipal wastewater plants
in the Pearl River Delta cities of South China (e.g., Guangzhou, Shenzhen, and Hong Kong)
include macrolides (e.g. ETM and AETM), fluoroquinolones (e.g. OFL and NOR), and
sulfonamides (e.g. SMX) [18].Ben et al [19] investigated the antibiotic residue levels in the
effluent of 14 wastewater treatment plants in large and medium-sized cities in China in 2018
and found that macrolide and quinolone antibiotics were the most abundant in the effluent of
wastewater plants, with concentrations ranging from 35.3-108.4 ng L' and 1.8-253.3 ng L/,
with the detection rate of macrolide antibiotics as high as 100%. Due to the limited treatment

effect, this type of wastewater discharge can cause pollution to surface water, ground water and
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agricultural soil.

Li [20] investigated 12 large wastewater treatment plants in China and found high ecological
risks (RQ>1) for OFL, AETM, CTM, RTM, and SMX in the effluent. At the same time,
substances adsorbed in activated sludge enter the environment through agricultural production
activities such as composting [21]. There was a significant increase in the content and diversity
of ARGs in agricultural fields after long-term application of activated sludge and chicken
manure [22]. Three SAs (SMX, SPD and TMP) and three MLs (AZM, CTM and RTM) were
detected in activated sludge from sewage plants in Germany and Switzerland at concentrations
ranging from 0.05 to 0.2 mg Kg! [23]. Antibiotics in activated sludge can enter the environment
with agricultural activities such as landfill and irrigation [24], and some antibiotics show
persistence in activated sludge [25], so the contamination of antibiotics in activated sludge

cannot be ignored.

In the farming industry, agricultural veterinary antibiotics are mainly used for the treatment
and prevention of animal diseases, or to promote animal growth and weight gain by micro-
dosing to achieve the purpose of increasing production. Currently, most farms use wastewater
treatment process to treat antibiotics poorly, and for small farms without wastewater treatment
facilities, antibiotic pollution may be more serious. Veterinary antibiotics, including CTC, OTC,
SMZ, SDZ, and SMX, were monitored in wastewater from 27 animal farms in Jiangsu Province
at concentrations up to 211 pg L' [26]. The highest level of OFL residues was found in a farm
wastewater and environmental water in Jiangxi province, with concentrations up to 911 ng L.

Farm wastewater is one of the important sources in the water bodies of this region.

In addition, direct disposal of drugs (e.g., expired drugs, improper disposal of drugs) can lead
to the introduction of antibiotics into municipal solid waste. Jonathan P et al [27] investigated
the drug use and disposal behavior of local residents in the southeast of England and found that
household waste and unused drugs were important sources of antibiotics in the environment.
Bu et al [28] deduced that Beijing, Guangzhou, and Chongqing accounted for about 30-80% of
the total emissions through non-wastewater routes. SMZ, NOR, OFL, RTM, PEF and AETM
antibiotics were detected in 100% of solid waste and leachate from municipal landfills, with
the highest levels of quinolones in solid waste. In addition, animal manure is often applied to
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agricultural fields as fertilizer, which is one of the important ways for unmetabolized antibiotics
to enter the soil and water environment. Zhang et al found that the levels of quinolones and
tetracyclines antibiotics were significantly increased in soil applied with cattle manure.
Antibiotics in soil can further migrate to surface water and groundwater through percolation

and leaching, and even be absorbed by soil microorganisms and crops [24].

At the same time, discharges from the pharmaceutical industry cannot be ignored, and
various wastewater discharged from the antibiotic production process (including waste filtrate,
waste mother liquor, etc.) usually contain residual antibiotics and related products at high
concentrations. The effluent from wastewater plants in Hebei, which receive wastewater from
pharmaceutical plants, contains oxytetracycline at levels up to mg/kg, which has a high impact

on the ecological environment [29].

Due to their polarity, the fraction entering the atmospheric environment will be limited. Their
distribution will occur mainly in the aquatic environment [17]. Antibiotics in the water column
may accumulate in the sediment with flocculation and sedimentation, etc. PPCP may also be
adsorbed to activated sludge in the STP and then introduced into the environment through land
application of sludge. The sediment levels in the major watersheds in China ranged from 0.1
ng L' to 1 ug L', mostly below 100 ng L. The high levels of TCs and QNs in the Yangtze
River basin may be related to the high use of these two types of antibiotics in agricultural
production in the Yangtze River basin. In contrast, the level of antibiotics in WWTP activated
sludge could be as high as micro gramme per liter level. These studies suggest that PPCPs can
be removed by adsorption to the sludge without being completely metabolized or degraded.
This also suggests that PPCP in sediment is a potential source of non-point source pollution in

surface water [24].

1.2 Hazards of antibiotics

1.2.1 Antibiotic pollution in water resources

Clean water resources play a vital role in sustaining human life and the sustainable
development of society and are an important resource for the survival of life on earth. With the

increase of water consumption in human production and life, the water pollution caused by the
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pollutants produced is also becoming more and more serious [30-34], among which the water

pollution caused by antibiotics has received more and more attention in recent years.

Antibiotic contamination in natural water bodies has a significant impact on the balance of
microbial communities in water bodies, where antibiotics act as a selective agent for species in
the environment and drug-resistant microorganisms become the dominant species because of
unaffected growth or lack of competition [35]. Although some authors have suggested that
personal medications and care products are sensitive to most antibiotics based on toxicological
data and environmental concentration levels [36], Crane et al [37] summarized the chronic
toxicity of human pharmaceuticals to microorganisms in the aquatic environment and showed
that microalgae and cyanobacterial unicellular organisms are more sensitive to most antibiotics.
Although the environmental survey data and toxicological data of antibiotics are not
comprehensive, the environmental risk assessment of antibiotics has been carried out by Li et
al [38], who assessed the risk of antibiotic contamination in seven major rivers in China and
showed that antibiotic contamination in the Hai rivers and Yellow rivers posed a high risk to

algae and invertebrates (RQ>1).

There are certain antibiotic residues (ng/L) in drinking water sources [39, 40], and although
direct drinking of drinking water containing trace concentrations of antibiotics is not harmful,
long-term drinking may have adverse effects on humans. As described by Van Boeckel et al
[41], food animals are one of the major users of antibiotics and antibiotic resistance in these
animals is increasing year by year. The accumulation of antibiotics in food animals is enriched
through the food chain and eventually ingested by humans, increasing the risk of drug resistance.
Antibiotics may accumulate in vegetables through water transport and passive absorption and
are distributed in the order of leaves > stems > roots in vegetable plants [42]. Some antibiotics
also inhibit the growth of beneficial flora in the human intestinal tract, which is harmful to
human health [43]. In addition, it has been suggested that there may be a potential relationship

between antibiotic use and the development of breast cancer [44].

Antibiotic contamination is an environmental contamination caused by the inability of
humans or animals to fully absorb the antibiotics taken, resulting in the discharge of large
amounts of antibiotics into the environment as metabolites or even in their raw state [5, 6, 30,
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45].

In natural environments unaffected by human activities, microorganisms are producers of
antibiotics, but the level of antibiotics produced is extremely low and belongs to the natural
defense mechanism of microorganisms, so the influence of human activities is the main source

of antibiotics in the current aquatic environment.

It has been reported that the residence time of antibiotics entering the organism is short and
only a small portion is absorbed into the organism for metabolism, and about 60%-90% of
antibiotics are excreted in the form of prototypes or metabolites with feces and urine, and
eventually enter the environment through domestic sewage, medical sewage, farming sewage

and production wastewater [35].

Antibiotic contamination not only causes the enhancement of bacterial resistance, but also
produces certain toxicity to other organisms in the environment [30], so the research on the

effective treatment of antibiotics in wastewater has an important social and scientific value.

Studies have shown that more than 85% of antibiotics is transferred to the environment

through sewage and all of it is done in the form of protoplasts and their metabolites.

With the widespread use of antibiotics, antibiotics has been commonly detected in
environmental water and soil. One of the main ways for antibiotics to enter the environmental
soil is the arbitrary piling of livestock manure containing antibiotics antibiotics and the
extensive use of organic fertilizers. Since the antibiotics cannot be completely absorbed and
transformed in animals, most of the antibiotics are excreted in the form of prodrugs with manure
and urine, and most of the manure is applied directly to agricultural fields without treatment,
and then a large amount of antibiotics will enter the surface and water bodies with rainwater
after being washed. According to statistics, the amount of antibiotics entering the soil due to
manure application can reach hundreds of grams per hectare per year [S1]. In order to improve
the aeration, permeability, and nutrients of saline soils, additional organic fertilizers are usually

applied during saline soil remediation, and antibiotics in manure contaminates the soil.

Hospital wastewater and production wastewater from medical antibiotics and antibiotics
production are rapidly adsorbed by organic matter and minerals in the soil and then enriched in
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the soil [52], which is one of the main ways for antibiotics to enter the environmental soil.

Due to its high residual characteristics, antibiotics is found in the environment and in plants
and animals to varying degrees. Morales [53] et al. found that the level of antibiotics in Spanish
soil fertilized with animal manure was 5.8 mg kg'. Lingberg [54] et al. showed that the
concentration of antibiotics in municipal wastewater in the United States could be as high as
311 mg L', Xu Weihai et al. found that antibiotics could be detected in the seawater of Port
Victoria, Hong Kong. Tai Y. P. et al. found that antibiotics was present in pig manure and cow
manure in Guangzhou with average levels of 152.0 ug kg and 88.6 ug kg'. Suetal. found
that antibiotics residues could be detected at different levels in soil profiles in the southeastern
suburbs of Beijing, and the levels decreased and then increased with soil depth. Li Juan et al.
found that antibiotics residues were found in wastewater and soil around typical pig farms in
Beijing.

Currently, the range of detectable concentrations of antibiotics in wastewater worldwide has
developed from nanogram per liter and microgram per liter levels to milligram per liter levels,
for example, up to 21 pug L' in medical wastewater and up to 4.9 mg L' in related production
wastewater [55]. The maximum detected concentration of antibiotics in the effluent from
wastewater treatment plants in China was 1323 ng L', in Brazil up to 2378 ng L' [56], and in

Finland up to 4230 ng L' [57].

Antibiotics that entered sewage plants with domestic sewage, medical sewage, farming
wastewater, and production wastewater are not effectively removed (e.g., there are no
environmental quality and discharge standards for antibiotics in China), and eventually most of

them enter surface water and pollute groundwater through the water cycle.

After antibiotics enters the water body directly or indirectly, it is still biologically active,
and even if the level is only at trace level, it is still harmful to the ecological environment and

human health, which can be divided into the following aspects [58]:
(1) Drug resistance and superbugs

The residual hazards of antibiotics are mainly the induction of resistance genes, damage to
aquatic ecology, and threats to human health. The extensive use and even misuse of antibiotics
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has led to a more rapid development and growing awareness of their harmful effects. The
emergence of resistant bacteria (ARB), resistant bacterial genes (ARG), and antimicrobial
resistance (AMR) has led to the development of resistance to antibiotics in certain disease-
causing organisms, thus significantly reducing the therapeutic potential of antibiotics against
human and animal pathogens [59]. In 2015, antimicrobial resistance (AMR) was recognized by
WHO as a global public health crisis. Over the past 18 years, Van Boeckel et al [59], in a study
of resistance in animal foods in developing countries, found that resistance in animals such as
chickens and pigs has increased significantly year by year. In addition, some bacteria have been
characterized as multi-drug resistant (MDR) to multiple antibiotics. For example, Tsai et al [60]
isolated methicillin-resistant Staphylococcus aureus (MRSA) with multiple drug resistance in
a river near a farm in Taiwan. In a shrimp farm in Vietnam, several bacteria were found to be

resistant to TMP, NOR and SMX simultaneously [61].

Some of the unmetabolized antibiotics enter the natural world with the excretion of the
organism, so that organisms in the natural world are affected by antibiotics for a long time and
induce the production of biological resistance genes and promote the acquisition of drug
resistance by pathogenic bacteria through the water cycle, food chain and other means, and

even produce superbugs.
(@) Risk of ecological imbalance

Antibiotics is toxic to many aquatic organisms, and its long-term exposure to antibiotics will
inhibit their metabolic processes, and may lead to ecological imbalance due to the different

sensitivity of different organisms to antibiotics.

The mechanism of action of quinolone antibiotics is to achieve bactericidal effect by
inhibiting the normal replication of bacterial DNA, which can cause acute and chronic toxicity
to organisms. For example, Wu Yinbao et al. showed that enrofloxacin was acutely toxic to
Daphnia magna, and all Daphnia magna died at a concentration of 120 pg mL™ at a temperature
of 25 °C. Vaccaro E [62] et al. showed that enrofloxacin inhibited the liver P450 enzyme activity
in sea bass. Zhang Zhe et al showed that norfloxacin had significant inhibitory effects on oxide

dismutase, alkaline and acid phosphatase. Nie Xiangping et al. showed that antibiotics could
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inhibit EROD enzymes in pond crucian carp. Liu Kaiyong et al. found that antibiotics residues

in rats reduced their muscle protein content.

The application of animal manure and urine and municipal sewage containing antibiotics to
agricultural fields can affect the growth and development of agricultural and aquatic plants. Qin
Hongwei et al. investigated the toxic effects of ofloxacin on P. obliquus and showed that the
growth of P. obliquus was inhibited by different concentrations of ofloxacin, and the inhibitory

effect on the growth of P. obliquus increased with the increase of the concentration of ofloxacin.

Boxall [63] et al. found that enrofloxacin could inhibit the growth of carrot and lettuce. Jin
Caixia et al. showed that antibiotics concentration significantly correlated with root growth
inhibition in wheat, tomato and cabbage seeds, and the sensitivity of the three crops to
antibiotics stress was cabbage > tomato > wheat in that order. Li Tong et al. found that root
elongation inhibition and shoot elongation inhibition of maize, radish and cabbage seeds were
significantly correlated with antibiotics concentrations. Wang Peng et al. found that antibiotics

inhibited the growth of maize seedlings.

Antibiotics are mostly antibacterial drugs that inhibit the growth of microorganisms or
directly kill them, thus changing the composition of microbial communities in the environment,
affecting the decay and decomposition of manure and soil organic matter, and affecting soil
fertility. The results of Wang Liping et al. showed that low concentrations of enrofloxacin
stimulated soil microbial activity, while high concentrations of enrofloxacin inhibited soil
microbial activity. Wang Jialong et al. showed that enrofloxacin at a concentration of 1 pg mg’
!in soil inhibited fibrous decomposition, ammonification, and nitrification in soil. Ma Yi et al.
found that antibiotics in soil reduced the microbial carbon content and significantly affected the
carbon metabolism intensity and metabolic diversity of soil microbial communities, and that
antibiotics at 100 pg g had irreversible long-term effects on the carbon metabolism function
of soil microbial communities. Zhou showed that antibiotics could inhibit microbial activity
and significantly reduce the abundance of species and carbon source utilization of

microorganisms.

(3 Hazards to humans
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Antibiotics is enriched in high trophic level organisms through the food chain and its
concentration is often higher than the level of antibiotics in the environment. Long-term human
consumption of water or food containing antibiotics may cause intestinal diseases, allergic

reactions and even affect the human immune system, posing a potential hazard to human health.

Antibiotics can cause adverse reactions in humans [37], such as nausea, vomiting, appetite
disorders, abdominal pain, diarrhea, and other gastrointestinal reactions. Ding Yan showed that
the higher the dose of antibiotics, the higher the incidence of intestinal reactions, and cause
central system adverse reactions such as headache, dizziness, and poor sleep. Gao Weibo
showed that the declining renal function in elderly patients is more likely to cause central
nervous system adverse reactions to quinolones. The quinolone antibiotics also cause tendonitis
and joint adverse reactions, cause toxic effects on the heart, affect cartilage development and
skin health in children, and cause damage to the liver. Liang Xiu-Fen [64] showed that the
energy generated by the absorption of light energy by quinolones is not only released in the
skin but also becomes activated and binds to proteins in the skin in the form of semi-antigens

causing allergic reactions and skin damage.
1.2.2 Analytical methods for antibiotic residues in environmental samples

Antibiotics are often present at trace levels in the environment, and environmental samples
(e.g., water, sediment, soil, etc.) are complex in composition; therefore, the pretreatment
process to isolate and purify trace antibiotics from the matrix becomes a critical step for
analytical determination. Currently, sample pretreatment techniques have been gradually
developed to include accelerated solvent extraction (ASE), supercritical extraction (SFE),
solid phase extraction (SPE), solid phase microextraction (SPME), liquid-liquid
microextraction (LLME) [65], matrix solid phase dispersion (MSPD), microwave-assisted
extraction (MAE), ultrasound-assisted extraction (UAE), and other commonly used extraction

techniques as shown in Table 1-1.

Liquid-liquid extraction (LLE), solid-phase extraction (SPE), solid-phase microextraction
(SPME), and dispersive liquid-phase microextraction are the main methods used for the
pretreatment of liquid samples. For the analysis of antibiotic contamination in the environment,
SPE is the most used in the pretreatment of liquid samples because of its high recovery and
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reproducibility, among which, C18 and Oasis HLB columns are more frequently used, and

their recoveries are usually greater than 80%.

The SPE method has the advantages of high recovery, good cleanup, and high automation,
but it also has the disadvantages of sorbent activation, clogging, and time consuming. Tandem
connection of different SPE units can also increase the recovery of target analytes and improve

the scrubbing effect.

Jia Yuan et al. used a combination of HLB, silica and MAX columns for complex water
samples to achieve simultaneous multi-component analysis of antibiotics in water and
activated sludge. In addition, Siedlewicz [66], Ivan Senta [67], Oya S. Okay [68], and others
have successfully applied tandem columns for the analysis of antibiotics in water and activated
sludge. et al. have successfully applied a combination of tandem SAX columns for the analysis
of several antibiotics in sediments and soils, and the SAX columns can successfully retain
other organic contaminants in the matrix. In addition, when the sample matrix composition is
complex, such as humic acid and metal ions, quinolones and macrolide antibiotics can form

chelates with divalent and trivalent cations, which can seriously affect the extraction efficiency:.

EDTA has a wide range of coordination properties and can form chelates with almost all
metal ions, so Na;EDTA is often added during pretreatment [69]. Most of the antibiotic
substances PKA<7, acidic, pH affects the chemical structure and stability of organic matter,
and adjusting the pH to acidic can improve the extraction efficiency [14]. The pH is usually

adjusted to 3-5 by adding acid after filtration of water samples [70, 71].

Solid-phase environmental samples are usually dehydrated by freeze-drying and aged with
standards (usually one week for internal standard determination) and then extracted with a
single organic solvent (usually acetonitrile or methanol) or a mixture of solvents (usually a
mixture of acetonitrile or methanol with buffer solution and EDTA). Ultrasound-assisted
extraction (UAE), microwave-assisted extraction (MAE), or pressurized liquid extraction

(PLE) were also used to enhance the extraction efficiency as shown in Table 1-1.

UAE is a simple solid-liquid extraction technique that uses ultrasonic energy to enhance the

penetration of the solvent into the solid medium and to rupture the solid by ultrasound-
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generated bubbles to assist in the extraction of trace organic components from solid samples.
The extraction efficiency is influenced by various factors such as ultrasonic intensity,
extraction temperature, extraction time and solvent-to-solid ratio [72]. Together with the use
of solid extraction columns, the recovery of antibiotics in solid phase samples can usually
reach 60%-120% [13, 39, 73]. The choice of eluent also has a great influence on the recovery

of different types of antibiotics.

Gao ZG compared the elution effects of pure methanol, 0.1% formic acid, methanol and 3%
ammonia methanol and found that 0.1% formic acid methanol eluted best for quinolone and
tetracycline antibiotics, while 3% ammonia methanol eluted best for sulfonamide antibiotics.
Chen et al. used an Oasis HLB column to enrich water samples (pH=5) containing the target
species with 5% ammonia-methanol elution, and the recoveries of sulfonamide, macrolide and

quinolone antibiotics ranged from 75. 8% to 108%.

Physical and chemical detection methods are used to quantify and characterize different
antibiotics with different functional groups. The common detection methods are: high
performance liquid chromatography, gas chromatography, fluorescence, etc., and the
combination techniques: high performance liquid chromatography and mass spectrometry,
ultra-high performance liquid chromatography-mass spectrometry, gas chromatography-mass
spectrometry, etc., such as. Among them, high performance liquid chromatography coupled
with mass spectrometry has been widely used in recent years for the detection of antibiotics in
the environment because of its high sensitivity, low detection limit and fast detection speed [74-

76].

Different mobile phase compositions are suitable for different types of antibiotics, and the
optimal separation conditions are obtained by adjusting the mobile phase composition in a
gradient, i.e., by increasing the proportion of non-polar solvents in the mobile phase mixture,
the analytes gradually elute from the column, thus separating the target substances with
different retention times for rapid and efficient chromatographic separation. Gao ZG et al.
determined 15 antibiotics of sulfonamides, quinolones and tetracyclines in surface water by
UPLC-MS/MS using an external standard method with a BEH C18 column chromatographic
separation using formic acid water 0.05% and pure methanol as the mobile phase.
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Table 1-1 Extraction methods of common antibiotics in solid-phase matrix environment

Target Substrate Methods  Solvent Column Eluent
SDZ, SGD, STZ, SPD, Reservoir UAE Citrate HLB Methanol
SMR, SMZ, STP, SMM, sediment buffer, column
SMX, ENR, SPA, DC, Acetonitrile,
TC, OTC, CTC, etc. EDTA
SPD, SDZ, STZ, SMR, Soil MAE Mcllvaine, HLB Methanol
SMZ, STP, SFM, SMX, sediment buffer,
column
FLE, OFL, ENO, etc.
EDTA
RTM, ODM, AETM, TC, River UAE Citrate HLB Methanol
OTC, OFL, LOM, CIP, sediment buffer,
column
NOR, SMZ, SMX, SDZ, Acetonitrile,
SPD, SFT
TC, OTC, DC, CTC, Agricultural Soil Mcllvaine,  SAX, Methanol
ETM, RTM, SMR, SDM, land soil samples, buffer, LR
SMD, SMZ .
Extraction EDTA
solution
TC, OTC, CTC, ENR, River UAE Citrate SAX, Oxalic
CIP sediment buffer, acid,
HLB
Organic Methanol
solvents,
EDTA

Li et al. used chloramphenicol-D5 standard as an internal standard and 5 mmol L'
ammonium acetate solution with methanol as the mobile phase to establish a liquid-mass
tandem method for the simultaneous determination of three chloramphenicol antibiotic residues

in environmental water by gradient elution. The detection limits (LOD) ranged from 0.08 to 4.2
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ug kg!. Tong [77] et al. used UHPLC-Q Orbitrap to analyze the antibiotics in aquifer sediments.
The gradient separation of 25 antibiotics was performed by C18 column chromatography using
0.2% formic acid and methanol as mobile phases. The EPA also used a combination of HLB
column enrichment and LC-MS/MS detection for 74 PPCPs in environmental samples and

biosolids such as activated sludge.

In China, antibiotic residues have also been investigated by many scholars, mostly in
economically developed regions. 2007, Xu Weihai et al. investigated the residues of antibiotics
in surface water in the Pearl River Basin, and the results showed that there were high
concentrations of antibiotic residues in river water in the Pearl River Delta, and in summer the
river water in the Pearl River Delta The residual levels of antibiotics in river water in the Pearl

River Delta ranged from 11 to 67 ng L'! in summer and 66 to 460 ng L™! in spring.

In addition to the point-based studies of antibiotic concentrations in different watersheds and
environments in different years, it is worth noting that in 2015, based on the previous work, the
Guangzhou Institute of Geochemistry of the Chinese Academy of Sciences obtained the first
inventory of antibiotic use and emissions in China and predicted the "antibiotic environmental
concentration map" for 58 watersheds in China. In the same year, a study by the School of
Public Health of Fudan University in Shanghai on the prevalence of antibiotic exposure among
children in Jiangsu, Zhejiang and Shanghai attracted widespread attention. The study examined
the urine of more than 1000 school children aged 8 to 11 years in three regions and showed that
nearly 60% of the children tested had one antibiotic in their urine and 25% had more than two

antibiotics in their urine, highlighting the problem of antibiotic abuse.

In 2018, Li et al. reviewed the antibiotic contamination in major rivers and sea areas in China
from 2005 to 2016, and the results showed that 12 antibiotics were widely present in river and
sea water bodies and sediments with median concentrations of 100 ng L™ and less than 100 ng
g'!, among which, antibiotic residues in Hai River water bodies and sediments posed an
ecological risk to algae, invertebrate and fish. In 2020, Chen Guilin and others reviewed the
distribution of antibiotic residues in groundwater in different regions of China, but the antibiotic
contamination levels were mainly distributed around 200 ng L', among which tetracyclines

and quinolones were detected more frequently. Meanwhile, scholars in China have been
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progressing in their research on the influencing factors of antibiotics in the environment.

In the Americas, the United States was the first country to investigate antibiotic
contamination. In 1999, the United States Geological Survey (USGS) conducted a continuous
monitoring study of 139 surface rivers in the country to investigate antibiotic contamination
and found that the highest detection rate was for methicillin. After that, USGS also surveyed 47
groundwater and 74 drinking water sources in 2000 and 2001, respectively, and detected
antibiotics such as SMX, TMP, ETM, AZM, and CIP at the highest concentration level of 1110
ng L' [78]. OFL, TC, and CIP were detected in Canadian wastewater plants with high

concentrations and detection rates ranging from 18 to 977 ng L.

In Brazil, Rafael [79] et al. and Keity [80] studied the sorption of sulfonamides such as SMM,
SQX and SMX and quinolones such as CIP, NOR and ENO in Brazilian soils and found that
some sulfonamides were poorly sorbed in sandy soils with low organic carbon and easily
permeable to groundwater while quinolones were more readily sorbed in soils. In the European
region, k-Hordern [81] et al. examined 56 drugs, personal care products and estrogenic
substances in surface river waters within South Wales, UK, and only two substances were not
detected, while among the antibiotics, AETM, TMP and AMX were detected at high rates in

two rivers.

In Asia, Murata [82] et al. investigated the presence of 12 antibiotics in 37 major rivers in
Japan and showed that the total antibiotic concentrations in major rivers in Japan is about 626
ng L' with a mean value of 7.3 ng L', In Korea, Kim [83] et al. investigated the presence of
14 common drugs in Korean surface rivers and found that SMX was found to have a high
detection rate. In Africa, K'oreje [84] investigated the presence of 24 common drugs in
wastewater, surface water and groundwater in Nairobi and Kisumu, Kenya and found that SMX

and TMP were detected at 100%.
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1.3 Research structure and logical framework

1.3.1 Research purpose and core content

With the increasing use of antibiotics and the rising concentration of antibiotics in medical
wastewater, the treatment of antibiotics in wastewater from medical buildings has become
increasingly important. To enhance the efficiency of antibiotic removal in medical wastewater
treatment, | proposed the design of a thicker membrane material with larger interconnected
pores. Additionally, I attempted to synthesize a layer of adsorptive polymer on the membrane
surface to enhance its affinity for antibiotic molecules. Through this approach, we successfully
synthesized polymerization adsorption membranes (PAM) and tested their performance using
Ciprofloxacin (CIP) as a model antibiotic. The results demonstrated the presence of adsorption
capacity and permeation inhibition for CIP molecules on the PAM. Furthermore, to meet the
demand for selective adsorption of specific types of antibiotic molecules, I introduced
molecular imprinting technology onto the PAM membrane. This resulted in the synthesis of a
Molecularly Imprinted Membrane (MIM) using CIP as a template. The MIM exhibited

significantly improved absorption capacity and permeation inhibition for CIP molecules.

1.3.2 Chapter content overview and related instructions

Background Chapter One
and Purpose Research background and purpose of the study
Previously Chapter Two

Study Literature review of antibiotic removal

Chapter Three

Methodol
ethodology Methodology

Chapter Four
Data resource and membrane performance analysis
Chapter Five Chapter Seven
Material Polymerization adsorption membrane Molecularly imprinted membrane
Analysis
Chapter Five
Performance comparison
Conclusion Chapter Eight
and Prospect Conclusion and prospect

Fig 1-3 Chapter name and basic structure

The chapter names and basic structure of this paper are shown in Fig. 1-3. Besides, the brief
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introduction of chapters schematic is shown in Fig. 1-4.

CHAPTER ONE
Research background and purpose of the study
1.1 Medical antibiotic pollution
1.2 Hazards of antibiotics
1.3 Research structure and logical framework

A 4

CHAPTER TWO
Literature review of anftibiotic removal
2.1 Biological treatment method
2.2 Oxidation method
2.3 Physical method

h 4

CHAPTER THREE
Methodology
3.1 Membrane design
3.2 Material characterization

CHAPTER FOUR
Data resource and membrane performance analysis
4.1 Adsorption performance
4.2 Permeation performance

CHAPTER SIX
Molecularly imprinted membrane
6.1 Selective removal of antibiotics
6.2 Experiment material
6.3 Material Synthesis
6.4 Material Characterization
6.5 Performance Characterization

CHAPTER FIVE
Polymerization adsorption membrane
5.1 Experiment material
5.2 Material Synthesis
5.3 Material Characterization
5.4 Performance Characterization

}

CHAPTER SEVEN C
Performance comparison ore
7.1 Rebinding performance comparison Ch aptc r

7.2 Permeation performance comparison
7.3 Performance evaluation

CHAPTER EIGHT
Conclusion and prospect
8.1 Conclusion
8.2 Prospect

Fig 1-4 Brief chapter introduction

In Chapter 1, Research Background and Purpose of the Study:
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The research backgrounds of the increasing use of antibiotics and the rising concentration of
antibiotics in medical wastewater are introduced in chapter 1, including the sources and
distribution of antibiotics in the environment. As well as the antibiotic pollution in water
resources. Then the hazards of antibiotics pollution to the environment, creature and human
beings is well introduced. Researching the treatment technologies for antibiotics in medical
building wastewater is of great importance. At last, the research purpose and logical framework

is shown in order to support reviewers understand the content of this paper.

In Chapter 2, Literature Review of Antibiotic Removal:

This chapter provides a comprehensive overview of past research on the removal of antibiotics
from wastewater. The focus is on three primary treatment methods: biological treatment, oxidation
methods, and physical methods. The biological treatment approach is cost-effective and can achieve
high removal efficiencies but sensitive to environmental conditions, and have the potential for the
development of antibiotic-resistant bacteria. The oxidation methods have high treatment efficiency
but its energy and cost consumption are high, too. Physical methods, particularly membrane
separation technology, offers high removal efficiencies, compatibility, and the potential for resource

recovery. Therefore, the treatment of antibiotics by membrane technology is the focus of this study.

In chapter 3, Methodology:

In this chapter, the design of membrane synthesis methods was explored. The aim was to
enhance both membrane flux and adsorption efficiency. To achieve this, the membrane
thickness was increased, and a sacrificial template method was utilized to enhance the
interconnected pore structure within the membrane. To address the issue of pore size affecting
treatment efficiency, a plan was devised to synthesize a polymer layer on the inner and outer
surfaces of the membrane to absorb antibiotic molecules. In order to ensure that the synthesized
materials meet our requirements, a design for the characterization methods of the membrane
materials was established. This involved conducting a series of material property
characterizations, including scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), in-situ diffuse

reflectance infrared Fourier transform spectroscopy (In-situ DRIFT), and water contact angle
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measurements.

In chapter 4, Data Resource and Membrane Performance Analysis:

This chapter focused on the planning and design of testing methods for membrane
performance, with ciprofloxacin selected as the target molecule for testing. The testing methods
were carefully planned to evaluate the efficacy of the membranes in adsorbing and permeating
ciprofloxacin. The adsorption capacity would provide insights into the membrane's ability to
remove the target molecule from the solution, while the permeation tests would assess the
membrane's ability to allow or restrict the passage of the molecule through its structure. By
conducting these tests and employing the provided calculation methods, the performance of the

synthesized membranes could be quantitatively evaluated.

In Chapter 5, Polymerization Adsorption Membrane:

In this chapter, the synthesis of the Polymerization Adsorption Membrane (PAM) was
performed. After determining the materials and characterization equipment, the PVDF-BCD-
dopamine membrane (VCDM) was synthesized as a precursor, followed by ethylene
modification and subsequent polymerization to obtain the desired PAM. The membrane was
then subjected to material characterization, confirming the success of each reaction step. The
performance testing began with isothermal adsorption tests, which revealed that the adsorption
capacity of the PAM for ciprofloxacin (CIP) reached 22.04 mg g-1. Furthermore, the adsorption
sites on the PAM exhibited a uniform and monolayer distribution, confirming its adsorption
capability for CIP molecules. Subsequently, permeation adsorption experiments were
conducted, and it was observed that the equilibrium of CIP molecules in solution was reached
after 24 hours. This indicated that the PAM had an inhibitory effect on the permeation of CIP

within 24 hours.

In Chapter 6, Molecularly Imprinted Membrane:

In this chapter, to maximize membrane utilization and address real antibiotic discharge
scenarios, I enhanced the absorption capacity of the PAM membrane for a specific antibiotic
molecule among various types. Through modification during synthesis, the final step
incorporated molecular imprinting technology, using ciprofloxacin (CIP) as the template,
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resulting in the creation of a Molecularly Imprinted Membrane (MIM). Material
characterization confirmed the successful synthesis at each step. In adsorption performance
tests, the MIM exhibited an impressive adsorption capacity of 121.12 mg g! for CIP molecules.
The membrane surface demonstrated a uniform monolayer distribution of adsorption sites, with
a coexistence of chemical adsorption and physical diffusion. Subsequently, selective adsorption
and permeation experiments were conducted with four structurally similar but different types
of antibiotics, including CIP. The results revealed that the MIM possessed significantly higher
absorption capacity for CIP molecules compared to the other three types. The inhibitory effect
on CIP permeation lasted for 36 hours, surpassing the 24-hour mark observed for the other
types. These findings demonstrate the strong inhibitory and adsorption capabilities of the MIM

specifically for CIP molecules.
In Chapter 7, Performance Comparison:

In this chapter, in order to evaluate the performance enhancement achieved by incorporating
molecular imprinting technology, a comparison of the Molecularly Imprinted Membrane (MIM)
and the Polyacrylamide (PAM) membrane was conducted. Additionally, the PAM membrane
was subjected to adsorption and permeation experiments involving four structurally similar but
different types of antibiotics. The results of the comparison indicated that the MIM is far
superior to PAM in terms of adsorption capacity, permeation inhibition, adsorption selectivity
and permeation selectivity, highlighting the role played by the imprinting sites on the membrane
surface. Then regeneration performance and anti-fouling tests were performed on the MIM,
demonstrating comparable regenerative properties and a wider range of resistance to fouling.
Taking all the findings into consideration, the as-constructed MIM exhibited superior
comprehensive properties compared to similar materials, thus presenting promising prospects

for broader applications.
In Chapter 8, Conclusion:
The conclusion of each chapter is concluded.
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2.1 Biological treatment method

Several biological treatment methods for antibiotics that are commonly used today include
activated sludge method, single strain treatment with antibiotics, complex bacteriophage
treatment of antibiotics, aerobic biological treatment technology, anaerobic biological treatment
technology, anaerobic-aerobic combination treatment technology, and Physical and chemical

method-biological method combination treatment technology.

2.1.1 Activated sludge method

The activated sludge method is widely employed as the predominant wastewater treatment
technique in China. In the context of antibiotic wastewater treatment, this method utilizes
activated sludge to adsorb and biodegrade antibiotics. The process primarily relies on the
adsorptive capacity of activated sludge, while the biodegradation of antibiotics by activated

sludge is comparatively less pronounced.

Li et al. [1] conducted a study on the adsorption and degradation behavior of 11 types of
antibiotics, including B-lactams (ampicillin, cefadroxil), sulfonamides (sulfamethoxazole,
sulfadiazine), quinolones (norfloxacin, ofloxacin, ciprofloxacin), tetracyclines (tetracycline),
macrolides (roxithromycin, dehydrated erythromycin), and methomycin, in activated sludge.
The findings revealed that the primary mode of pollutant removal was through adsorption
degradation. Among the 11 antibiotics investigated, cefadroxil, sulfamethoxazole, and
sulfadiazine primarily underwent biodegradation removal, while the remaining antibiotics were
mainly removed through adsorption by the activated sludge. This study demonstrates the

varying removal mechanisms of different antibiotics in activated sludge systems.

In the investigation conducted by Song et al. [2], the focus was on examining the adsorption
and degradation behavior of tetracycline antibiotics in activated sludge. The results revealed
that there was minimal degradation of tetracycline antibiotics observed in the activated sludge,
leading to an insignificant biological oxygen demand (BODS5) reduction. In the case of
untreated tetracycline wastewater, the activated sludge method primarily relied on adsorption

as the dominant removal mechanism, with chemisorption playing a prominent role. These
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findings emphasize the limited degradation potential of tetracycline antibiotics in activated
sludge and highlight the significance of adsorption processes for their removal in wastewater

treatment.

2.1.2 Single strain treatment with antibiotics

Several microorganisms, including photosynthetic bacteria, lactic acid bacteria,
actinomycetes, yeasts, fermentative filamentous bacteria, Bacillus, and nitrifying bacteria, have

been documented for their ability to reduce the levels of antibiotics [3].

Xu [4] et al. conducted a screening process to isolate tetracycline-degrading strains from soil
containing long-term tetracycline residues. After domestication and enrichment, two strains,
namely TD2 and TD3, were obtained, demonstrating efficient degradation capabilities towards
tetracycline. Through phenotypic characteristics, physiological and biochemical properties, as
well as 16S rDNA sequence homology analysis, TD2 was identified as Brevundimonas
diminuta, while TD3 was identified as Ochrobactrum anthropi. Optimal degradation
performance for TD2 was achieved with a carbon source absence, 0.5% peptone as the nitrogen
source, and 0.015% CuSO4 as the mineral source. In contrast, TD3 exhibited the highest
degradation efficiency in a medium containing 0.5% glucose as the carbon source, 1.5% beef
paste as the nitrogen source, and 0.015% CuSO4 as the mineral source. Both strains shared
similar optimal culture conditions, including a 5-day incubation time, a temperature of 30°C, a
1% inoculum, and a positive correlation between tetracycline degradation rate and aeration rate.
Under these optimized conditions, both TD2 and TD3 achieved tetracycline degradation rates

exceeding 90% [4].

To address the treatment of B-lactam cyclic antibiotic production wastewater, Wang Liqun
and colleagues [5] employed a shake flask experiment using the wastewater as an isolation
medium to isolate and screen potential strains from activated sludge. Their aim was to identify
the strains, determine optimal action conditions, and verify their degradation effect on the
wastewater's organic matter. Through their experiments, four strains (B4, B5, B2, and B7) were
successfully isolated and screened. These strains exhibited high efficacy in degrading the

organic matter of the wastewater and demonstrated tolerance to B-lactam ring antibiotics. They
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were identified as Acinetobacter, Pseudomonas, Escherichia, and Bacillus, respectively.

Orthogonal tests were conducted to assess the factors influencing the degradation effect,
revealing that temperature had the most significant impact, followed by shaker speed. Under
the optimal simulated conditions (temperature: 35°C, speed: 150 r/min, initial pH: 7.0), the test
group with the combination of effector strains exhibited an approximate 10% increase in
organic matter degradation compared to the control group. Moreover, the entire system
displayed enhanced resilience against fluctuations in organic matter, further solidifying the

effectiveness of the treatment process.

To determine the optimal conditions for the degradation of tetracycline by Trichosporon
mycotoxinivorans XPY-10 strain, Feng Fuxin and colleagues [6] conducted a comprehensive
investigation on various factors including carbon source, organic nitrogen source, metal ions,
initial substrate concentration, inoculum amount, pH, temperature, loading volume, shaking
speed, and other physicochemical parameters that could affect the growth and degradation
efficiency of tetracycline. Their findings revealed that sucrose and peptone were the optimum
carbon and nitrogen sources, respectively, for the growth of strain XPY-10. Under these
conditions, strain XPY-10 exhibited a degradation rate of 83.63% for tetracycline with an initial
concentration of 600 mg/L. within a 7-day period. This substantial degradation efficiency
demonstrates the potential application of strain XPY-10 in treating water pollution caused by

tetracycline.

Wen Xianghua and colleagues [7] focused on the degradation of tetracycline (TC) and
oxytetracycline (OTC) using crude lignin peroxidase (LiP) derived from Chrysanthemum
chrysogenum. Through in vitro experiments, they investigated the capability of LiP to degrade
TC and OTC. The findings revealed that LiP exhibited a potent degradation ability towards both
TC and OTC. The degradation process was found to be influenced by pH and temperature, with
optimal conditions enhancing the degradation efficiency. Additionally, the addition of veratryl
alcohol (VA) and initial hydrogen peroxide concentrations significantly enhanced the

degradation of TC and OTC by LiP.

Prieto and colleagues [8] cultivated white rot bacteria in malt extracts and employed them
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for the biodegradation of ciprofloxacin. The results demonstrated an impressive degradation
rate exceeding 90%. This indicates the potential of white rot bacteria as effective agents for the

degradation of ciprofloxacin.

2.1.3 Complex bacteriophage treatment antibiotics

In a study conducted by Shen Ying and colleagues [9], the effects of temperature, initial water
content, and time on the biodegradation of oxytetracycline, tetracycline, and aureomycin in pig
manure were investigated through L9(34) orthogonal batch experiments. Furthermore, changes
in microbial communities during the degradation process were examined. The findings revealed
that the maximum degradation rates of the three tetracycline antibiotics occurred at a
temperature of 55.0°C and an initial water content of 60.0% over a period of 14 days. The
degradation of all antibiotics followed the primary reaction kinetic model, and bacteria were
identified as the dominant microorganisms. Statistical analysis indicated that temperature had
a significant influence on the degradation of hygromycin and tetracycline, while the initial
water content played a major role in the degradation of chrysomycin. However, none of the
aforementioned factors had a significant impact on the degradation rates of the three

tetracycline antibiotics or the relative abundance of fungi, actinomycetes, and bacteria.

In a study conducted by Shen Dongsheng and colleagues [10], the role of Staphylococcus sp.
TJ-1 in the environmentally sound treatment of fresh pig manure was investigated using a
combination of general physicochemical analysis and Biolog microplate technology. The
findings demonstrated that the inoculation of Staphylococcus sp. TJ-1 significantly enhanced
the degradation efficiency of hygromycin in pig manure (p < 0.05). By the end of the 21-day
composting period, the degradation rate of hygromycin increased from 62.7% to 82.0%. In
terms of compost composition, the levels of NH+4-N in the normal composting process without
the inoculation of degrading bacteria and in the high-efficiency composting process with the
inoculation of degrading bacteria were measured as 189.34 mg kg-1 and 42.36 mg kg-1,
respectively. Similarly, the contents of NO3--N were recorded as 439.38 mg kg-1 and 238.06
mg kg-1, respectively. Furthermore, Biolog results indicated that the carbon source in the

hygromycin-degrading bacteria TJ-1 facilitated the metabolism of hygromycin, thus aiding in
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the degradation of nitrogen sources such as amino acids and aromatic compounds in the
compost pile. This process helped mitigate the harmful effects of toxic substances on other
microorganisms, ensuring the diversity and activity of the microbial community and

contributing to the stability of the compost pile ecosystem.

In the study conducted by Zhang Shuqing and colleagues [11], the research aimed to explore
technical approaches for degrading antibiotics and passivating heavy metals in livestock
manure through experimental investigations. Using the high-temperature composting method,
the degradation characteristics of different composting treatments on tetracycline antibiotics
(TTC, OTC, and CTC) in livestock manure, as well as their effects on the water-soluble state
of heavy metals (Cu, Zn, Cr, and As), were compared. The results revealed that the most
effective removal of TTC, OTC, and CTC was achieved with the P+S and C+S treatments
among the various composting approaches. Furthermore, the addition of specially selected BM
bacterial agents facilitated the degradation of tetracycline antibiotics. The degradation and
removal of TTC, OTC, and CTC were significantly improved by the addition of BM bacterial
agents compared to the P+S + TCs and C+S + TCs treatments. However, the degradation and
removal of OTC remained challenging in all treatments, with the lowest removal rate observed
in the C+S+OTC treatment (40.23%). On the other hand, the addition of weathered coal as a
passivator in the composting process showed remarkable efficacy in reducing the water-soluble
contents of Cu, Zn, Cr, and As. In pig manure compost, the water-soluble contents of Cu, Zn,
Cr, and As were reduced by 6.17%, 6.40%, 4.17%, and 1.83%, respectively, after composting
compared to before composting when the weathered coal passivator was added. Similarly, in
chicken manure compost, the corresponding reductions were 7.07%, 5.69%, 5.50%, and 2.07%.
These findings highlight the potential of specific composting treatments and the use of BM
bacterial agents and weathered coal passivators for the degradation of tetracycline antibiotics

and the passivation of heavy metals in livestock manure.

Qin Li and colleagues [12] conducted a study using a field composting device to investigate
the impact of inoculation treatment on enhancing composting efficiency and degrading
antibiotic veterinary contaminants. They achieved this by introducing a domesticated

composite bacterial system with dual functions of cellulose degradation and aureomycin
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degradation into a high-temperature compost composed of chicken manure and straw. The
findings of the study revealed that the bacterial system significantly facilitated cellulose
degradation during the composting process. The cellulose content in the compost decreased by
62.5%, from an initial value of 22.00% to 8.25% at the end of composting. In comparison, the
cellulose content in the uninoculated control treatments, CK and CK+ Aureomycin, decreased
by 54.28% and 53.78%, respectively. Furthermore, the high-temperature composting process
itself exhibited a certain degree of degradation effect on aureomycin. The degradation rates of
aureomycin in the CK and CK+ Aureomycin treatments, which did not receive the inoculated
bacterial system, were similar at approximately 60%. However, the treatment with the
inoculated complex bacterial system demonstrated a significantly higher degradation rate of
aureomycin at 82.23%, surpassing the degradation rates observed in the two uninoculated
control treatments. These results suggest that the introduction of the domesticated composite
bacterial system into the composting process effectively enhanced cellulose degradation and
improved the degradation efficiency of aureomycin. The findings highlight the potential of
using inoculation treatments with specialized bacterial systems to optimize composting

processes and facilitate the degradation of antibiotic veterinary contaminants.

2.1.4 Aerobic biological treatment technology

In the study conducted by Li et al. [13], the effectiveness of activated sludge in treating 11
antibiotics from diverse classes was examined in both freshwater and saltwater systems. The
findings revealed distinct degradation patterns for different antibiotics. Specifically,
cephalothin and two sulfonamide antibiotics exhibited a predominant tendency towards
biodegradation in both systems. On the other hand, three fluoroquinolone drugs, namely
ampicillin, tetracycline, erythromycin, and metronidazole, primarily underwent adsorption,
with tetracycline exhibiting remarkable adsorption capacity of up to 90% within a 15-minute
timeframe. Notably, the adsorption capacity of activated sludge for the three fluoroquinolone
drugs experienced a significant reduction in the presence of divalent cations within the saltwater
system, although some level of biodegradation was still observed. It is worth mentioning that
complete removal of erythromycin could not be achieved in both systems, indicating the

challenges associated with its treatment using activated sludge.
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In recent years, there has been a trend towards integrating aerobic biological treatment
methods with other treatment approaches to address the limitations of the aecrobic method when
dealing with highly concentrated organic wastewater from the antibiotic industry. One of the
main challenges of the aerobic biological method is the high concentration of organic pollutants
in the wastewater. To effectively treat such wastewater, it often requires significant dilution of
the original waste stream, sometimes by tenfold or even hundredfold. Moreover, the aerobic
biological method is associated with high energy consumption and treatment costs, which can
limit its widespread application. These drawbacks have prompted researchers and engineers to
explore alternative approaches that can enhance the efficiency and cost-effectiveness of
antibiotic wastewater treatment. By combining aerobic biological methods with other treatment
techniques such as physicochemical processes, advanced oxidation, anaerobic digestion, or
membrane filtration, it is possible to achieve better treatment outcomes and overcome the
limitations of the aerobic method. These integrated approaches can help reduce energy
consumption, enhance pollutant removal efficiency, and optimize the overall treatment process
for antibiotic industrial wastewater. Overall, while the aerobic biological method has certain
limitations in treating highly concentrated organic wastewater, the development of integrated
treatment approaches offers promising solutions to improve the efficiency and cost-

effectiveness of antibiotic wastewater treatment [14].
2.1.5 Anaerobic biological treatment technology

In the study conducted by Liu Feng et al. [15], a UASB (Upflow Anaerobic Sludge Blanket)
anaerobic reactor was utilized to treat cephalosporin antibiotic pharmaceutical wastewater at
medium temperature conditions. The researchers aimed to assess the reactor's performance and
its potential for effective wastewater treatment. During stable operation of the UASB anaerobic
reactor, the influent wastewater was characterized by a mass concentration of chemical oxygen
demand (CODc;) of 14,300 mg/L. The reactor demonstrated efficient performance, with a
volumetric load of 14.3 kg/(m? d), and a stable CODc; removal rate of approximately 85%. As
a result, the effluent wastewater exhibited a reduced mass concentration of CODc¢;, which was
below 2500 mg/L. The effluent volatile fatty acid (VFA) concentration was approximately 3

mmol/L. Additionally, the anaerobic reactor exhibited a gas production capacity of about 17
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L/d. This gas production represents the anaerobic digestion process within the reactor. Overall,
the experimental results indicated a favorable treatment effect for cephalosporin antibiotic
wastewater, and the findings provided valuable insights for the design and application of
anaerobic technology in treating such wastewater. By utilizing a UASB anaerobic reactor and
achieving successful wastewater treatment, the study offers a foundation for the practical

implementation of anaerobic technology for cephalosporin antibiotic wastewater treatment.

In the research conducted by Mai Wenning et al. [16], anaerobic composite bed technology
was investigated for the treatment of antibiotic wastewater. The study consisted of a small pilot
study with a reactor volume of 62 L, a pilot study with a reactor volume of 22 m?®, and a
production application with a reactor volume of 600 m>. The findings from the pilot study and
production application demonstrated that the anaerobic composite bed technology is a practical
and efficient anaerobic bioreactor. The technology exhibited several favorable characteristics,
including good reaction-liquid mass transfer and separation, a large biomass, and a diverse
range of biological species within the reactor. These factors contribute to the overall
effectiveness of the treatment process. The anaerobic composite bed technology showed high
treatment efficiency, meaning it achieved significant reductions in the concentration of
antibiotics and other pollutants in the wastewater. Additionally, the technology exhibited a high
level of operational stability, ensuring consistent and reliable performance over time. The
results obtained from the small pilot study, pilot study, and production application collectively
support the practicality and effectiveness of the anaerobic composite bed technology for the
treatment of antibiotic wastewater. The research provides valuable insights for the

implementation and utilization of this technology in real-world wastewater treatment scenarios.
2.1.6 Anaerobic aerobic combination treatment technology

The study conducted by Hu et al. [17] focused on the treatment of penicillin wastewater using
intermittent aeration. The research investigated the effects of pH, treatment cycle, temperature,
and shock load on the treatment efficiency of the wastewater. The method of intermittent
aeration employed in the study utilized both facultative anaerobes and aerobic bacteria to

effectively degrade the organic matter present in the penicillin wastewater. The notable aspect
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of this method is that it does not require any physical or chemical pretreatment for the removal
of sulfate ions and PPb (possibly referring to phenolic pollutants) in the penicillin wastewater.
The results of the study demonstrated that the intermittent aeration method was highly effective
in treating penicillin wastewater. The influent water with a COD concentration of up to 10,000
mg/L could be treated with a COD removal rate exceeding 85%. The feeding load in terms of
COD reached 7 kg/m3-d, and the maximum impact load reached 14 kg/m3-d, indicating the
robustness and capacity of the treatment process. Furthermore, the presence of foam generated
by the substance "1231" in penicillin wastewater did not hinder the normal operation of the
sequencing batch reactor (SBR) treatment plant. This suggests that the treatment method was
able to accommodate and handle foam-related challenges effectively. Moreover, the study
revealed that the intermittent aeration method achieved a PPb removal rate of over 97%,
indicating its effectiveness in treating phenolic pollutants present in penicillin wastewater.
Overall, the findings support the conclusion that intermittent aeration is an ideal and efficient
method for the treatment of penicillin wastewater. The research provides valuable insights into
the optimization of treatment parameters and underscores the potential of this approach for

practical application in the treatment of penicillin-containing industrial wastewater.

The study conducted by Han Jianhong et al. [18] focused on the treatment of mixed
wastewater from antibiotic production using a hydrolysis acidification membrane bioreactor
(MBR) process. The research aimed to optimize the operation parameters and assess the
treatment performance of various antibiotic mixed wastewater treatment processes. The results
of the industrial experiments showed that the system achieved a high COD removal rate of 90%
when the membrane bioreactor was operated with a feed water COD volume load ranging from
7 to 10 kg/m3-d-1. Additionally, the system exhibited significant removal efficiencies for
ammonia nitrogen and total nitrogen, with removal rates of 80% and 65%, respectively. The
hydrolysis acidification process employed in this study effectively reduced the concentration
of non-ionic ammonia in the wastewater, thereby reducing its toxicity. The treated wastewater
from the hydrolysis acidification reactor directly entered the aerobic membrane bio-oxidation
zone. In this zone, organic nitrogen and ammonia ions were transformed into nitrite (NO2-) and

nitrate (NO3-) under the action of nitrifying bacteria. To maintain the treatment process, a
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portion of the membrane effluent was recirculated back to the hydrolysis acidification reactor
through a reflux pump. This recycling process created a continuous cycle in which the
wastewater treatment was carried out until the water quality reached the required standard.
Once the water quality met the standard, it could be discharged. The comprehensive study
demonstrated that the hydrolysis acidification membrane bioreactor process was effective in
treating mixed wastewater from antibiotic production. It achieved a high removal rate for COD,
ammonia nitrogen, and total nitrogen, ensuring significant reductions in the concentration of
non-ionic ammonia and overall water toxicity. The combination of hydrolysis acidification and
membrane bioreactor technology provides a promising approach for the treatment of complex

wastewater streams generated in antibiotic production processes.

The study conducted by Shang Jiaji et al. [19] proposed a novel approach for treating
antibiotic wastewater, which involved the combination of hydrolytic acidification and aerobic
moving bed biofilm (MBBR) technology, along with the application of the Fenton process. The
treatment process consisted of connecting a hydrolytic acidification reactor and an aerobic
reactor in series. This method offers several advantages for the treatment of antibiotic
wastewater. Firstly, it has a lower sludge treatment cost compared to traditional treatment
methods. The hydrolytic acidification process promotes the breakdown of complex organic
compounds, leading to reduced sludge production. Secondly, the system exhibits high treatment
efficiency and stability. The combination of hydrolytic acidification and aerobic MBBR enables
effective removal of organic pollutants, ensuring reliable and consistent treatment performance.
Moreover, the system demonstrates good resistance to shock loads and high toxicity levels.
Antibiotic wastewater can be highly variable in composition and toxicity, but this treatment
approach can effectively handle such fluctuations. The hydrolytic acidification step helps to
buffer and stabilize the system, allowing it to withstand sudden changes in wastewater
characteristics. Compared to conventional activated sludge treatment, this method offers
distinct advantages, particularly for the treatment of highly concentrated organic toxic
wastewater. It provides better performance and efficiency in removing complex organic
compounds, including antibiotic residues, from the wastewater. It is important to note that the

pH conditions play a crucial role in this treatment method. Optimal pH control is necessary to
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ensure the effectiveness of the Fenton process, which relies on the generation of hydroxyl
radicals to degrade pollutants. Maintaining the appropriate pH range is vital for achieving

efficient oxidation of organic compounds and ensuring the overall treatment performance.

The study conducted by Huang et al. [20] focused on treating high-quality concentrations of
antibiotic wastewater using a composite aerobic biological treatment method. The goal was to
achieve a high removal efficiency for COD (chemical oxygen demand) and BODS (biochemical
oxygen demand), two important indicators of organic pollutant removal. The researchers found
that a continuous flow treatment process was more suitable for wastewater containing high
levels of difficult-to-biodegrade substances compared to an intermittent flow treatment process.
In the composite aerobic treatment reactor, a complex microbial ecosystem was formed. This
ecosystem had several benefits, including improved sludge settling performance and enhanced
treatment capacity of the reactor. The complex aerobic biological method was primarily
designed for treating antibiotic wastewater with high concentrations. One reason for favoring
aerobic treatment over anaerobic treatment is the presence of high concentrations of sulfate ions
(SO42-) in antibiotic wastewater. These sulfate ions can strongly inhibit the activity of
methanogenic bacteria (MPB) and disrupt the normal operation of anaerobic digestion systems.
Therefore, completed antibiotic wastewater treatment projects typically rely on aerobic
biological treatment processes. However, it should be noted that there are still some challenges
associated with this treatment method. To achieve the standard discharge of wastewater, further
enhancements of the aerobic process are necessary. This may involve optimizing process
parameters, such as aeration rate, hydraulic retention time, and nutrient supplementation, to

ensure effective pollutant removal and compliance with regulatory requirements.

The study conducted by Jiang et al. [21] focused on the treatment of high levels of
cephalosporin antibiotic wastewater using a combined process involving an upflow anaerobic
sludge bed (UASB) reactor, flocculation treatment, and a sequential batch activated sludge
reactor (SBR). In the UASB reactor stage, the influent COD concentration was 14.3 g/L, and
the volumetric load was 14.3 kg/(m?*-d). The UASB reactor achieved a stable COD removal
rate of approximately 85%. The effluent VFA (volatile fatty acid) concentration was around 3

mmol/L, and the gas production rate was about 17 L/d. To further enhance the treatment
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efficiency, flocculation treatment was applied to the effluent from the UASB reactor. The
flocculation process involved the addition of polyferric chloride (PFC) and polyacrylamide
(PAM) at specific dosages. The COD of the effluent was reduced from 2.279 g/L to 1.133 g/L,
resulting in a removal rate of 50.3%. The supernatant from the flocculation treatment was then
treated in an SBR. At a reactor load of 1.2 kg/(m?-d), the SBR achieved an effluent COD
concentration below 200 mg/L, with a stable removal rate of approximately 80%. Overall, the
combined UASB-flocculation-SBR process demonstrated effective removal of COD from high
levels of cephalosporin antibiotic wastewater. The UASB reactor achieved significant COD
removal, while the flocculation and SBR stages further enhanced the treatment efficiency,

resulting in a final effluent with COD concentrations meeting the desired discharge standards.

The study conducted by Yang et al. [22] focused on the treatment of various antibiotic
wastewater using a new process called hydrolysis acidification-AB biological method. This
process is known for its shorter duration and higher energy efficiency compared to traditional
treatment methods. In the hydrolysis acidification stage, specific anaerobic bacteria and
parthenogenic anaerobic bacteria, which have a diverse range of species and fast metabolic
rates, are employed. These bacteria facilitate the breakdown of complex organic compounds
through hydrolysis, resulting in the conversion of insoluble organic matter into soluble organic
matter. Following the hydrolysis acidification stage, the AB biological method is employed. In
this method, two distinct microbial groups are formed. In the A level, the microbial group is
predominantly composed of bacteria and mycobacteria, while in the B level, the microbial
group is mainly composed of protozoa. This arrangement allows for the utilization of the unique
characteristics of different microorganisms, leading to effective removal of contaminants in the

antibiotic wastewater.

In the study conducted by Jia Renyong et al. [23], two different processes, namely activated
sludge anoxic-aerobic membrane bioreactor (A/O-MBR) and immobilized anoxic-aerobic
membrane bioreactor (I-A/O-MBR), were employed for treating antibiotic-containing
wastewater. The researchers also analyzed the microbial community structure within the
reactors to gain insights into the treatment process. The findings of the study revealed that as

the sludge age decreased, the total number of microorganisms in the A/O-MBR reactor
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decreased. Simultaneously, there was an increase in the proportion of antibiotic resistance genes,
indicating the presence of microorganisms with antibiotic resistance in the reactor. This
suggests that microorganisms with antibiotic resistance play a crucial role in the treatment of
antibiotic-containing wastewater. The presence of these microorganisms can potentially
contribute to the degradation of antibiotics and enhance the treatment efficiency. Furthermore,
the study demonstrated that the hydraulic retention time (HRT) had little impact on the total
number of bacteria in both the A/O-MBR and I-A/O-MBR reactors, when evaluated at the same
sludge age. However, HRT influenced the contact time between the bacteria and the effluent,
subsequently affecting the overall removal efficiency of the wastewater. This implies that

optimizing the HRT can be an important factor in achieving desirable treatment outcomes.

2.1.7 Physical and chemical method-biological method combination treatment technology

Due to the intricate composition of antibiotic wastewater, which is comprised of various
antibiotics, the biological toxicity of the wastewater is compounded. When solely relying on
biological treatment methods, it becomes challenging to meet the required discharge standards
for the treated wastewater. Consequently, it becomes necessary to implement pretreatment
measures for antibiotic wastewater. The aim of pretreatment is twofold: firstly, to eliminate
biotoxic substances present in the wastewater, and secondly, to reduce the overall wastewater
concentration. Currently, both domestic and international practices for treating antibiotic
wastewater typically employ a combination of physical-chemical and biological methods.
Physical-chemical methods encompass techniques such as ionization and coagulation, while

biological methods encompass anaerobic, aerobic, and anaerobic-aerobic approaches.

In the study conducted by Deng, Liangwei et al. [24], a flocculation-anaerobic-aerobic
process was employed to treat various antibiotics including penicillin, tetracycline, rifampicin,
and spiramycin. The application of this process successfully reduced the effluent COD to below
300 mg/L, meeting the discharge standard for the biopharmaceutical wastewater industry. These
results demonstrate the feasibility of combining physical and biological methods for the
treatment of antibiotic wastewater. However, it should be noted that the cost of implementing

this treatment method is relatively high, and the process flow can be complex. As a result, many
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antibiotic manufacturers may be discouraged from adopting this technology due to these factors.
This has led to reluctance among several antibiotic manufacturers to adopt this technology,

primarily due to the high treatment costs and intricate process flow involved.

While biological treatment has been widely utilized for the treatment of antibiotic wastewater,
it is important to acknowledge several challenges that still need to be addressed. These include
the requirement for a large treatment footprint, the emergence of resistant bacteria, the
occurrence of foam, and difficulties in removing chromaticity. One of the primary concerns
associated with biological treatment methods is the potential generation of drug-resistant
bacteria and superbugs. Effectively managing and eliminating these bacteria is a critical aspect
of future research. The biological treatment of antibiotic wastewater can lead to the proliferation
of drug-resistant bacteria, and in some cases, the development of superbugs. If these bacteria
are released into the natural environment without proper treatment, they can pose significant
risks to human health. In milder cases, the efficacy of antibiotics that were once effective may
be reduced or lost, thereby increasing the challenges and costs associated with patient treatment.
In more severe scenarios, the consequences can be catastrophic, potentially leading to infections

that cannot be cured due to the lack of effective antibiotics.

In summary, while biological treatment methods have proven effective in treating antibiotics

in wastewater, they also have some limitations and disadvantages:

The first, slow degradation of certain antibiotics. Some antibiotics are highly persistent and
resistant to biodegradation. Biological treatment methods may struggle to efficiently degrade
these compounds, leading to incomplete removal and potential persistence in the treated

effluent.

The second, development of antibiotic-resistant bacteria. The presence of antibiotics in
wastewater can promote the development of antibiotic-resistant bacteria within the treatment
system. This can pose a risk if these bacteria are released into the environment and contribute

to the spread of antibiotic resistance.

The third, variable treatment efficiency. The performance of biological treatment methods

can vary depending on the specific antibiotics present, their concentrations, and the wastewater
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characteristics. Some antibiotics may be more challenging to remove, resulting in lower

treatment efficiencies.

The fourth, high energy and operational costs. Biological treatment processes, particularly
aerobic methods, require energy-intensive aeration and maintenance of optimal process
conditions. These operational requirements can lead to higher energy consumption and

associated costs.

The fifth, need for pre-treatment and post-treatment steps. In some cases, pre-treatment steps
such as hydrolysis or chemical oxidation may be necessary to enhance the biodegradability of
antibiotics. Similarly, post-treatment steps might be required to further polish the effluent and
meet stringent discharge standards. These additional steps increase the complexity and cost of

the overall treatment process.

Next, limited effectiveness against emerging contaminants. Biological treatment methods
may struggle to effectively remove emerging contaminants, such as certain pharmaceutical
metabolites or transformation products, which may exhibit higher persistence and resistance to

biodegradation compared to parent compounds.

The last, potential formation of disinfection by-products. Some antibiotics and their
degradation by-products can react with disinfectants, such as chlorine, during post-treatment
disinfection processes. This can lead to the formation of disinfection by-products (DBPs),

which may have their own adverse effects on human health and the environment.

2.2 Oxidation method

2.2.1 Fenton oxidation method

The Fenton oxidation method is a widely employed technique that utilizes Fenton's reagent
to generate a significant quantity of highly reactive hydroxyl radicals, which serve as potent
oxidizing agents for pollutant degradation. While this method has proven effective, it is
important to acknowledge its drawbacks, such as high treatment costs and equipment
susceptibility to corrosion. One of the limitations of the Fenton oxidation method is its

relatively high treatment cost. The procurement and handling of Fenton's reagent, typically
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composed of hydrogen peroxide (H.0,) and ferrous ions (Fe?*), can contribute to the overall
expenses of the treatment process. Additionally, the process requires careful control and
monitoring to optimize the dosage of reagents, which further adds to the operational costs.
Furthermore, the Fenton oxidation method is known to be associated with equipment corrosion
issues. The strong oxidative nature of hydroxyl radicals can lead to the deterioration and
damage of equipment components, including pipelines, reactors, and other infrastructure. The
corrosive effects may require frequent maintenance, replacement of parts, and implementation

of corrosion-resistant materials, leading to additional costs and operational challenges.

Li Zaixing et al. [25] conducted a study on the application of the Fenton oxidation method
for the treatment of penicillin and oxytetracycline antibiotic wastewater. They investigated the
efficiency of COD removal in the treated effluent under specific operating conditions. The
results indicated that by applying a dosage of 5 mL/L of hydrogen peroxide (H,O,) with a
concentration of 30%, maintaining a Fe**/H,O, ratio of 1/20, initiating the process at an initial
pH of 4, and allowing a reaction time of 60 minutes, the COD concentration in the treated
effluent was reduced to less than 120 mg/L, with a removal rate exceeding 75%. This research
demonstrates that the Fenton oxidation method can effectively reduce the COD content in
penicillin and oxytetracycline antibiotic wastewater under the specified experimental
conditions. The combination of appropriate H,O, dosage, Fe?’/H,O, ratio, pH control, and
reaction time plays a crucial role in achieving significant COD removal. It should be noted that
the specific operating parameters and conditions may vary depending on the characteristics of

the wastewater and the target pollutants.

Yan Xia [26] conducted a study focusing on the treatment of metronidazole wastewater using
electro-Fenton and multiphase Fenton methods. The research aimed to address the challenges
associated with real metronidazole wastewater, which exhibited specific water quality
characteristics. The wastewater samples had a chemical oxygen demand (COD) concentration
of 26,789 mg/L, a biochemical oxygen demand (BODS) concentration of 4,554.1 mg/L, and a
BODS5/COD ratio of 0.17. Furthermore, the total concentration of metronidazole and 2-methyl-
S-nitroimidazole in the wastewater was 32.32 mg/L, with NH4+-N at 475 mg/L and CI- at 688

mg/L. In the modified electro-Fenton method applied to the treatment of real metronidazole
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wastewater, the initial concentration of metronidazole was set at 100 mg/L. Under these
conditions, the removal efficiency of metronidazole reached 99.3%. Additionally, the study
explored the use of an innovative multiphase Fenton oxidation catalyst consisting of FeOCl
(iron oxychloride) and CNTs (carbon nanotubes). When this catalyst was employed, along with
a catalyst addition of 1.2 g/L, an H202 input of 15 mmol/L, and a pH of 5, the removal
efficiency of metronidazole was also 99.3%. Moreover, the removal efficiency of COD reached

68.3%.

Fenton oxidation is recognized for its notable advantages, including its rapid reaction time,
high efficiency in pollutant degradation, and straightforward operation. However, it also
possesses certain drawbacks that should be addressed when applying it to the treatment of
antibiotic wastewater. One significant disadvantage is the high cost associated with the Fenton
reagent and catalyst, which can impede its practical implementation. Therefore, finding
strategies to reduce the overall cost of Fenton oxidation is of paramount importance. Exploring
alternative reagents or catalysts that are more economical or developing methods to optimize
the dosage and utilization of Fenton reagents can contribute to cost reduction in the process.
Another concern is the high yield of sludge generated during Fenton oxidation treatment. The
accumulation of sludge can pose challenges in terms of disposal and management. Therefore,
it is crucial to explore methods to minimize sludge production, such as optimizing operating
parameters or employing additional treatment steps to enhance sludge dewatering or reduce its
volume. Furthermore, the corrosive nature of Fenton oxidation can lead to equipment
degradation and require frequent maintenance or replacement. To improve the corrosion
resistance of equipment, selecting appropriate materials that are resistant to Fenton oxidation
conditions and ensuring proper coating or lining on equipment surfaces can help mitigate

corrosion-related issues.

2.2.2 Photocatalytic oxidation method

Photocatalytic oxidation is an innovative advanced oxidation technique that harnesses light
energy and employs a semiconductor as the catalyst. Through the absorption of specific photon

energy, the electrons in the catalyst undergo an energy leap from their ground state, resulting in
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the generation of electron-hole pairs. These photogenerated electron-hole pairs then migrate to
the surface of the catalyst, creating highly active redox sites that facilitate the degradation of
organic pollutants through various redox reactions. The implementation of photocatalytic
oxidation technology for antibiotic wastewater treatment extensively utilizes photocatalysts,

known for their exceptional stability and non-toxic nature.

Geng [27] and colleagues conducted a study to examine the impact of different factors on
the photocatalytic degradation of sulfapyridine in simulated wastewater. The findings revealed
that the optimal combination of conditions for UV/TiO, photocatalytic degradation of
sulfapyridine in the simulated wastewater was achieved with 1 g/L of TiO, and 10 mg/L of
sulfapyridine. Under these conditions, the degradation rate of sulfapyridine reached an
impressive 99%. The primary mechanism responsible for this degradation was attributed to the

direct oxidation occurring within the reaction sites.

Despite its numerous advantages, TiO, as a photocatalyst does have certain limitations,
preventing its widespread application. These limitations include its wide bandgap, which
restricts its utilization of visible light, and its low efficiency in recycling and reusing. As aresult,

the large-scale implementation of TiO; photocatalysis has been hindered.

In the study conducted by Liu and colleagues [28], a composite film catalyst called metal
ion-doped phosphotungstic acid/TiO, (M/H3PW1204/TiO;) was prepared using a sol-gel
method combined with temperature-controlled and spin-coating techniques. The researchers
utilized a parent heteropolyacid (HPA) and selected saturated Keggin-type phosphotungstic
acid (H3PW204) as the inorganic precursor, titanium tetraisopropoxide (TTIP) as the titanium
source, and quartz flakes as the substrate. The aim of the study was to investigate the impact of
different metal ions (Cu, Fe, Ag) and their dosages on the degradation rate of tetracycline
solution when incorporated into the heteropolyacid/TiO, composite film catalysts. The results
revealed that the addition of 5% mass of silver ions achieved a maximum degradation rate of
72.3% for tetracycline solution at a concentration of 40 mg/L. Similarly, the addition of 5%
mass of copper ions resulted in a maximum degradation rate of 71.4%, while the addition of 2%

mass of iron ions achieved a maximum degradation rate of 75% under the same conditions.
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This research demonstrates the potential of metal ion-doped phosphotungstic acid/TiO:
composite films as effective catalysts for the degradation of tetracycline solutions, with varying

metal ions and their dosages influencing the degradation rates.

In the study conducted by Ai and colleagues [29], a B-In,S3 nanoparticle photocatalyst was
prepared using a hydrothermal reaction method. The researchers focused on investigating the
degradation effect of In»S3 on hygromycin, a compound used to simulate tetracycline antibiotic
wastewater. The results revealed that B-In,S; exhibited a cubic-phase nanoparticle structure,
composed of nanosheets with a certain diameter. The degradation capacity of B-In,Ss for
hygromycin was found to be significant, with a degradation rate exceeding 85%. To assess the
recyclability of the catalyst, the degraded B-In,S; was washed and dried using anhydrous
ethanol. Remarkably, even after undergoing four cycles of recycling, the degradation capacity

of B-In»S; remained above 85%.

Currently, the application of photocatalytic oxidation method for treating antibiotic
wastewater is primarily in the early stages of basic research and has limited industrial
implementation. Research efforts are primarily directed towards the development of
photocatalysts that possess narrow band gaps, exhibit high degradation rates, maximize sunlight

utilization, and are cost-effective.

2.2.3 Electrochemical oxidation method

Electrochemical oxidation is an effective technique for water treatment that utilizes a
specialized electrochemical reaction device to generate a significant quantity of -OH ions on
the electrode surface in the presence of an electric field. This process facilitates the degradation

of organic pollutants present in wastewater.

In their study, Guo, and colleagues [30] employed an electrochemical oxidation method to
treat the secondary effluent of cephalosporin synthesis wastewater. They utilized Na2S04
solution as the electrolyte, a titanium-coated ruthenium-iridium electrode as the anode, and a
2-ethylanthraquinone-modified graphite felt electrode as the cathode. The electrochemical
oxidation process demonstrated effective reduction of the wastewater's chemical oxygen

demand (COD) concentration. The initial COD concentration of 263.15 mg/L was significantly
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reduced to 117.62 mg/L, resulting in a COD removal rate exceeding 55%. Moreover, the
electrochemical system achieved a favorable current efficiency, surpassing 32%. Notably, the
energy consumption associated with this treatment approach was measured at 51.54 kWh/kg

COD. Despite the energy input, the resulting effluent met the required discharge standard. (4)

In the study conducted by Wang Huiqing et al. [31], electrocatalytic oxidation was employed
to treat antibiotic sulfonamide wastewater. The research demonstrated that after 3 hours of
electrocatalytic oxidation, the degradation rate of sulfonamide reached 89.2%. The
experimental conditions consisted of an initial sulfonamide solution concentration of 0.12
mmol/L, a pH of 3, a current intensity of 20 mA/cm?2, and a Na2SO4 electrolyte concentration

of 50 mmol/L.

In the study conducted by Wu et al. [32], an electrocatalytic-persulfate system utilizing
activated carbon was employed to treat sulfonamide antibiotic wastewater. The results showed
that at a pH of 5 and a plate spacing of 9 cm, the degradation rate of sulfonamide reached 88.5%.
Furthermore, even after the activated carbon was reused four times, the degradation rate of

sulfonamide remained above 80%.

In the study conducted by Salazar et al. [33], boron-doped diamond film/stainless steel
electrodes were utilized to degrade losartan wastewater. The results showed that under the
reaction conditions of using chloride or sulfate ions as the conductive medium, pH 7.0, and a
current density of 80 mA/cm2, the degradation rate of losartan reached 56% and 67%
respectively. The treatment process took 180 minutes to completely remove losartan from the

wastewater.

Electrochemical oxidation is an advantageous method for treating wastewater due to its high
efficiency, operational feasibility, and absence of secondary pollution. It is particularly suitable
for wastewater with high conductivity and moderate antibiotic concentrations. However,
challenges such as the potential hazards, high voltage requirements, and significant energy
consumption associated with electrochemical oxidation devices have yet to be fully addressed.
These limitations have hindered the widespread application of electrochemical oxidation in

antibiotic wastewater treatment, keeping it primarily in the laboratory research stage. The key
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to the electrochemical oxidation method lies in the development and preparation of high-
performance electrode materials. Future research efforts will focus on enhancing the
performance of electrode materials to improve the efficiency and effectiveness of the
electrochemical oxidation process in treating antibiotic wastewater. By addressing these
material-related challenges, the application of electrochemical oxidation in large-scale

antibiotic wastewater treatment can be further explored and optimized.

2.2.4 Catalytic wet oxidation method

Catalytic wet oxidation is a technique that facilitates the decomposition of organic substances
into smaller molecules such as CO2, H20, and other compounds in a liquid phase environment.
This process occurs under high temperature and pressure conditions and requires the presence
of a catalyst. The oxidizing agent used in catalytic wet oxidation can be air, oxygen, or other

similar substances.

In the study conducted by Yan Li [34], FeCI3 and NaNO2 were employed as catalysts, while
oxygen served as the oxidant for the catalytic wet oxidative degradation of enrofloxacin
wastewater. The reaction was carried out at a temperature of 150°C and a pressure of 0.5 MPa
for a duration of 120 minutes. The results showed that the enrofloxacin degradation rate reached
nearly 100%. Furthermore, the removal rates of COD and TOC were 37% and 51%,
respectively. The BODs/COD ratio of the degraded reaction solution increased from 0.01 to
0.12, indicating an improvement in biodegradability, and the toxicity decreased from 43% to

12%.

In the study conducted by Wang et al. [35], two pharmaceutical wastewaters, sodium
fosfomycin and safranin, were combined. The wastewater had a chemical oxygen demand
(COD) 0f 121,081 mg/L and a total organic carbon (TOC) of 5,823 mg/L. A Cu2+[PxWmOy]q-
catalytic system was formed by adjusting the volume ratio of the mixed wastewaters, and
catalytic wet oxidative degradation was performed at 250 °C and an initial oxygen partial
pressure of 1.4 MPa. Under these conditions, the removal rates of the mixed wastewater
components, sodium fosfomycin and safranin, were 41.1% and 43.0% respectively.

Furthermore, approximately 95% of the organic phosphorus was converted into PO43- and 70%
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of the organic nitrogen was converted into NH+4. The catalytic treatment significantly

improved the biochemical properties of the effluent.

In the study conducted by Chen et al. [36], a nano-manganese cerium/y-Al203 composite
catalyst was prepared for the catalytic wet oxidative degradation of antibiotic wastewater
generated during the production of cefoxitin, ceftizoxime sodium, and cefaclor. The wastewater
had a chemical oxygen demand (COD) of 4350 mg/L and a total organic carbon (TOC) of 4586
mg/L. Under the experimental conditions of 170 °C, a partial pressure of oxygen of 0.75 MPa,
a reaction time of 2 hours, and a catalyst dosage of 4 g/L., the COD and TOC removal rates
were 82.03% and 88.03%, respectively. The nano-manganese cerium/y-Al203 composite

catalyst demonstrated effective degradation capabilities for the antibiotic wastewater.

Catalytic wet oxidation is a highly efficient and environmentally friendly technique for the
treatment of antibiotic wastewater. While there are currently limited research and application
examples of catalytic wet oxidation in antibiotic wastewater treatment, it is anticipated that as
the technology becomes more mature and costs decrease, there will be a gradual increase in
both research and practical applications of catalytic wet oxidation for treating antibiotic

wastewater.

2.2.5 Chlorine oxidation method

Chlorine oxidation is a wastewater treatment method that involves the addition of chlorine-
containing chemical reagents, such as chlorine gas, sodium hypochlorite, or chlorine dioxide,
to the wastewater. By leveraging the strong oxidation capability of these chemical reagents, the
pollutants or toxic substances present in the wastewater undergo redox reactions, leading to the

conversion of these contaminants into non-toxic or less toxic substances.

In the study conducted by Gu et al. [37], antibiotic pharmaceutical wastewater was treated
using bleaching powder concentrate (Ca(ClO),) with an effective chlorine concentration of
60%-65%. The initial chemical oxygen demand (COD) of the wastewater, which was 527 mg/L,
was reduced to 184 mg/L under the experimental conditions of a 3.0 g/L effective chlorine
dosage, pH 10, and 5 minutes of stirring. This resulted in a COD removal rate of 65%.

Additionally, the turbidity of the wastewater decreased from 100 NTU to 20 NTU, with a
2-22



removal rate of 80%. The color of the wastewater also decreased from 320 to 10, achieving a
removal rate of 97%. These findings demonstrate the effectiveness of using bleaching powder
concentrate for the treatment of antibiotic pharmaceutical wastewater, as it effectively reduced

COD, turbidity, and color levels.

In the study conducted by Zhang et al. [38], the researchers investigated the use of chlorine
oxidation for removing the contaminant enrofloxacin from drinking water distribution systems.
During the experiment, the chlorine concentration was increased from 4.23 pumol/L to 18.31
umol/L over a reaction period of 180 minutes. As a result, the removal rate of enrofloxacin
increased from 50.6% to 70.4%. This indicates that higher chlorine concentrations and longer
reaction times lead to improved removal efficiency of enrofloxacin in the water distribution

system.
2.2.6 Ozone oxidation method

Ozone is a potent oxidant, exhibiting a high oxidative capacity comparable to fluorine,
hydroxyl radicals, and atomic oxygen (O), and surpassing monomeric chlorine by 1.52 times.
In the context of antibiotic wastewater treatment, ozone oxidation operates through two main

mechanisms: direct ozone oxidation and indirect oxidation via free radicals.

During direct ozone oxidation, ozone selectively targets aromatic rings, double bonds, and
non-protonated amines within antibiotics. Several pathways are involved in direct ozone
oxidation, including hydroxylation, demethylation, carbonylation, and methylene cleavage.
Among these pathways, hydroxylation is the most prominent process in which hydroxyl groups

are introduced into the antibiotic structure.

Indirect oxidation of antibiotics by free radicals occurs in two stages. Firstly, ozone
undergoes self-decomposition to generate free radicals. Subsequently, the formation of
hydroxyl substitution products initiates a free radical chain reaction, leading to the
decomposition of antibiotics. Ozone oxidation is regarded as a highly efficient and practical
advanced oxidation method for antibiotic wastewater treatment. It offers several advantages,
including short reaction times, potent oxidation capability, absence of secondary pollution, and

simple equipment requirements. Consequently, ozone oxidation is increasingly recognized and
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valued in the treatment of antibiotic wastewater, particularly for B-lactam, sulfonamide, and
tetracycline antibiotics. Notably, its removal effectiveness in these specific types of antibiotic

wastewater is highly pronounced [39-40].

In the study conducted by Li et al. [41], ozone oxidation was employed to treat the
biochemical effluent from an antibiotic pharmaceutical plant wastewater treatment station. The
water sample exhibited the following characteristics: COD of 954.7 mg/L, BODS of 66.8 mg/L,
ammonia nitrogen of 98 mg/L, pH of 8, and a BOD5/COD ratio of 0.07. The researchers
investigated the impact of ozone oxidation on antibiotic wastewater treatment, both without a
catalyst and with silica gel loaded with various metal catalysts. The findings revealed that the
COD removal rate of antibiotic wastewater treated by ozone oxidation without a catalyst was
less than 10%. However, when silica gel loaded with metal catalysts was employed, the COD
removal rate significantly improved. Among the different catalysts tested, silica gel loaded with
iron catalyst demonstrated the most cost-effective performance. The optimal catalyst dosage
was determined to be 0.33 g/L in combination with ozone treatment for antibiotic wastewater.
Under the conditions of a 1-hour reaction time, the ozone oxidation process with silica gel
loaded iron catalyst achieved a COD removal rate of 54.9% and an ammonia nitrogen removal
rate of 44.4%. The effluent COD concentration was below 300 mg/L, the effluent ammonia
nitrogen concentration ranged from 40-50 mg/L, and the BODS5/COD ratio reached 0.2,

indicating the improved quality of the treated wastewater.

In the study conducted by Gao Zixing et al. [42], a catalyst was prepared using NiO and CuO
as active ingredients and y-Al203 as the carrier through the impregnation method. The catalyst
was then utilized in the ozone catalytic oxidation process to treat the effluent from an antibiotic
industrial wastewater of a pharmaceutical group, which had a COD concentration of
approximately 1024 mg/L. The experimental results demonstrated that the NiO-CuO-y-Al203
catalyst, prepared under optimized conditions, exhibited excellent reusability. It could be reused
multiple times while maintaining a COD removal rate of antibiotic wastewater above 45%. This
indicates the effectiveness and durability of the catalyst in the ozone catalytic oxidation

treatment of antibiotic wastewater.
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Ozone oxidation has shown promising results in the degradation of antibiotic wastewater. It
has been extensively utilized in water treatment processes in Western countries. However, the
widespread application of ozone oxidation in engineering is limited by the high cost of ozone
production technology and the technology's relative immaturity. Currently, in the field of
antibiotic wastewater treatment, a combined approach of ozone oxidation pretreatment
followed by biochemical treatment has proven to be effective in achieving enhanced
degradation of antibiotic wastewater. This combined method takes advantage of the superior
degradation capabilities of ozone oxidation, while also benefiting from the subsequent
biological treatment processes. By integrating these two treatment methods, a more

comprehensive and efficient degradation of antibiotic wastewater can be achieved.

2.2.7 Low temperature discharge plasma method

Plasma, as the fourth state of matter, is characterized by the presence of ions, electrons,
excited atoms, free radicals, and other highly reactive particles. It differs from the traditional
states of matter—gas, liquid, and solid. Plasma is typically generated through electrical
discharge, and it can initiate a variety of chemical and physical effects. These effects include
the production of oxidizing particles such as hydrogen peroxide, ozone, and hydroxyl radicals,

as well as the release of ultraviolet radiation, shock waves, and liquid-electric cavitation.

The plasma method combines the advantageous features of various oxidation processes,
including ozone oxidation, ultraviolet photolysis, pyrolysis, and free radical oxidation. This
unique combination of effects enables plasma to effectively degrade almost any type of organic
pollutants. By harnessing the reactive nature of plasma, organic compounds in wastewater can
be efficiently broken down and eliminated, leading to significant pollutant removal and water

purification [43].

In a study conducted by Kim et al [44], a medium-blocking discharge plasma method was
employed to degrade three sulfonamide antibiotic wastewaters: sulfathiazole, sulfadimethoxine,
and sulfamethoxazole. Under oxygen discharge conditions for a duration of 20 minutes, 100%
degradation of 1 liter of each antibiotic solution with a concentration of 50 mg/L was achieved.

The medium-blocking discharge plasma method effectively facilitated the breakdown and
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elimination of these sulfonamide antibiotics, indicating its potential as a promising approach

for the treatment of such wastewater contaminants.

In a study conducted by He et al [45], corona discharge plasma combined with nano-TiO2
was employed to treat simulated tetracycline wastewater. The treatment resulted in the
degradation of 85.1% of the tetracycline and a 53.4% reduction in total organic carbon (TOC)
for a volume of 250 mL of tetracycline solution with an initial concentration of 50 mg/L. The
experimental conditions included a power of 36 W and a treatment duration of 20 minutes. The
combination of corona discharge plasma and nano-TiO2 demonstrated promising effectiveness

in the degradation and removal of tetracycline contaminants in wastewater.

The low-temperature discharge plasma method shows great promise for the degradation and
treatment of antibiotic wastewater due to its advantages such as rapid reaction time, high
efficiency, and versatility. However, despite its potential, this method is currently limited to
laboratory research due to challenges such as high energy consumption, elevated discharge
voltage, and safety hazards. Further advancements and optimizations are required to address
these issues and enable the practical application of the low-temperature discharge plasma

method for large-scale antibiotic wastewater treatment.

2.3 Physical method

2.3.1 Flocculation method

The flocculation method is a widely used technique for wastewater pretreatment. It involves
the addition of flocculants, such as polymerized aluminum chloride (PAC), polymerized ferric
sulfate (PFS), and polyacrylamide (PAM), to the wastewater. These flocculants help destabilize
the colloidal particles present in the water. As a result of intermolecular forces, the destabilized
colloids form small aggregates that subsequently coagulate with suspended matter in the water.
These larger flocs then settle down due to gravity, facilitating their removal from the water. The
flocculation method plays an important role in the initial treatment of wastewater, aiding in the

removal of particulate matter and colloidal substances.

In the study conducted by Xing et al [46], polymerized ferric sulfate (PFS) was utilized as a
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coagulant for the pretreatment of antibiotic fermentation wastewater originating from a
pharmaceutical plant. The wastewater exhibited characteristics such as a brownish-brown color,
an irritating odor, a COD concentration ranging from 14,700 to 17,600 mg/L, a BOD/COD ratio
of 0.25-0.26, a pH range of 3-4, a suspended solids (SS) concentration between 94 and 150
mg/L, a total nitrogen (TN) concentration of 680-740 mg/L, a total organic carbon (TOC)
concentration of 4,300-4,750 mg/L, an ammonium nitrogen (NH4+-N) concentration of 25-55
mg/L, and a chromaticity multiple of 7,000-8,000 times. The experimental findings indicated
that by employing a PFS dosage of 135.26 mg/g COD, with an initial wastewater pH of 4,
agitation at 300 r/min for 1 minute followed by 50 r/min for 12 minutes, and a sedimentation
period of 60 minutes, the flocculation pretreatment achieved removal rates of 62.2% for COD,

62.5% for color, 88.2% for SS, and 49.6% for TOC.

In the study conducted by Qu et al [47], polymerized ferric sulfate (PFS) coagulant and
polyacrylamide (PAM) coagulant were employed to flocculate and precipitate antibiotic
wastewater from a pharmaceutical wastewater treatment plant following a hydrolysis
acidification-SBR-secondary contact oxidation process. The water quality characteristics of the
wastewater were as follows: turbidity ranging from 15 to 140 NTU, pH between 6.8 and 8.3,
CODCr concentration ranging from 180 to 1,012 mg/L, conductivity of 1,700 to 3,800 uS/cm,
chromaticity of 550 to 1,600 Pt/Co, sulfate concentration ranging from 532 to 980 mg/L, and
total hardness of 426 to 536 mg/L. The experimental results revealed that through coagulation,
the average removal rates of suspended matter, turbidity, and CODCr were 86.6%, 58.6%, and

32.9%, respectively.

In the study conducted by Wang et al [48], a new coagulant called poly(aluminium
magnesium zinc) silicate (PSAMZ) was added to wastewater with an alkalinity of 25 mg/L and
turbidity of 10 NTU. The effectiveness of this coagulant was evaluated in two different
wastewater samples: one containing oxytetracycline (OTC) at a concentration of 0.02 mol/L,
and the other containing tetracycline (TC) at a concentration of 0.03 mol/L. The results showed
that the removal efficiency of the PSAMZ coagulant was 91.95% for the OTC wastewater and

90.03% for the TC wastewater.
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The flocculation technique is effective in reducing the concentration of suspended particles
and, to some extent, the COD levels in wastewater. However, it's important to note that the
coagulant used in this method may occasionally lead to secondary pollution in water bodies.
The choice and dosage of coagulants are influenced by the quality of the water being treated,
and the process itself can be time-consuming and labor-intensive. In practical applications, the
coagulation method is commonly combined with other treatment methods to effectively address

antibiotic wastewater.

2.3.2 Adsorption method

The adsorption method encompasses physical adsorption and chemical adsorption. Physical
adsorption occurs when a target substance is adsorbed onto an adsorbent surface through weak
van der Waals forces. In contrast, chemical adsorption involves the adsorbent and target
substance forming chemical bonds and undergoing electron transfer. Activated carbon is a

commonly employed adsorbent for physical adsorption.

Manjunath et al [49] investigated the use of KOH-activated Krapevine activated carbon
(KPAC) as an adsorbent for the removal of sulfadiazine, metronidazole, and tetracycline from
single, binary, and ternary adsorption systems. The experimental findings demonstrated that the
maximum adsorption capacities of sulfadiazine, metronidazole, and tetracycline in the single-
component adsorption system were 18.48 g/L, 25.06 g/L, and 28.81 g/L, respectively. The total
adsorption capacities in the single-component system were higher compared to the multi-
component system. The maximum desorption rates for sulfadiazine, metronidazole, and
tetracycline were 11.7%, 22.5%, and 13.9%, respectively. Apart from activated carbon, various

novel adsorbents have been developed in recent years.

Xiao et al [50] developed a modified zeolite adsorption technique for the removal of trace
antibiotics from livestock wastewater. Tetracycline present in the livestock wastewater was
adsorbed using zeolites that were modified with nitric acid, hydrochloric acid, and sulfuric acid.
The modified zeolites exhibited significant adsorption capacities, with removal rates of
tetracycline reaching 61.1%, 90.7%, and 88.8% for nitric acid, hydrochloric acid, and sulfuric

acid modifications, respectively.
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In the study conducted by Yixin Zhang [51], four porous carbon adsorption materials were
synthesized using different templates and carbon sources. Waste plastic polystyrene (PS), waste
plastic polyethylene (PE), carbon nanotubes (CNT), and m-aminophenol resin were used as
templates, while resorcinol/formaldehyde (RF) resin spheres were used as a carbon source for
one of the materials. These adsorption materials exhibited excellent performance in the removal
of cefadroxil, with maximum adsorption capacities of 241.2 mg/g, 304 mg/g, 328.3 mg/g, and

385 mg/g, respectively.

The adsorption method offers several advantages, including its simplicity in operation, low
cost, high adsorption rate, and absence of toxic byproducts. However, it should be noted that
the adsorption method does not provide a complete elimination of antibiotics but rather
transfers them to the adsorbent material. Furthermore, the effectiveness of the adsorption
process can be influenced by factors such as the specific surface area of the adsorbent, its

porosity, and the presence of other competing substances in the wastewater.

2.3.3 Floatation method

The air flotation method is a water treatment technique that involves introducing gas into
wastewater to create numerous small bubbles. These bubbles then capture and carry the small
impurities present in the wastewater. As the bubbles rise to the surface, they bring the impurities
with them, allowing the impurities to accumulate at the liquid surface. The collected impurities

can then be removed from the liquid surface, effectively eliminating them from the wastewater.

Li [52] investigated the treatment of mixed fermentation and washing wastewater from the
production of cephalosporin C sodium salt using a combined coagulation-air flotation-bio-
ozone air flotation process. The wastewater had initial concentrations ranging from 7520 to
8500 mg/L for COD, 2658 to 3174 mg/L for BOD, 1785 to 2115 mg/L for SS, and pH levels
between 5 and 7. The experimental results indicated that the coagulation-air flotation process

achieved a consistent COD removal rate of 20% to 25%.

The air flotation method is highly effective in removing small impurities from wastewater,
but it may not be as efficient in removing larger impurities. Additionally, the implementation

of air flotation can be associated with high equipment costs and ongoing maintenance expenses.
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2.3.4 Membrane separation technology

Membrane separation technology is a separation technology that emerged in a cross-
disciplinary context, based on the difference in permeability of substances across membrane
materials to achieve efficient separation. With the restriction of membrane pore size, small-
sized substances can permeate to the other side of the membrane under driving forces (e.g.,
gravity, concentration difference, pressure, or electric potential), while large-sized substances
cannot pass through the membrane pores and are intercepted [54-56], the principle of which is

shown in Fig. 2-1.

Feeding solution

" . Driving force
—

gL

Receiving solution

Fig 2-1 The schematic mechanism of MST

Depending on the size of the retained components, membrane separation processes can be
classified as microfiltration, ultrafiltration, nanofiltration and reverse osmosis, etc., and their
characteristics and common applications are shown in Table 2-1. MST is considered as one of
the most promising separation technologies for traditional industrial production due to the
advantages of low energy use, simple operation, and no secondary contamination. In the past
decades, MST has shown great superiority in numerous processes such as water treatment,
solid-phase extraction, petroleum refining, pharmaceutical purification, and gas separation in a

wide range of chemical, biological, and environmental fields [57-59].

Regardless of the technology used, separation always requires some form of energy as a

driving force. Traditional separation methods, such as distillation, create a driving force by
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applying heat to harness the vapor pressure between two compounds. For membrane separation,

the driving force can be one of the forms of energy such as pressure, concentration, electricity,

etc.
Table 2-1 Types and characteristics of membrane separation
Membrane
Membrane . o
' Material Permeable Components Applications
Separation Type .
Pore Size
Microfiltration Solvents, dissolved Liquid clarification,
0.01-10 um o
(MF) substances, etc. sterilization, etc.
Enrichment or removal of
macromolecular
Ultrafiltration 1100 Solvents, small molecule components, preliminary
-100 nm
(UF) components, ions, etc. sieving of substances with
different molecular
weights, etc.
Concentration and
Nanofiltration 0.5.5 Solvents, low-valent salt separation of small
.5-5 nm
(NF) ions, etc. molecules, desalination,
pure water preparation, etc.
Reverse Small molecule
Osmosis 0.1-1 nm Solvents, etc. concentration, pure water
(RO) preparation, etc.

The common driving force for membrane separation is pressure. When separating gases, a

higher partial pressure is generally created on the feed side for the gas than on the permeate

side, creating a pressure gradient that drives the gas through the membrane. The membrane

preferentially allows one or more gases to pass through, thereby concentrating that gas on the

permeate side. Pressure is the primary driving force in reverse osmosis, ultrafiltration, and

microfiltration.
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The concentration difference is also one of the driving forces of membrane separation
technology. Some membranes operate in an environment where there is no significant pressure
gradient, such as those used for renal dialysis. During dialysis, the concentration of impurities
in the blood is higher than in the buffer, and a driving force is created by the concentration

difference. This driving force plays only a small role in microfiltration applications.

Electricity in the form of voltage gradients can be used for membrane based electrodialysis.
The separation process can be achieved by inducing charged molecules to pass through the
membrane. Novel separation techniques combine pressure or concentration with
charge/electricity-driven process conditions. By using ultrafiltration or microfiltration
membranes with a limited pressure difference in an electric field, molecules and larger particles

can be separated not only by their size but also by their electrical charge.

Membrane separation technologies can be divided into seven categories, namely
microfiltration, ultrafiltration, reverse osmosis, nanofiltration, dialysis, gas membrane

separation, and osmotic evaporation.

@D Microfiltration

Microfiltration, also known as microporous filtration, is a modern precision filtration
technology that can reach a filtration precision of 0.1 um and can effectively filter out tiny

particles and bacteria in solutions with particle sizes in the range of 0.1 to 50.0 pm.

In specific applications, its action with the help of the static pressure difference allows
molecules and solvents smaller than the membrane pores to pass through and enter the low-
pressure side of the membrane, while particles larger than the membrane pores such as sediment,
algae, and bacteria in the solution are retained, and the general operating pressure is set in the

range of 0.01 to 0.20 MPa.

At present, microfiltration technology is used in many fields. After microfiltration, water can
be used in the pharmaceutical, food and beverage industries, as a pretreatment for ultrafiltration
and reverse osmosis in the preparation of ultrafiltration water, and scientific research

institutions and environmental protection departments can also use microfiltration technology
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to test the water and air environment.

Q) Ultrafiltration

Ultra-filtration (UF) is a type of membrane separation technology that allows solutions to
flow through porous membranes under pressure, allowing solvents and small molecules to pass
smoothly, while large molecules are retained to separate different substances. Under pressure,
the filtered solution passes through the surface of the membrane at a certain flow rate, so that
solvents and small molecules can reach the lower pressure side of the membrane, while large
molecules and particles larger than the membrane pores cannot pass through. The use of
ultrafiltration technology can effectively remove most of the colloidal substances and many
organic substances contained in the water. Therefore, ultrafiltration membranes can achieve
deep treatment of drinking water, and ultrafiltration membranes in ultrafiltration water purifiers

used in households are generally made of hollow fiber materials.

At present, ultrafiltration technology is also widely used in many fields, such as industrial
ultrapure water and solution concentration and separation, with the characteristics of easy
operation, low energy consumption and short production cycle. The use of ultrafiltration
technology not only can effectively reduce the production cost of enterprises, but also does not
require the addition of chemical reagents, and does not need to change the original temperature
of the solution. Therefore, the pH and temperature of the solution will not change, and the
biological macromolecules in the solution will not be denatured, inactivated and autolyzed. In
the preparation of biomolecules, the main function is desalination, dehydration and
concentration. However, ultrafiltration technology also has certain limitations, as its production
process determines that it cannot be used for the preparation of dry powder preparations, in the

concentration of protein concentrated solutions was only up to 50% in the test.

(®) Reverse osmosis

Reverse-osmosis (RO), also known as reverse osmosis, is the separation of substances in
solution by means of pressure. Currently, in RO process, there are two main types of semi-

permeable membranes in common use: asymmetric membrane and composite membrane, and
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the production equipment uses hollow fiber or rolled membrane separation equipment to
separate one or more substances in a mixed solution under pressure by using the selectivity of
the semi-permeable membrane. Reverse osmosis technology is also used to separate substances
in mixed solutions by pressure, and the general operating pressure range is set at 1.5 to 10.5
MPa. reverse osmosis technology can retain various inorganic ions, colloidal substances, and
small molecules in solutions, which can be used in water treatment to obtain purer water. In
addition, the use of reverse osmosis technology can remove suspended, dissolved, and colloidal
substances from mixed solutions, and achieve the purpose of separation and purification

through the filtration effect of semi-permeable membranes.

In the process of application, the same volume of dilute solution and concentrated solution
are placed on both sides of the semipermeable membrane. Under normal circumstances, the
solvent in the dilute solution will flow to the concentrated solution side by itself, so the liquid
level on the concentrated solution side will be partly higher, and eventually a pressure difference,
i.e., osmotic pressure, will be generated between the two sides. The osmotic pressure is different
in different concentrations, different temperatures, and different kinds of solutions. At this time,
if the pressure value of the concentrated solution side is raised, when the pressure value exceeds
the osmotic pressure, the solvent in the concentrated solution side will reverse to the dilute
solution side, and since the direction of osmosis is opposite to that of osmosis in the natural

state, it is called reverse osmosis.

At present, reverse osmosis membranes have been gradually promoted and applied in China,
in many pure water preparation scenarios and domestic water treatment. Ultra pressure reverse
osmosis technology can complete the desalination of concentrated salt solutions within 1 MPa
pressure, which is effective in seawater and brackish water desalination, industrial wastewater
treatment, heavy metal wastewater treatment, and can also be used for the concentration of fruit

juice, sugar, coffee and milk products in the food and beverage industry.

@ Nanofiltration Technology

Nanofiltration (NF), also under the action of pressure difference, is the separation of

substances in solution. Compared with other membrane separation technologies that use
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pressure difference as the force, nanofiltration technology emerged later and is a new membrane
filtration technology that emerged in the process of developing reverse osmosis technology to
meet the needs of industrial water softening and reducing enterprise costs, and the filtration
precision is also between ultrafiltration and reverse osmosis technology. Nanofiltration
technology has two distinctive features: firstly, it can separate organic matter with small
molecular mass in solution; secondly, the charged membrane is prone to the Dornan effect
during the desalination process. Nanofiltration membranes are mostly charged membranes, and
the ion valence and concentration will have a greater impact on the separation effect of

nanofiltration membranes.

Nanofiltration and permeate membranes are both nonporous membranes, and many scholars
believe that the mass transfer mechanism in their separation process is accomplished by
dissolution-diffusion. However, since nanofiltration membranes are mostly charged membranes,
when used for inorganic salt separation, in addition to the control of chemical potential gradient,
the electric potential gradient is also the main influencing factor, thus it can be determined that
the separation effect of nanofiltration membranes is related to the charging performance and

the charging state of the solute.

At this stage, nanofiltration technology is commonly used in the purification of drinking
water and industrial water, the treatment of industrial wastewater and the concentration of
substances in the industrial field, etc. The operating pressure range is controlled from 0.5 to 2.0
MPa, and small molecules with molecular weights of 200 to 1000 can be effectively retained.
Compared with reverse osmosis technology, it requires lower differential pressure and is often
called “low-pressure reverse osmosis” in the industry. In practice, nanofiltration membranes
are less effective in retaining monovalent ions such as Na+ and Cl-, but are more effective in
retaining divalent ions such as Ca2+, Mg2+, SO42-, and other small molecular weight
substances such as pesticides, pigments, dyes, antibiotics, peptides, and amino acids. In addition,
nanofiltration technology is significantly better than reverse osmosis technology in terms of the
retention efficiency of low concentration of divalent ions and small molecular weight

substances, and can effectively reduce production costs.
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(® Dialysis

Dialysis, also known as dialysis, is a new technology for membrane separation by means of
concentration differences. In dialysis, a semi-permeable membrane is applied with selective
permeability to solutes, so that small molecules and ions can pass through the semi-permeable
membrane smoothly, while colloidal particles in the solution are retained, thus quickly
removing useless impurities from the solution. When using membrane dialysis technology, the
solution needs to be placed in a dialysis with a built-in semi-permeable membrane, and the
outside of the dialyzer is a dispersion medium (usually water), which is used to disperse the
colloidal solution, and the time to change the dispersion medium can be determined according
to the dialysis situation. The time to change the dispersion medium is determined by the dialysis

condition.

The purification of colloidal substances can be achieved using specialized dialyzers. To
improve the diffusion effect, a DC electric field can also be applied externally. Under the action
of the electric field, the charged particles in the solution will accelerate their migration, and this

dialysis technique after the application of DC electric field is also called electrodialysis.

The driving force in the dialysis process comes from the depth gradient in the solution, where
the solvent and small molecules pass through the semi-permeable membrane to the other side.
The membrane dialysis effect is influenced by several factors such as flux, membrane area and
thickness, concentration gradient and diffusion coefficient, while the temperature and viscosity
of the solution and the pore size of the semi-permeable membrane are the keys to determine the
diffusion coefficient, and the size of the semi-permeable membrane pore size is also an

important indicator of the flux.

At this stage, the application of electrodialysis technology has been relatively mature, mainly
used in the desalination process of seawater and brackish water, and is an important method for

producing fresh water in many freshwater-scarce regions around the world.

With the rapid development of membrane technology, newly developed charge membranes

have become more selective, thermally stable, and mechanically strong, and have lower
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membrane resistance, making them useful in food, medical, chemical, and industrial
wastewater treatment, in addition to desalination processes. In practice, one electrodialysis
machine consists of hundreds of pairs of anion and cation exchange membranes, which

improves the efficiency and effectiveness of dialysis, but also increases the cost of use.

(6 Gas membrane separation

Gas membrane separation is also based on the effect of pressure difference and the selectivity
of separation membranes. The permeation rates of different gases in a gas mixture differ greatly
in the separation membrane, thus enabling the separation of different components of the gas
mixture. In recent years, gas membrane separation technology has developed rapidly, and
asymmetric membranes and polymer composite membranes are commonly used in industry,

which have higher permeating flux and higher mechanical strength.

The separation of a certain gas from a gas mixture can be done quickly by using the gap
between the selectivity of polymer membranes for different kinds of gas molecules and their

permeability.

In the process of applying gas membrane separation technology, a highly concentrated gas
mixture containing multiple gas components enters the membrane separation module after
pretreatment. Due to the different speed of permeation through the membrane, the faster
permeating gases quickly reach the other side of the membrane, while the slower permeating

gases are retained, thus achieving the purpose of gas separation.

Polymer membranes are highly selective, with different gas permeation rates, so the polymer
membrane can be selected for the specific gas to be separated. For example, gas membrane
separation technology can be used to separate oxygen from air, and it can also be used to recover
hydrogen from ammonia tail gas, etc. The requirements for polymer membranes vary in

different application scenarios.

At present, gas membrane separation technology is widely used in industrial fields, such as
ammonia synthesis, natural gas purification and dehumidification, nitrogen preparation, oxygen

enrichment, waste gas pollutant treatment, etc. It has the advantages of low investment, low
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energy consumption and simple operation, creating good economic and social benefits.

(@ Osmotic evaporation

Permeate evaporation (PV), also known as permeate gasification, is a type of membrane
separation technology, mainly used for the separation of liquid-phase and gas-phase mixtures.
Compared with microfiltration, ultrafiltration, nanofiltration, reverse osmosis and other

technologies, pervaporation technology is very different.

The first point is that a phase change occurs during the membrane separation process, with
the membrane as the boundary presenting a liquid state on the feed side and a gaseous state

after the material reaches the permeate side through permeation.

Secondly, the separation is not based on molecular weight, but on selective adsorption of the
membrane. The permeate membrane has a two-layer structure, the first layer is a porous and
stable support layer, and the second layer is a polymer with a strong permeation selectivity,
preferentially selecting the close material to pass through and evaporate off the adsorption after

reaching the permeate side of the membrane.

Thirdly, the process of evaporation by permeation is accomplished with the help of the partial
pressure of the vapor on the feed side and the partial pressure difference on the permeate side,
where the pressure on the feed side is kept normal, while the pressure on the permeate side can

be generated by using high vacuum, inert gas purging, and condensation.

At present, permeation evaporation technology is widely used in petrochemical,
pharmaceutical, food and environmental protection. For example, it has great advantages in the
treatment of VOCs. It is an economic, efficient, and environmentally friendly green separation
technology, which is in line with the sustainable development strategy advocated by the current

society.

In their study, Li et al. [60] employed a polyvinylidene fluoride ultrafiltration membrane and
developed a novel approach combining ultrafiltration with extraction to directly crystallize
benzylpenicillin sodium from the fermentation broth. The process was conducted at a

temperature of 14°C and a pressure of 0.1 MPa. The results demonstrated that the obtained
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penicillin met the standards outlined in the pharmacopeia, and the yield was found to be 6.76%

higher compared to the conventional indirect method.

Li et al. [61] investigated the extraction of penicillin utilizing a mesoporous fiber
ultrafiltration membrane under an operating pressure ranging from 0.1 to 0.15 MPa. The results
indicated that the ultrafiltration membrane exhibited effective removal of proteins from the
penicillin fermentation broth, completely replacing the need for an emulsion breaker such as
PPB. Moreover, it successfully eliminated impurities from the raw material solution and
resulted in significant decolorization, leading to a reduction in the color grade of the final

product. Overall, this membrane-based approach enhanced the quality of penicillin.

Shi et al. [62] suggested that ultrafiltration can effectively address the emulsification issue
encountered in penicillin extraction, providing a viable alternative to rotary vacuum filtration.
By utilizing an ultrafiltration membrane, all soluble proteins can be retained while maintaining
the same product yield as the original process. This method offers the advantage of reduced
solvent loss and cost, as there is no need for the addition of an emulsion breaker. Ultrafiltration

proves to be an efficient and cost-effective solution for penicillin extraction.

Ding Jiaqi et al. [63] conducted forward osmosis experiments using bionic forward osmosis
membranes with aqueous channel proteins. They used NaCl solution and seawater as the draw
solutions, and three antibiotic wastewaters containing methomyl (TMP), tetracycline (TC), and
sulfamethoxazole (SMZ) as the feed solutions. The results demonstrated that the permeate

membranes retained approximately 100%, 99%, and 90% of these antibiotics, respectively.

Fan [64] employed nanofiltration membrane technology to treat spiramycin wastewater. The
experimental water used was spiramycin preparation water sourced from Daqing River. NF90
nanofiltration membrane was utilized, and under the operating conditions of 0.6 MPa, 30°C,
and a flow rate of 3 L/min, the desalination rate remained stable at approximately 82%.
Moreover, after 6 hours of operation, the retention rate of spiramycin achieved an impressive

98.9%.

Membrane separation technology has several advantages in the treatment of antibiotic

wastewater as the follows:
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Efficient separation: Membrane separation technology effectively removes antibiotics from
water. By selecting suitable membrane pore sizes and materials, it achieves efficient separation

and reduction of antibiotic concentrations.

High selectivity: Membrane separation technology selectively separates antibiotics based on
their molecular size, charge, solubility, and other properties. This means that target antibiotics

can be removed while preserving other useful substances.

Low energy consumption: Compared to traditional physicochemical treatment methods,
membrane separation technology generally achieves efficient antibiotic removal with lower
energy consumption. The pressure or electric field driving forces involved in the membrane

separation process are relatively low.

Sustainability: Membrane separation technology enables continuous operation and
automated control, with longer lifespan and minimal maintenance requirements. Additionally,
concentrated antibiotic waste generated during membrane separation can be further treated or

recycled, enhancing resource utilization.

Flexibility: Membrane separation technology can be adjusted and optimized according to
specific needs. Different types of membranes (such as microfiltration, ultrafiltration, and
nanofiltration membranes) and membrane combinations can be utilized to meet the

requirements of different antibiotic wastewater treatment scenarios.

Therefore, this study chose to utilize membrane separation technology to remove antibiotics
from medical wastewater.
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3.1 Membrane design

3.1.1 Membrane fluxes and sacrificial template method

Low membrane fluxes are often a prominent challenge when it comes to bottlenecks in
conventional membrane treatment technologies. Membrane flux limitations have a number of
negative impacts on the fields of water treatment, separation and filtration. First, low membrane
flux limits the capacity of the treatment system, resulting in a reduction in the efficiency of the
process. In addition, low membrane fluxes also mean that longer treatment times are required
to achieve the required water yield, thereby reducing the process yield. This is particularly
important for application scenarios that require large volumes of treated water, especially in the

treatment of medical building’s wastewater.

In order to achieve greater flux, the construction of membrane materials with three-
dimensional macropore structures is an important strategy. Among them, the sacrificial
template method is widely used in the preparation of membrane materials. This method utilizes
a soluble template substance that acts as a temporary support structure during the formation of
membrane materials, and subsequently leaves a hollow pore structure by selectively removing

or destroying the template substance.

The sacrificial template method can be used to enhance the flux of the membrane. The
advantage of the sacrificial template method is its ability to introduce a highly ordered three-
dimensional pore structure in the membrane material, which provides a larger flux and higher
permeation performance. This structure increases the effective surface area of the membrane,
providing more channels and spaces for water or solute molecules to pass through. Membrane
materials with three-dimensional macroporous structures have higher permeation rates and
lower resistance to permeation than conventional planar or microporous membranes, resulting

in higher fluxes[1].

In the sacrificial template method, the selection of a suitable template substance is crucial.
The template substance should have good solubility and controlled degradability to ensure that

the desired pore structure can be formed during the preparation of the membrane material.
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Commonly used template substances include organic small molecules, polymers or
nanoparticles. Depending on the need, these template substances can be removed by dissolution,

pyrolysis, hydrolysis, etc., leaving hollow pore channels.

While increasing membrane flux can improve bottlenecks in traditional membrane treatment
technologies, it can also lead to a new problem, namely, a decrease in membrane treatment
effectiveness. This problem requires us to find a balance between increasing flux and ensuring

that the treatment still meets the requirements.

3.1.2 Synthetic polymers on membrane surfaces

As the membrane flux increases, the retained material on the membrane surface may not
have enough time to fully contact and interact with the membrane, resulting in a portion of the
target material escaping without being removed. This may lead to a decrease in retention rate

during water treatment and the effectiveness of the treated water quality is affected.

However, I can counter this problem with an approach that constructs effective adsorption
sites on the three-dimensional macroporous structure of the membrane to block antibiotic

molecules and improve their removal efficiency.

To achieve this goal, I have adopted a strategy of synthesizing polymers on the membrane
surface. By introducing a specific polymer structure on the membrane surface, [ was able to
form a series of highly selective adsorption sites. These sites are precisely positioned inside the
pore channels of the membrane and at the pore entrances, allowing for specific interactions with
antibiotic molecules. This interaction enhances the adsorption of antibiotics on the membrane
surface and effectively blocks their transport through the channels, thus improving the removal

efficiency [2].

Notably, the construction of adsorption sites by synthesizing polymers on the membrane
surface not only improves the antibiotic treatment efficiency, but also maintains a relatively
high membrane flux. This is because this approach does not significantly affect the overall flux
characteristics of the membrane, while achieving more efficient antibiotic removal by

increasing the number and selectivity of adsorption sites.

3-2



Thus the method of constructing effective adsorption sites based on synthetic polymers on
the surface of membranes with three-dimensional macroporous structure provides an innovative
solution to the problem of decreasing the treatment efficiency of antibiotic molecules due to the
increase of membrane flux. By this method, I can improve both membrane flux and antibiotic
removal efficiency, opening new possibilities for the effective removal of harmful substances

such as antibiotics from water bodies.
3.1.3 Components of the polymerization reaction

The process of synthesizing polymers on membrane surfaces for the adsorption of antibiotic
molecules requires the consideration of multiple key components, each of which plays an

important role in achieving efficient adsorption.

(D First, the selection of functional monomers is crucial. Functional monomers should have

properties that interact with the target antibiotic molecule, such as specific chemical structures,
affinity groups or functional groups. These interactions can be achieved through hydrogen
bonds, ionic interactions, van der Waals forces, etc., which enhance the adsorption of antibiotics
on the membrane surface. The selection of appropriate functional monomers is a key step to

achieve highly selective adsorption.

Depending on the structure of the antibiotic molecule, methacrylic acid (MAA), methyl
methacrylate (MMA), and acrylic acid (AA) are a common class of choices when selecting
functional monomers for polymers with adsorption properties, specifically because they all
have acidic functional groups that can form hydrogen bonds or ionic interactions with basic
functional groups (e.g., amine groups) in the antibiotic molecule. Such interactions can provide
strong adsorption capabilities, making the polymers highly selective and affinity for antibiotic

molecules.

@ Second, crosslinkers play an important role in the formation of polymers. The role of

cross-linking agents is to introduce cross-linked structures, thus increasing the stability and
mechanical strength of the polymer. The selection of the appropriate crosslinker requires

consideration of its compatibility, reactivity, and crosslinking ability with the functional
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monomer. The right crosslinker ensures good crosslinking of the polymer, enhances its

structural stability, and provides more reliable support for the adsorption of antibiotic molecules.

In terms of crosslinker selection, Pentaerythritol tetra(3-mercaptopropionate) (PT3M) as a
crosslinker crosslinking structure can provide multiple sites for the adsorption of target
molecules, such as antibiotic molecules. These sites can interact with the target molecules
through selective adsorption, enabling efficient molecular recognition and adsorption.
Therefore, the selection of PT3M as a cross-linking agent helps to form effective adsorption

sites on the membrane surface and enhances the selective adsorption of antibiotic molecules.

In addition, PT3M is a sulfhydryl functional group cross-linker, while MAA is a monomer
containing carboxyl functional group, and they have good chemical reactivity and affinity for
each other, and can be cross-linked effectively by the sulfhydrylene click reaction. This match
makes PT3M a suitable choice to react with MAA monomers to form stable cross-linked

structures.

(@) In addition, co-crosslinkers are also one of the important components. The main role of

co-crosslinkers is to promote the crosslinking reaction and to regulate the reactivity and rate of
crosslinkers. The degree of crosslinking and the structure of the polymer can be influenced by
the appropriate choice of co-crosslinkers. This modulation can affect the pore structure, pore
size and porosity of the polymer, which in turn can adjust its adsorption properties. Therefore,
the proper use of co-crosslinkers in the polymer synthesis process is a key part in achieving the

desired pore structure and optimizing the adsorption properties.

Dipentaerythritol penta-/hexa-acrylate (DPHA), is a polyacrylate compound with multiple
acrylic groups. These acrylic groups can react with the carboxyl groups in the MAA monomer

to form a cross-linked structure, which increases the stability and mechanical strength of the

polymer layer.

DPHA has multiple acrylic groups that enable it to click react with a variety of functional
groups. This versatility allows it to react with different monomers and crosslinkers in

polymerization reactions to form complex polymer network structures, thereby enhancing the
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performance and stability of the polymer layer.

The polyacrylic acid groups of DPHA provide longer side chain lengths, which contribute to
the formation of larger pores and spatial structures during the polymerization reaction. This
spatial cross-linking effect helps to increase the pore size and flux of the membrane and improve

the availability of antibiotic adsorption sites.
Therefore, DPHA was chosen as a co-crosslinker for this study.
3.1.4 Types of reactions for polymerization

Polymerization reactions are chemical processes in which monomer molecules are linked
together by covalent bonds to form polymers. The polymerization reaction is one of the central

steps in the synthesis of polymers.

(D Conventional polymerization process

The conventional polymer synthesis process has a number of shortcomings, including:

Multi-step reactions: Conventional polymer synthesis usually requires multi-step reactions,
including the synthesis of prepolymers, the use of activators, and the control of reaction

conditions, resulting in a complex and time-consuming synthesis process.

By-product generation: Traditional polymer synthesis often generates by-products that need

to be separated and purified, increasing process complexity and waste generation.

Low reaction selectivity: Some traditional polymerization reactions may be reactive to

multiple functional groups, resulting in side reactions that reduce product purity and quality.

Q) Click chemistry

Click chemistry is an efficient and highly selective chemical reaction that has attracted a lot
of attention and applications in the last decades. The reactions are based on rapid and controlled
reactions between stable reactants, usually under mild conditions, and do not require complex
catalysts or high energy input. The characteristics of click chemistry reactions make it an

important tool in the fields of synthetic chemistry, medicinal chemistry, materials science and
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biotechnology.

The success of click chemistry reactions lies in the low strain energy and high stability of the
reactants, which drives the reactions. This stability allows click chemistry reactions to be
carried out in living organisms, leading to a wide range of applications in biochemistry and
biomedicine. For example, click chemistry reactions can be used to label and tag biomolecules,
construct drug molecules, modify biological materials, and study the interactions of biological

systems.

The emerging click chemistry reaction, as an efficient and highly selective synthetic method,
can compensate for the shortcomings of traditional polymer synthesis and offers the following

advantages:

Fast reaction: Click chemistry reactions are usually highly efficient and fast-running
reactions with fast reaction rates and short reaction times, enabling the polymerization process

to be completed in a relatively short period of time.

High selectivity: Click chemistry reactions are highly selective among reactants, and usually
only the desired click reaction occurs, reducing the occurrence of side reactions and facilitating

the purification and separation of products.

No by-product generation: Click chemistry reactions usually do not generate by-products,
avoiding the steps of by-product separation and purification in traditional polymerization

processes and reducing waste generation.

Mild reaction conditions: Most click chemistry reactions are carried out under mild
conditions, eliminating the need for complex reaction conditions and catalysts, reducing the

energy consumption and cost of the synthesis process.

Wide range of applications: Click chemistry reactions are applicable to different types of
functional groups and chemicals, and can be used to synthesize a wide range of polymer
structures and functions, which are widely used in materials science, medicinal chemistry,

biotechnology, and other fields.

Thus, click chemistry reactions have higher efficiency, selectivity and environmental
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friendliness compared to conventional polymer synthesis, making them ideal polymerization

reactions for our present study:.

3.1.5 Thiol-ene click reaction

Thiol-ene click reaction is an important click chemistry reaction, also known as thiol-ene
cycloaddition reaction or thiol-ene cycloaddition reaction [3]. The reaction has the following

advantages:

First, the thiol-ene click reaction is highly selective. This reaction occurs only between
reactive functional groups with sulfhydryl groups (-SH) and olefins (e.g., acryloyl), and almost
no side reactions occur. Therefore, the thiol-ene click reaction can achieve high purity polymer

products, avoiding the formation of by-products and the complexity of purification.

Secondly, the reaction rate of the thiol-ene click reaction is fast and the reaction conditions
are mild. This means that the polymerization process can be completed in a relatively short time
and without high temperature or high-pressure conditions. This helps to improve the efficiency

and productivity of the synthesis, and saves energy and time.

In addition, the thiol-ene click reaction has a high reactant stability. The sulfhydryl group (-
SH) and the olefin (e.g., acryloyl) have good stability under common experimental conditions
and are less prone to spontaneous reaction or deactivation. This stability facilitates the control

and reproducibility of the reaction, resulting in more reliable and consistent polymer synthesis.

In addition, the thiol-ene click reaction can be carried out under mild conditions, such as in
biological systems or biomedical applications. This gives it potential in areas such as
biomaterials, drug delivery systems, and biosensors. For example, polymer modifiers can be
specifically linked to biomolecules (e.g., proteins or peptides) through the thiol-ene click

reaction, resulting in functionalized polymers for biomedical research and applications.

Finally, the thiol-ene click reaction is highly tractable and adaptable. The thiol-ene click
reaction is applicable to different types of functional groups and compounds, including thiol-
ene, thiol ether and thiol ester. This gives it flexibility and versatility in polymer design and

functionalization for different applications.
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3.1.6 Vinyl Modified Membrane Surface

Considering the respective functional groups and double bonds of MAA, PT3M and DPHA,
they are all able to undergo addition polymerization reactions with vinyl. Therefore, the
modification of vinyl functional groups on the membrane surface can be considered, which can
promote the adhesion and fixation of polymers on the membrane surface and the inner wall of

the pores [4].

When it comes to ethylene modification of the membrane surface, a commonly used choice
is to utilize KH570 (y-aminopropyltrimethoxysilane) as a coupling agent. KH570 possesses

certain characteristics that make it an ideal option for ethylene modification.

KH570 is a silane coupling agent that contains amino-propyl and methoxy functional groups.
This enables KH570 to react with functional groups on the substrate surface, forming strong
chemical bonds and facilitating the adhesion of polymers to the substrate surface. This coupling

effect enhances the adhesion and stability of the modification layer.

Furthermore, the methoxy functional groups of KH570 play a crucial role in the ethylene
modification process. The methoxy groups can react with ambient moisture, forming silanol
groups. These silanol groups can undergo copolymerization with the ethylene functional groups,
further strengthening the stability and adhesion of the modification layer. Therefore, KH570
initiates copolymerization during the formation of the modification layer, contributing to the

formation of robust chemical bonds.

Another important advantage is the coexistence of hydrophobic and hydrophilic functional
groups in KH570, allowing it to form a well-wetting modification layer on the membrane
surface. This modification layer improves the hydrophilicity of the membrane, enhancing the

adsorption efficiency of antibiotics from water.

Additionally, KH570 exhibits antimicrobial properties, inhibiting the attachment and growth
of bacteria and microorganisms on the membrane surface. This helps to reduce membrane

fouling and contamination. It is crucial for maintaining the flux and stability of the membrane.

In summary, as a coupling agent in the ethylene modification process, KH570 offers a stable
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and highly functional modification layer through its chemical bonding, copolymerization,
surface wetting properties, and antimicrobial characteristics. Choosing KH570 enhances the
performance and application effects of the membrane, ensuring a strong bond between the
modification layer and the membrane surface, and improving the stability and durability of the

modification layer.

3.1.7 Increase membrane thickness

Increasing the thickness of the membrane helps increase the opportunity for antibiotic

molecules to meet the polymer within the membrane, with the following benefits:

Increased adsorption capacity: thicker membranes provide more surface area and adsorption
volume to accommodate more antibiotic molecules. This increases the loading of the adsorbent,
increasing the capacity to adsorb antibiotics, improving adsorption efficiency and capturing

higher concentrations of antibiotic molecules.

Extended contact time: thicker membranes provide a longer diffusion path, allowing more
time for antibiotic molecules to come into contact with the polymer within the membrane. This
extended contact time increases the opportunity for antibiotic-polymer interactions, promoting
a more efficient adsorption process and reducing possible breakthrough or incomplete

adsorption.

Improved mass transfer: thicker membranes improve the mass transfer of antibiotic
molecules within the membrane structure. Due to the slower diffusion rate, the interaction
between the antibiotic molecules and the adsorbent is more adequate, achieving a more

complete and effective adsorption process.

Improved mechanical stability: Increasing the thickness of the membrane improves the
mechanical stability of the membrane, making it more able to withstand pressure and external
environmental influences. This helps to increase the durability and stability of the membrane,

allowing it to operate over time and continue the adsorption process.

3.2 Material characterization
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3.2.1 Scanning Electron Microscope (SEM)

Scanning Electron Microscope (SEM) is a commonly used microscopy technique that
employs a high-energy electron beam to scan the surface of a sample and detect the resulting
signals to obtain high-resolution surface morphology and compositional information. The

working principle of SEM is based on electron optics and signal detection technology.

SEM utilizes a thermionic or field emission electron gun as the electron source. These
electron sources generate high-energy electron beams, typically ranging from several kilovolts

to tens of kilovolts. The electron beams are accelerated and focused to form a fine beam spot.

Lens System: The lens system in SEM consists of electron lenses and scanning coils. Electron
lenses are used to focus the electron beam, ensuring it is as small as possible and focused on
the surface of the sample. Scanning coils are employed to control the scanning of the electron

beam on the sample surface.

Sample Stage: The sample stage is a platform that supports the sample and provides a stable
position. The sample is placed on the sample stage and often requires metal coating to enhance
conductivity. The sample stage also has a micromotion device that allows precise stepping

movement of the sample under the scanning electron beam.

Signal Detection: SEM obtains images and information by detecting various signals
generated from the sample surface. Commonly detected signals include secondary electrons
(SE) and backscattered electrons (BSE). Secondary electrons are generated by the excitation of
surface atoms and molecules by the electron beam, while backscattered electrons are produced
by the interaction of the electron beam with atomic nuclei in the sample. These signals are

captured by detectors and converted into electrical signals.

Image Formation: Detectors in SEM convert the collected signals into images. These images
can be displayed on a monitor and digitally saved. The brightness and contrast of the images

can be adjusted to enhance the details and contrast of the sample.

Scanning: Scanning coils in SEM control the scanning of the electron beam on the sample

surface. The position of the electron beam on the sample surface changes with the control of
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the scanning coils, forming a pixel array and ultimately composing a complete image. By
adjusting scanning parameters such as scanning speed and coil shape, SEM images with

different resolutions and sizes can be obtained.

A\

e

Fig. 3-1 The photo of SEM

The purpose of performing SEM characterization on the synthesized membrane containing
adsorptive polymer capable of adsorbing antibiotic molecules is to gain a comprehensive
understanding of the membrane's surface morphology and microstructure, as well as to verify
the distribution and coverage of the polymer. The specific objectives include the below

purposes.
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Surface morphology analysis, by observing the surface morphology of the membrane using
SEM, information such as roughness, pore structure, and texture can be obtained. This helps

evaluate the surface characteristics of the membrane and the coverage of the polymer.

Polymer distribution detection, SEM provides high-resolution imaging to detect the
distribution of the polymer on the membrane surface. The dispersion and uniformity of the

polymer can be observed, determining its coverage and distribution on the membrane surface.

Pore structure analysis, SEM reveals the pore structure and pore size distribution of the
membrane, allowing assessment of the membrane's permeability and adsorption capacity for
antibiotics. By observing the size, shape, and distribution of the pores, insights can be gained
into the porosity of the polymer membrane and its capacity to accommodate antibiotic

molecules.

3.2.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for
Chemical Analysis (ESCA), is a widely used surface analysis technique that provides
information about the surface chemistry, elemental oxidation states, and electronic structure of
materials. XPS involves irradiating the sample surface with X-rays and measuring the emitted

photoelectrons to study the surface properties of the material.

The working principle of XPS is based on the photoelectric effect. When the sample surface
is irradiated with high-energy X-rays, photoelectrons are emitted from the surface. The energy
of these photoelectrons is related to the energy difference required to remove them from the
atoms or molecules, thereby providing information about the surface chemical composition of

the sample.

An XPS experimental setup consists of several main components: an X-ray source, an
analysis chamber, a photoelectron spectrometer, and a data acquisition system. X-ray sources
typically use monochromatic X-rays with high energy and narrow line widths, such as
magnesium Ka line (1253.6 eV) or aluminum Ka line (1486.6 eV). After the sample surface is

irradiated with X-rays, the emitted photoelectrons are focused and collected into the
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photoelectron spectrometer for energy analysis. The spectrometer, which can be a
hemispherical or cylindrical analyzer, separates and detects the photoelectrons based on their
energy. Finally, the data acquisition system records and analyzes the intensity and energy

distribution of the photoelectron spectrum to obtain information about the sample surface.

XPS analysis provides valuable information. Firstly, XPS can determine the chemical
composition of the sample surface, including the presence of elements and their relative
abundances. Secondly, XPS provides information about the oxidation states of elements. By
analyzing the peak positions and shapes of the photoelectron spectrum, the oxidation states or
chemical bonding states of elements can be determined. Additionally, XPS can probe the
electronic structure characteristics of the sample surface, including band structures and valence

band energy levels.

XPS finds wide applications in various fields. In materials science, it is commonly used to
study thin films, coatings, nanomaterials, and surface-modified materials. In chemistry and
catalysis, XPS provides information about surface-active sites of catalysts, reaction
mechanisms, and surface reactants. In the field of bioscience, XPS is used to investigate bio-

interfaces, protein structures, and cell surfaces.

In this study, XPS analysis of the synthesized membrane material allows the determination
of the chemical composition of the membrane surface, including adsorbent polymers and other
chemicals that may be present. It can provide quantitative information about the presence of
elements and their relative abundance, and help to assess the distribution and content of

adsorbent polymers.

XPS analysis can also provide information about the oxidation state of elements in adsorbent
polymers. By analyzing the peak position and shape of the photoelectron spectra, the oxidation
state or chemical bonding state of the element can be determined. This is important for
understanding the interactions and chemical reactions between adsorbent polymers and

antibiotic molecules.

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)
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Fourier Transform Infrared Spectroscopy (FTIR) is a commonly used analytical technique
for studying the structure, chemical composition, and molecular vibrations of materials. It

provides detailed information about a sample by measuring its absorption and scattering of

infrared radiation.

Fig. 3-2 The photo of FTIR

The working principle of FTIR is based on the vibrational absorption of molecules. When
infrared radiation passes through a sample, the chemical bonds within the molecules absorb
specific energy from the infrared spectrum, causing vibrations. These vibrations are closely
related to the chemical structure and functionality of the molecules. By measuring the intensity
and wavenumber of the absorbed light, different chemical groups, functional groups, and their

interactions in the sample can be understood.

The FTIR experimental setup consists of several main components: a light source, sample
chamber, interferometer, and detector. The light source is typically an infrared source, such as

a tungsten lamp or an infrared laser, producing a spectrum covering the infrared region. The
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sample is placed in the sample chamber, where it interacts with the light. The interferometer
separates the light into different wavenumbers, generating an interferogram. Finally, the
detector measures the intensity of the interferogram, resulting in an infrared spectrum that is

analyzed and interpreted.

FTIR provides rich information about the sample. Firstly, it can identify the chemical groups
and functional groups present in the sample. Each chemical group has its unique vibrational
frequency and absorption peaks. By analyzing the position and intensity of these peaks, the
chemical composition and structural features of the sample can be determined. Secondly, FTIR
can detect the presence of functional groups, determine the types of chemical bonds, and

evaluate the interactions between different chemical groups in the sample.

Furthermore, FTIR can be used for quantitative analysis. By measuring the intensity of
absorption peaks in relation to the concentration of compounds in the sample, quantitative
measurements can be achieved. This technique finds widespread applications in various fields,
including materials science, chemistry, biomedical research, and environmental science. In
materials science, FTIR is commonly used to analyze polymer materials, coatings,
nanomaterials, and composite materials. In chemistry, FTIR is employed for characterizing the
structure and reaction mechanisms of organic compounds. In the biomedical field, FTIR is

utilized to study the structure and functionality of proteins, nucleic acids, and cells.

The purpose of conducting Fourier Transform Infrared (FTIR) spectroscopy characterization
on the surface membrane containing adsorptive polymers synthesized for the adsorption of
antibiotic molecules encompasses several important aspects. Firstly, FTIR analysis serves to
validate the successful synthesis and surface modification of the membrane. By comparing the
infrared spectra of unmodified membranes and those modified with adsorptive polymers, it
becomes possible to ascertain the effective adsorption and fixation of the polymer onto the

membrane surface.

Secondly, FTIR spectroscopy provides valuable insights into the nature of interactions
between the adsorptive polymers and the antibiotic molecules. By examining the characteristic

peaks and intensity changes in the infrared spectrum, it becomes feasible to unravel the intricate
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details of chemical bonding, intermolecular forces, and adsorption mechanisms that underpin
the polymer-antibiotic interactions. This information contributes to a deeper understanding of
the molecular-level interactions and the formation of complex functional groups within the

membrane matrix.

Moreover, FTIR analysis offers a comprehensive understanding of the surface chemical
composition of the membrane. It facilitates the identification and quantification of specific
functional groups and chemical bonds present within the polymer-modified membrane. By
carefully analyzing the intensity and position of distinctive peaks in the infrared spectrum,
crucial details regarding the presence, distribution, and relative abundance of the adsorptive

polymers and antibiotic molecules can be deduced.

FTIR characterization of the surface membrane containing adsorptive polymers plays a vital
role in elucidating the intricate interplay between the polymer modification layer and the
adsorbed antibiotic molecules. Furthermore, it provides a thorough assessment of the surface
chemical properties, including the identification of functional groups, chemical bonding
patterns, and the spatial distribution of the adsorptive polymers. This comprehensive
understanding, obtained through FTIR analysis, contributes significantly to the optimization,
refinement, and further advancement of membrane design for enhanced adsorption of antibiotic
molecules, thereby supporting the development of novel and effective strategies in the field of

antimicrobial applications.

3.2.4 In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is a powerful
and widely used surface analysis technique when it comes to studying real-time reactions and
adsorption processes occurring on solid surfaces. It provides us with an opportunity to gain a

deeper understanding of surface chemical changes, functional groups, and chemical reactions.

The working principle of In-situ DRIFTS involves directing infrared radiation onto the
sample surface and measuring the reflected or scattered light. This technique transforms the
spectral signals into high-resolution infrared spectra through Fourier transformation, enabling

us to accurately analyze the absorption characteristics of the sample surface. By observing the
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infrared absorption spectra of the sample surface, | can identify the types, quantities, and

structures of the adsorbates.

One of the advantages of In-situ DRIFTS is its capability for real-time and in-situ
observations. This means that I can monitor surface reactions and adsorption processes in the
actual reaction environment, such as catalytic reactions, gas adsorption, and solvent adsorption.
By continuously monitoring the changes in the infrared spectra during the reaction process, |
can obtain important information about reaction rates, intermediate product formation,
adsorption dissociation, and more, thereby uncovering the mechanisms and kinetics of the

reactions.

Furthermore, In-situ DRIFTS can be combined with other characterization techniques to
provide more comprehensive information. For example, coupling it with mass spectrometry
can provide information about the mass of reactants and collision dynamics, while using it in
conjunction with atomic force microscopy (AFM) allows the observation of surface
morphology and nanoscale structural changes. This integrated approach offers us a more
comprehensive surface analysis, facilitating a better understanding and interpretation of the

structure-performance relationship in surface reactions.

In-situ DRIFTS is a versatile surface analysis technique with a wide range of applications in
catalysis research, materials science, environmental science, and more. Its real-time and in-situ
capabilities make it an essential tool for researchers to delve into and explore solid surface
reactions and adsorption processes. By combining different analytical methods and techniques,
I can reveal the mechanisms of surface reactions more comprehensively and provide strong

support for material design and optimization of catalytic processes.

When a surface membrane containing adsorbent polymers that can effectively adsorb
antibiotic molecules is successfully synthesized, conducting in-situ DRIFTS (in-situ Diffuse
Reflectance Infrared Fourier Transform Spectroscopy) characterization of the membrane serves

several purposes.

Firstly, in-situ DRIFTS provides a real-time and dynamic analysis approach, allowing us to

accurately observe and record the adsorption process of antibiotic molecules on the surface of
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the polymer membrane. By monitoring changes in the infrared spectra, I can explore the
chemical reactions and interactions occurring during adsorption, understanding the bonding,
adsorption mechanisms, and possible reaction pathways between the antibiotic molecules and
the polymer membrane. This aids in a deeper understanding of the adsorption behavior, kinetics,

and adsorption capacity of antibiotics on the membrane surface.

Secondly, in-situ DRIFTS offers unique advantages for characterizing the adsorbed state of
antibiotic molecules on the polymer membrane. By analyzing characteristic peak positions and
intensities in the infrared spectra, I can determine the structure and mode of existence of the
adsorbed molecules, further confirming the selective adsorption and adsorption capacity of the
polymer membrane for antibiotics. Moreover, quantitative analysis of the infrared spectra
enables the determination of key parameters such as coverage, number of adsorption sites, and
thickness of the adsorbed layer, providing a comprehensive assessment of adsorption

performance.

Thirdly, in-situ DRIFTS allows real-time monitoring and tracking of the reaction processes
of antibiotic molecules on the surface of the polymer membrane. If chemical reactions occur
during the adsorption process, changes in the infrared spectra will provide information on the
formation of reaction intermediates, changes in bonding states, and possible degradation
reactions. This helps reveal the transformation pathways, reaction mechanisms, and the
catalytic or inhibitory effects of the polymer membrane on the reactions of antibiotic molecules.
Through real-time monitoring with in-situ DRIFTS, critical dynamic information can be
obtained, providing important clues for understanding and controlling the adsorption and

reaction processes of antibiotic molecules.

Furthermore, in-situ DRIFTS can be used for detailed characterization of the chemical
composition and structure of membranes with adsorbent polymers. By analyzing peak positions,
shapes, and intensity distributions in the infrared spectra, I can determine the functional groups,
polymer structure, and chemical bonding states of the membrane. This contributes to the
evaluation of the chemical stability, interactions with substrates, and structural features of the

polymer membrane. This information is crucial for the design, synthesis, and performance
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tuning of membrane materials.

Through in-situ DRIFTS characterization of a surface membrane containing adsorbent
polymers for the adsorption of antibiotic molecules, comprehensive information regarding the
adsorption process, adsorbed state, reaction processes, and chemical composition of the
membrane can be obtained. This will provide strong support for a deeper understanding of the
interaction mechanisms between antibiotics and the polymer membrane, optimization of
adsorption performance and reaction properties of the membrane, and important scientific basis

and guidance for the research and application of novel antibiotic adsorbent materials.
3.2.5 Ultraviolet-Visible Spectroscopy (UV-Vis)

Ultraviolet-Visible Spectroscopy (UV-Vis) is a commonly used analytical technique for
measuring the absorption and transmission characteristics of substances in the ultraviolet (UV)
and visible (Vis) light range. It is an important and widely applied spectroscopic method that
provides valuable information about molecular electronic structure, energy level transitions,

solution concentrations, chemical reaction kinetics, and material characterization.

Fig. 3-3 The Photo of UV-Vis

The working principle of UV-Vis spectroscopy is based on molecular absorption

spectroscopy. When a sample is exposed to UV and visible light sources, the molecules in the

3-19



sample interact with the light, causing changes in the energy of absorbed or transmitted photons.
This energy change is related to the molecular energy levels, electronic transitions, and
chemical bonds within the molecules. Specifically, as light passes through the sample,
molecules absorb energy from the light, exciting electrons from the ground state to an excited
state, resulting in absorption peaks. By measuring the intensity and energy of the light absorbed
or transmitted by the sample at different wavelengths, I can obtain the absorption spectrum of

the sample.

A typical UV-Vis spectroscopy setup consists of a light source, optical path, sample chamber,
grating, detector, and data acquisition system. The light source typically uses deuterium and
tungsten lamps to provide light in the UV and visible ranges, respectively. The optical path
includes optical elements such as lenses, mirrors, and gratings that guide and disperse the light
beam. The sample chamber is used to hold the sample and maintain its stability. The grating
disperses the light beam to focus different wavelengths onto the detector. The detector records
the intensity of light absorbed or transmitted by the sample and converts it into electrical signals.
Finally, the data acquisition system converts the electrical signals into a spectral graph for

further analysis and interpretation.

UV-Vis spectroscopy provides valuable information through spectral analysis. Firstly, by
detecting the positions and intensities of absorption peaks in the sample's absorption spectrum,
I can identify the presence of absorption bands and their corresponding wavelength ranges. This
helps determine the chemical composition, purity, and substance concentrations in the sample.
Secondly, by analyzing the shape, bandwidth, and intensity of the absorption spectrum, I can
gain insights into energy level transitions and electronic structure features within the molecules.
Additionally, UV-Vis spectroscopy is employed in the study of molecular structural changes,

determination of reaction kinetics, and characterization of photosensitive materials.

UV-Vis spectroscopy finds wide applications in various fields. In chemistry and biochemistry,
it is commonly used for quantitative analysis, compound identification, investigation of
photochemical reactions, and kinetic processes. In environmental science, UV-Vis spectroscopy

is employed to monitor and assess pollutants in water, atmospheric pollutants, and soil
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contaminants. In materials science and surface/interface science, UV-Vis spectroscopy is
utilized for characterizing optical properties of materials, studying photocatalytic activities, and

exploring the applications of photosensitive materials.

UV-Vis spectroscopy is a valuable and extensively used spectroscopic technique that
provides important information about molecular structure, energy level transitions, chemical
reactions, and solution concentrations by measuring the absorption and transmission
characteristics of samples in the UV and visible light ranges. It offers significant support and

guidance to scientific research and practical applications in various fields.

When successfully synthesizing a surface membrane containing an adsorptive polymer
capable of adsorbing antibiotic molecules, the application of Ultraviolet-Visible Spectroscopy

(UV-Vis) for characterization serves several purposes and holds significant importance:

Firstly, UV-Vis allows for an in-depth study of the membrane material's absorption properties.
UV-Vis measurements cover a range of wavelengths from ultraviolet to visible light, enabling
us to observe the interaction between the membrane material and light. By analyzing the
absorption spectra, I can explore the extent and intensity of the membrane material's absorption
of different wavelength light, thereby revealing the interaction modes between the membrane

material and light during the adsorption of antibiotic molecules.

Secondly, UV-Vis analysis can be used to assess the adsorption performance of the membrane
material. By monitoring changes in the UV-Vis absorption spectra, I can evaluate the
membrane's adsorption capacity and selectivity towards antibiotic molecules. This quantitative
assessment of adsorption performance helps us understand the efficiency, capacity, and

provides guidance for optimizing the membrane material.

UV-Vis allows for real-time monitoring of the reaction kinetics between the membrane and
antibiotic molecules. By tracking changes in the UV-Vis absorption spectra, I can observe the
dynamic variations during the adsorption process, such as reaction rates, equilibrium states, and
reaction mechanisms. This aids in gaining a deeper understanding of the interaction and

adsorption kinetics between the membrane material and antibiotic molecules.
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UV-Vis analysis enables the investigation of structural changes in the membrane material.
By analyzing the peak positions and shapes in the UV-Vis absorption spectra, I can infer
structural characteristics such as conformational changes, polymerization degree, and cross-
linking in the membrane. This helps us understand the potential structural changes that may
occur after adsorbing antibiotic molecules and provides insights for the design and

improvement of the membrane material.

UV-Vis can be employed to evaluate the stability of the membrane material. By analyzing
changes in the absorption spectra, I can assess whether degradation, dissolution, or
morphological changes occur during the adsorption of antibiotic molecules. This aids in

determining the durability, lifespan, and long-term stability of the membrane material.

The utilization of UV-Vis for analyzing a surface membrane containing an adsorptive
polymer provides comprehensive information, encompassing absorption properties, adsorption
performance, reaction kinetics, structural changes, and material stability. This information is
crucial for optimizing membrane material design, enhancing adsorption performance, gaining
insights into adsorption kinetics and structural characteristics, and ensuring the long-term

stability of the membrane material.

3.2.6 Contact angle measurement

Contact angle measurement is a widely used technique in surface science and material
characterization to assess the wetting behavior of a liquid droplet on a solid surface. The contact
angle is the angle formed between the tangent line at the droplet's three-phase contact point and
the solid surface. This angle provides valuable information about the interfacial interactions

and surface properties of the material.

The measurement of contact angle involves placing a liquid droplet of interest, typically
water or a specific test liquid, onto the surface of the solid material. The droplet is carefully
dispensed onto the surface, and an image is captured using a high-resolution camera or

microscope. The shape of the droplet is analyzed to determine the contact angle.

There are different methods for measuring contact angles, including the sessile drop method,
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captive bubble method, and Wilhelmy plate method. The most commonly used technique is the

sessile drop method, where a droplet is placed on the surface, and the contact angle is measured

from the image of the droplet.

Fig. 3-4 The photo of contact angle measurement

The contact angle measurement provides several important insights into the surface

properties of the material:

Wetting behavior: The contact angle reflects the wetting characteristics of the liquid on the
surface. A low contact angle (close to 0°) indicates complete wetting, where the liquid spreads
out extensively on the surface, indicating good surface wettability. Conversely, a high contact
angle (close to 180°) suggests poor wetting, with the liquid forming a nearly spherical shape

and showing limited interaction with the surface.

Surface energy: The contact angle measurement can be used to estimate the surface energy
of the solid material. By applying suitable mathematical models such as Young's equation, the

contact angle can be correlated to the interfacial tensions between the liquid, solid, and
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surrounding gas phase. This information helps in understanding the surface properties, such as

hydrophilicity or hydrophobicity, of the material.

Surface roughness and topography: Contact angle measurements can provide insights into
the surface roughness and topography of the material. Irregular or rough surfaces tend to have
higher contact angles due to increased surface area and reduced wetting. By analyzing the
contact angle variation with different droplet sizes, surface roughness parameters such as the
apparent contact angle hysteresis can be determined, providing information about the surface

texture.

Surface modification and coating evaluation: Contact angle measurements are useful for
evaluating the effectiveness of surface modifications or coatings. By comparing contact angles
before and after surface treatments, such as chemical modifications or functional coatings, the
impact of these modifications on the surface properties and wettability can be assessed. This is
particularly relevant in applications such as self-cleaning surfaces, anti-fog coatings, and

adhesion studies.

Quality control and material characterization: Contact angle measurements are employed in
quality control processes to ensure consistent surface properties and wettability of materials.
They are also used for material characterization, particularly in fields such as materials science,
chemistry, biology, and nanotechnology. Contact angle measurements can aid in understanding
the behavior of liquids on various surfaces and assist in the design and development of

functional materials.

Contact angle measurement is a versatile technique that provides valuable information about
the wetting behavior, surface energy, roughness, and surface modifications of materials. It is
widely used in scientific research, industrial applications, and quality control processes to
optimize material properties, evaluate surface treatments, and develop innovative surface

technologies.

Conducting contact angle measurements on surfaces of polymer films containing adsorptive

properties, which can adsorb antibiotic molecules, serves the following purposes:
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Assessing wetting performance: Contact angle measurements evaluate the wetting properties
of the film surface. By measuring the contact angle formed by a liquid droplet on the film,
information about the degree of wetting can be obtained. A smaller contact angle indicates

better wetting.

Characterizing interface properties: Contact angles provide insights into the interfacial
properties between the film surface and the liquid droplet. By measuring changes in the contact
angle, interactions between the film surface and adsorbed molecules can be understood, thereby

inferring adsorption performance and interfacial energy.

Surface energy evaluation: Contact angle measurements can be used to assess the surface
energy of the film. By measuring the contact angles on different liquids, the polar and non-polar
components of the film surface can be calculated, revealing the chemical characteristics and

hydrophilicity/hydrophobicity of the film surface.

Evaluating interfacial activity: Contact angle measurements can evaluate the interfacial
activity of the film surface. For polymer films with adsorptive properties, changes in the contact
angle can reflect the diffusion and aggregation of adsorbed molecules on the film surface,

providing insights into adsorption performance and interfacial activity.

Optimizing film performance: Contact angle measurements enable the optimization of
surface properties for polymer films with adsorptive properties. This includes adjusting the
chemical composition and structure of the film surface, altering the content and arrangement of

polymers, etc., to enhance adsorption performance and membrane stability.

In summary, conducting contact angle measurements on polymer films containing adsorptive
properties allows for the assessment of wetting performance, interface properties, and
interfacial activity. It aids in optimizing the surface characteristics of the film, thereby

improving the efficiency and performance of adsorbing antibiotic molecules.
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4.1 Adsorption performance

In terms of membrane performance, I first need to test the adsorption performance of the

membrane.

The first aim is to evaluate the adsorption properties. The membranes in this study were
designed to achieve adsorption of antibiotic molecules. The adsorption performance test allows
the membrane to be evaluated for adsorption of the target molecule. This helps to determine the

suitability of the membrane for the separation, detection, or removal of antibiotic molecules.

The next step is to understand the adsorption capacity. Adsorption performance testing can
help determine the adsorption capacity of a membrane for a target antibiotic molecule. This is
the maximum amount of target molecules that can be adsorbed per unit area or unit volume of
membrane. Understanding adsorption capacity helps determine the capacity and efficiency of

a membrane for practical applications.

Membrane interactions with target antibiotic molecules: Adsorption performance testing also
assesses the interactions of membrane materials with target antibiotic molecules. This refers to
the degree of adsorption of the membrane to the target antibiotic molecule. Understanding
membrane interactions with target antibiotic molecules can help evaluate membrane selectivity

and removal efficiency in complex mixtures.

Finally, it is also possible to optimize membrane structure and performance: adsorption
performance testing can be used to optimize membrane structure and performance. By testing
the adsorption performance of membranes under different conditions, optimization strategies
in terms of optimal operating parameters, material ratios and membrane structures can be

determined. This helps to improve the adsorption efficiency and selectivity of the membranes.

4.1.1 Selection of Ciprofloxacin (CIP)

CIP, also known as ciprofloxacin, has a molecular formula of Ci7HsFN3O; and a relative
molecular weight of 331.35. It is a odorless, slightly yellow or off-white crystalline powder
with a bitter taste. CIP is soluble in water, slightly soluble in methanol, and insoluble in ethanol.

It is a typical synthetic fluoroquinolone antibiotic drug, known for its broad spectrum of
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antibacterial activity and strong bactericidal properties [1-4]. It is widely used in the treatment
of various infections, including skeletal infections, joint infections, abdominal infections,
infectious gastroenteritis, respiratory tract infections, skin infections, typhoid fever, and urinary
tract infections. It exhibits strong activity against Escherichia coli, Pseudomonas aeruginosa,
Haemophilus influenzae, Neisseria gonorrhoeae, Streptococcus spp., Legionella pneumophila,
Staphylococcus aureus, and others [5-7]. Compared to other fluoroquinolone antibiotics such
as norfloxacin and enrofloxacin, CIP has approximately 2-4 times higher antibacterial activity,
making it widely used in the clinical treatment of bacterial infections in humans and other

animals.

Studies have shown that over 85% of CIP, in its original form and as metabolites, is
transferred to the environment through wastewater [8]. Currently, the detected concentration of
CIP in wastewater has evolved from the ng L' and pg L' levels to the mg L™! level worldwide.
For example, the detected concentration of CIP in medical wastewater can reach 21 pug L™ [9],
while the detected concentration of CIP in related industrial wastewater can be as high as 4.9
mg L' [10]. The highest detected concentration of CIP in effluent from wastewater treatment
plants in China is 1323 ng L', in Brazil it can reach 2378 ng L' [11], and in Finland, the highest
detected concentration of CIP in wastewater treatment plant effluent is as high as 4230 ng L"!

[12].

CIP, present in domestic wastewater, medical wastewater, aquaculture wastewater, and
industrial wastewater, enters wastewater treatment plants without effective removal (currently,
there are no specific environmental quality and emission standards for antibiotics in China)
[13]. As a result, the majority of CIP ultimately enters surface water and causes contamination
of groundwater through water cycling [14]. Upon entering water bodies, either directly or
indirectly, CIP, even at trace levels, remains biologically active and poses hazards to the
ecological environment and human health. The specific impacts can be summarized as follows
[15-18]: (i) Unmetabolized CIP excreted as random isomers enters the natural environment,
leading to long-term exposure of organisms to CIP, inducing the generation of antibiotic
resistance genes, and facilitating the acquisition of drug resistance by pathogenic bacteria

through water cycling and food chains, potentially giving rise to the emergence of superbugs.
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(i) CIP exhibits toxicity to various aquatic organisms, inhibiting their metabolic processes
when exposed to CIP-polluted water for prolonged periods. Moreover, different organisms have
varying sensitivities to CIP, which can lead to ecological imbalances. (iii) CIP accumulates in
higher trophic-level organisms through the food chain, resulting in concentrations higher than
those in the environment. Long-term consumption of CIP-contaminated water or food by
humans may lead to intestinal disorders, allergic reactions, and even affect the human immune

system, posing potential hazards to human health.

The widespread use and release of ciprofloxacin may result in high concentrations of
ciprofloxacin in the environment. Prolonged exposure to high concentrations of ciprofloxacin

may increase the risk of human exposure to it, thus posing a potential health risk.

Therefore, I selected the antibiotic molecule for this adsorption performance experiment as

the ciprofloxacin molecule.

4.1.2 Isothermal adsorption experiments

Isothermal adsorption is a comprehensive experimental and theoretical approach used to
describe the adsorption process of substances on the surface of solids when they come into meet
gases or liquids. In isothermal adsorption, substances are adsorbed onto the solid surface,
forming an adsorption layer or film, which is influenced by the interaction forces between the

adsorbate and the solid surface.

Isothermal adsorption experiments are typically conducted at a constant temperature to
control the temperature effect on the adsorption process. The adsorbent used in the experiments
is often a material with a large surface area and adsorption activity, such as porous materials,
nanoparticles, or activated carbon. The adsorbate can be gas molecules or substances dissolved

in liquids.

During isothermal adsorption experiments, the adsorption amount is typically measured as a
function of the adsorbate concentration. By plotting adsorption isotherms, the relationship
between adsorption amount and adsorbate concentration can be determined. The results from

isothermal adsorption experiments provide insights into the kinetics and equilibrium properties
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of the adsorption process.

Theoretically, the isothermal adsorption process can be described by adsorption isotherms,
which include parameters such as adsorption capacity and adsorption equilibrium constant.
Various models, such as the Langmuir model, Freundlich model, and Tempkin model, can be
used to fit the adsorption isotherms. These models are based on assumptions regarding
adsorption site saturation and the interaction forces between the adsorbate and the adsorbent,

and they help explain various phenomena and properties of the adsorption process.

Isothermal adsorption finds widespread applications in various fields. In environmental
science, it is used to study the adsorption behavior of pollutants in soils and water bodies and
evaluate their migration and removal efficiency. In chemical processes, isothermal adsorption
is employed for separation and purification of components in mixtures, such as gas separation
and liquid-phase chromatography. In materials science, isothermal adsorption is utilized to
assess the adsorption capacity and selectivity of adsorbents, facilitating the development of

novel adsorbent materials.

Langmuir model

The Langmuir model is a classical isothermal model of adsorption, which is often used to
describe the adsorption process between a substance in a gas or solution and a solid surface.
The model was proposed by Irving Langmuir in 1918 and is widely used to characterize the
behavior and properties of various adsorption systems based on the assumption that adsorbed

molecules form a monolayer on a surface.

The Langmuir model assumes that the adsorption process between the adsorbed molecule
and the solid surface is reversible and that there is no interaction between the adsorption sites.
The model is based on the key assumptions that (1) adsorption sites are uniformly distributed
and remain constant in number during the adsorption process, and (2) adsorbed molecules form

a monolayer adsorption on the adsorption sites and there is no multilayer adsorption.

The parameters of the Langmuir model can be obtained by fitting experimental data to obtain

information on adsorption properties such as the adsorption equilibrium constant K and the
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adsorption capacity. The model can be used to explain the saturation behavior and equilibrium
state of the adsorption process and to provide a theoretical basis and quantitative description of

the adsorption system.

It is important to note that the Langmuir model is applicable to simple systems without
multilayer adsorption and interactions in the adsorption process. For complex adsorption
systems, such as multilayer adsorption, interactions, or inhomogeneous surface distribution, the
Langmuir model may not be applicable and a more complex adsorption isotherm model is

required for the description.
Langmuir model is expressed as
O~(OnKiLC)/(1+KLCe),

where C. (mg L™!) and Q. (mg g ') are concentration and rebinding capacity at equilibrium,
Qm (mg g ) is the theoretical maximum rebinding capacity, and K (L mg') is the Langmuir

constant.
Freundlich model

The Freundlich model is an empirical equation used to describe the adsorption behavior of
solutes onto solid surfaces. It is widely applied in various fields, including environmental
science, chemistry, and engineering. The model is named after the German chemist Fritz

Freundlich, who introduced it in 1906.

The Freundlich model assumes that the adsorption process occurs on a heterogeneous surface
with non-uniform energy distribution. It suggests that as the concentration of the solute
increases, the adsorption capacity also increases, but at a decreasing rate. The Freundlich model
provides insights into the adsorption mechanisms, surface properties, and potential applications

of adsorbents in water treatment, pollutant removal, and separation processes.

It is important to note that while the Freundlich model is widely used and provides valuable
information, it is an empirical model and may not accurately describe all adsorption systems.
Other models, such as the Langmuir model and BET model, are also commonly employed to

characterize adsorption phenomena, and the choice of model depends on the specific system
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and objectives of the study.
Freundlich model is expressed as
Qe:KF Cel/n

where C. (mg L") and Q. (mg g!) are concentration and rebinding capacity at equilibrium, as

well as K¢ (mg!™'"" L' g!) and n are Freundlich constants.
4.1.3 Kinetic adsorption experiments

Kinetic adsorption is a comprehensive and detailed experimental method used extensively in
scientific research and engineering applications to understand the time evolution and dynamic
behavior of adsorbates during the adsorption process. It provides insights into the adsorption

mechanism, optimization of adsorption processes, and design of efficient adsorbent materials.

The design and execution of kinetic adsorption experiments involve considerations from
various aspects. Firstly, appropriate adsorbents and adsorbate media need to be selected to
ensure effective interactions with the target adsorbate. Experimental conditions such as
temperature, pressure, and solution pH should be carefully controlled to ensure accuracy and

reproducibility of the results.

In kinetic adsorption experiments, various techniques are typically employed to monitor the
concentration of the adsorbate in the adsorbent media over time. These include
spectrophotometry, electrochemical methods, mass spectrometry, and others. By measuring the
concentration of the adsorbate at different time points, information about the adsorption rate

can be obtained, and the kinetics of the adsorption process can be inferred.

The results of kinetic adsorption experiments provide valuable information and insights.
They help determine the rate-controlling steps in the adsorption process, i.e., whether chemical
or physical adsorption dominates the adsorption rate. Furthermore, careful analysis of the
experimental data allows for the extraction of key parameters such as adsorption rate constants,
reaction orders, and apparent activation energies, which are crucial for establishing adsorption

kinetic models and predicting adsorption behavior.
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Kinetic adsorption experiments have significant implications in various fields. In
environmental science, they can be used to study the adsorption behavior of pollutants in soil
or water systems and evaluate the removal efficiency of adsorbent materials. In chemical
engineering processes, kinetic adsorption experiments can optimize the conditions and
operating parameters of adsorption processes to enhance the performance and efficiency of
adsorption equipment. In the field of biomedicine, kinetic adsorption experiments can elucidate
the adsorption and release behavior of drugs in biological systems, facilitating the design and

optimization of drug therapies.

Kinetic adsorption experiments are essential tools for in-depth understanding of adsorption
processes. They find wide-ranging applications in scientific research and engineering, playing
a vital role in environmental protection, chemical process optimization, and biomedical

advancements.

The data obtained from the Kinetic adsorption experiments will be attempted to be fitted to

Pseudo-first-order model and Pseudo-second-order model.

Pseudo-first-order model

Pseudo-first-order is a commonly used kinetic model that describes the rate behavior of
certain reaction steps in chemical reactions. The pseudo-first-order model assumes that the
concentration of one component in the reactants is much larger than the others, making the

consumption rate of this component the rate-determining step of the overall reaction.

The mathematical expression of the pseudo-first-order model is usually represented as that
the pseudo-first-order model has a wide range of applications, particularly in describing the
kinetics of first-order reactions and fast reactions. It is commonly used to evaluate the
degradation rate of chemicals in solution, the pharmacokinetics of drugs, and the kinetics of

catalytic reactions.

In practical applications, the pseudo-first-order model is often employed in kinetic adsorption
experiments to assess the rate of adsorption reactions. By measuring the concentration of the

adsorbate on the adsorbent as a function of time, the pseudo-first-order rate constant k can be
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determined. This parameter can be used to compare the adsorption rates of different systems

and optimize adsorption process conditions.

It is important to note that the pseudo-first-order model is applicable only under specific
conditions where the concentration changes of the reactant conform to the kinetics of a pseudo-
first-order reaction. In certain cases, reactions may involve multiple steps or the concentration
changes of reactants may not adhere to the assumptions of pseudo-first-order kinetics. In such

cases, alternative kinetic models may be more appropriate.

The pseudo-first-order model is a commonly used kinetic model for describing the rate
behavior of certain chemical reactions. It finds valuable applications in kinetic adsorption
experiments and other studies of reaction kinetics. However, it is important to select the
appropriate kinetic model based on the specific circumstances and validate and analyze the

experimental data accordingly.

Pseudo-first-order model is expressed by

Qt:Qe_Qeeik’t

where Qe and O, (mg g') are rebinding capacities at the equilibrium and time t (min), and k'

(min") is the equilibrium rate constants of the pseudo-first-order model.
Pseudo-second-order model

The pseudo-second-order model is a commonly used kinetic model that describes the rate
behavior of certain reaction steps in chemical reactions. The model assumes that the
concentration of one component in the reactants is much larger than the others, making the

consumption rate of that component the rate-determining step of the overall reaction.

The main characteristic of the pseudo-second-order model is that in the initial stages of the
adsorption reaction, the relationship between adsorption amount and time approximates
linearity, unlike the exponential growth observed in the pseudo-first-order model. This model
is suitable for describing the chemical adsorption process between the adsorbent and the

adsorbate in an adsorption system.
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The pseudo-second-order model has numerous applications, particularly in the study of
adsorption reaction kinetics. It can be used to evaluate adsorption rates, adsorption capacities,
and equilibrium adsorption amounts, among other parameters. Additionally, the pseudo-
second-order model can be employed to predict the kinetic behavior of adsorption processes,

optimize experimental conditions, and assess the performance of adsorbent materials.

In practical applications, the pseudo-second-order model is commonly used in adsorption
performance testing and adsorption kinetics research. By measuring the change in adsorbate
concentration on the adsorbent over time, the pseudo-second-order rate constant, k, can be
determined. This parameter can be used to compare adsorption rates in different systems,
evaluate the adsorption performance of adsorbents, and provide insights for the design of

adsorption processes in industrial applications.

It is important to note that the pseudo-second-order model is applicable only under specific
conditions that satisfy the assumptions of pseudo-second-order reaction kinetics. In certain
cases, reactions may involve multiple steps or the concentration changes of reactants may not
follow the assumptions of pseudo-second-order kinetics. In such situations, careful selection of

appropriate kinetic models and data analysis methods is crucial.

The pseudo-second-order model is a commonly used kinetic model that describes the rate
behavior of certain reaction steps in chemical reactions. It holds significant value in adsorption
performance testing and adsorption kinetics research. However, it is essential to choose the
appropriate kinetic model based on the specific circumstances and to verify and analyze

experimental data accordingly.

Pseudo-second-order model is expressed as

O=(k"02t)/ (1+ k"Qet)

where Q. and O, (mg g ') are rebinding capacities at the equilibrium and time ¢ (min), as well

as k" (g mg ! min!) is the equilibrium rate constants of the pseudo-second-order model.

4.2 Permeation performance
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Conducting permeation experiments on membranes holds significant importance and

benefits:

Evaluating permeation selectivity, permeation experiments are crucial for assessing the
selectivity of molecularly non-imprinted membranes towards different molecules. By
measuring the permeation of molecules through the membrane, the membrane's selectivity for
specific molecules can be determined. This is vital for screening target molecules, separating
valuable substances from mixed solutions, and purifying target compounds. Comparing the
permeation rates of different molecules allows for evaluating the affinity and selectivity of the
membrane material towards various molecules, thereby optimizing membrane design and

application.

Studying permeation kinetics, permeation experiments provide an essential means to study
the kinetics of molecule transport through molecularly non-imprinted membranes. By
monitoring the changes in parameters such as time, permeation rate, and mass transfer flux
during the permeation process, a deeper understanding of the membrane's permeation
mechanism and transport behavior can be obtained. This is crucial for comprehending the
membrane's structural characteristics, solute-membrane interactions, and mass transfer
mechanisms during permeation. Additionally, studying permeation kinetics aids in predicting

the membrane material's permeation performance and stability in practical applications.

Optimizing membrane material design, permeation experiments enable the evaluation and
comparison of different membrane materials' permeation performance. This helps in selecting
the most suitable membrane material for specific applications and guiding membrane design
and fabrication processes. By adjusting the material composition, structural features, and
surface properties of the membrane, higher permeation selectivity, increased permeation flux,
and improved membrane stability can be achieved. The results from permeation experiments
provide valuable references and guidance for the improvement and optimization of membrane

materials.

Validating separation efficiency, permeation experiments can validate the actual separation

efficiency of molecularly non-imprinted membranes. By measuring the concentration changes
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of target molecules in the permeate, the membrane's separation efficiency for the target
molecules can be evaluated and compared to the expected separation performance. This is
crucial for verifying the membrane's performance and application feasibility. Through the
validation of experimental results, further optimization and improvement of membrane material
design and fabrication can be carried out to achieve more efficient, stable, and sustainable

separation processes.

Conducting permeation experiments on molecularly non-imprinted membranes holds
significant importance. It allows for the evaluation of permeation selectivity, study of
permeation kinetics, optimization of membrane material design, and validation of separation
efficiency. This information provides guidance and drives advancements in the performance
and practical application of molecularly non-imprinted membranes in separation science,

environmental protection, pharmaceuticals, and other fields.

Permeation performance was investigated by the static permeation, which was performed
based on a self-designed device shown in Fig. 4-1 and 4-2. In brief descriptions, a piece of
membrane was tailored and placed between two flanges of the H-shaped tube. Two
compartments separated by the membrane were filled with 100 mL of mixed solution (10 mg
L—1 of CIP) and pure solvent (deionized water), respectively. Samples were taken from each
chamber at a pre-determined time (0-48 h), where the concentration of solutes was measured
by UV-Vis at 275 nm (CIP). Thus, permeation flux (J, mg min™' ¢cm™2) and permeability

coefficient (P, L min~' cm™) can be calculated using the following equations (Eq. 7-8):

_ AoV -
AtA
Jd
P= (8)
Cp- Cp

where ACp/At (mg L' min™"), Vp (L), A (cm?) and d (cm) are the change of concentrations in
dialysate, the volume of dialysate, effective area, and thickness of the membrane, as well as

(Cp-Cp) (mg L) is the difference of concentrations between permeate and dialysate.
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Fig. 4-1 The H-type device for permeation before the experiment

Fig. 4-2 The H-type device for permeation after the experiment
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5.1 Experiment material

5.1.1 Experimental drugs

(D Polyvinylidene fluoride (PVDF) was supplied by a local supplier.

Fig. 5-1 The photo of PVDF

) B-Cyclodextrin (B-CD) as shown in the Fig. 5-1.

69009360
IR
509

Fig.5-2 The photo of B-CD
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(® Dopamine hydrochloride (DA) as shown in the Fig. 5-2.
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Fig. 5-3 The photo of DA

@ 3-(trimethoxy silyl) propyl methacrylate (KH570)

Fig. 5-4 The photo of KH570
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(® Ciprofloxacin hydrochloride (CIP)

(® Methyl acrylic acid (MAA) as shown in the Fig. 5-5.

Fig. 5-5 The photo of MAA

(D Pentaerythritol tetra(3-mercaptopropionate) (PT3M)

Fig. 5-6 The photo of PT3M
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Di pentaerythritol penta-/hexa-acrylate (DPHA)

MACKUN
E"“*Mhritol penta-/hemﬂ)'"
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Fig. 5-7 The photo of DPHA

(© 2,2-dimethoxy-2-phenylacetophenone (DMPA)

@ Sodium chloride (NaCl) from Sinopharm Chemical Reagent as shown in the Fig. 5-8.

Fig. 5-8 The photo of NaCl
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@ Ethanol as shown in the Fig. 5-9.
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Fig. 5-9 The photo of ethanol

@ Acetonitrile as shown in the Fig. 5-10.
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Fig. 5-10 The photo of acetonitrile
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@ Methanol as shown in the Fig. 5-11.
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Fig. 5-11 The photo of methanol

@ Acetic acid (MAA) as shown in the Fig. 5-12.
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Fig. 5-12 MAA
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@ Phosphate buffered saline (PBS, pH = 7.4)

5.1.2 Characterization instruments

(D The evolution of morphology was investigated by Scanning Electron Microscopy (SEM)

Fig. 5-13 The photo of SEM

® Synthesis of intermediates and products was demonstrated by Fourier-Transform

Infrared Spectroscopy (FTIR)

Fig. 5-14 The photo of FTIR
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(® Insight on Click-chemistry reaction between functional monomer and crosslinker was
explored by in-situ Diffuse Reflection Infrared Fourier Transform Spectroscopy (in-situ
DRIFTS)

(@ Contact angle meter: Comparison of PDA modified PVDF/B-CD porous membranes

based on thermally induced embedding and traditional surface grafting by water contact angles

via contact angle meter.

Fig. 5-15 The photo of contact angle meter

(® UV-Vis: The concentrations of individual solutes in the solution are determined by UV-

Vis detection.

G

e

Fig. 5-16 The photo of UV-Vis
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5.2 Material Synthesis

5.2.1 VCDM

To conduct the preparation of the membrane, a series of carefully controlled steps were

followed.

Firstly, a mixture was prepared by combining 2.0 grams of polyvinylidene fluoride
(PVDF), 0.1 grams of B-cyclodextrin (B-CD), and 8.0 grams of sodium chloride (NaCl)

particles.

Digital photos of sacrificed templates (NaCl nanoparticles) are shown as blow.

Fig. 5-17 Digital photos of sacrificed templates (NaCl nanoparticles)

The components were meticulously measured to ensure precise ratios and accurate
composition. The mixture was then transferred to a Teflon container, which provided a suitable

environment for the subsequent steps.

In order to enhance the membrane's properties, 0.05 grams of dopamine hydrochloride
(DA) were added to the mixture. The addition of DA served a crucial role in the modification
process, as it promoted the formation of functional groups on the surface of the membrane.
These functional groups played a vital role in enhancing the adsorption and separation

capabilities of the membrane.
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Fig. 5-18 Containers for synthetic reactions

The next step involved thorough blending of the mixture to ensure homogeneity and
proper distribution of the components. This step required careful attention to detail, as any
inconsistencies in blending could result in variations in the membrane's structure and
performance. The mixture was blended for a specific duration, allowing for adequate interaction

and integration of the different components.

Fig. 5-19 The photo of the oven.
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To initiate the transformation of the mixture into a membrane, a carefully controlled
heating process was employed. The mixture, meticulously prepared with 2.0 grams of
polyvinylidene fluoride (PVDF), 0.1 grams of f-cyclodextrin (B-CD), and 8.0 grams of sodium
chloride (NaCl) particles, was subjected to a specific temperature and duration. This crucial
step involved heating the mixture to a molten state, precisely maintaining a temperature of 200°C

for a duration of 1.0 hour in the oven shown in Fig. 5-19.

After the heating process, the molten mixture was allowed to cool down gradually, leading
to solidification. Once solidified, the next step entailed purifying the membrane to remove the
residual NaCl particles. This purification was achieved by subjecting the solidified mixture to
a thorough treatment with hot deionized (DI) water. The hot DI water effectively dissolved and

washed away the NaCl particles, leaving behind a purified membrane matrix.

Upon completion of the purification process, a visually distinct transformation occurred.
The fluffy and porous PVDF/B-CD/PDA membrane (referred to as VCDM) emerged,
showcasing its unique structural characteristics. The membrane displayed a well-defined

porosity, with interconnected pores providing pathways for efficient mass transfer and filtration.

Fig. 5-20 The photo of the VCDM

To ensure the stability and durability of the VCDM membrane, a meticulous drying
process was employed. The membrane was carefully separated from the purification solution
and subjected to controlled drying conditions. This drying phase aimed to remove any
remaining moisture from the membrane, leading to the attainment of a fully dry and stable

VCDM membrane ready for subsequent characterization and performance evaluation.

The comprehensive fabrication process described above involved precise heating, cooling,
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purification, and drying steps. Each step played a crucial role in achieving the desired structure,

porosity, and performance of the PVDF/B-CD/PDA membrane.

5.2.2 Vinylated VCDM

To introduce vinyl groups onto the VCDM membrane surface, a vinylated modification
process was carried out utilizing the hydrolysis of siloxane. The procedure involved a series of
meticulously controlled steps, enabling the incorporation of vinyl functionality onto the

membrane.

The initial step involved preparing a suitable mixture for the infiltration process. An ethanol
solution (80 mL) was combined with deionized (DI) water (20 mL) to create a homogeneous
solvent environment. Into this solution, a carefully selected piece of VCDM membrane was

immersed, ensuring thorough coverage of the membrane surface.

To initiate the vinylated modification, 3-(trimethoxy silyl) propyl methacrylate (KH570), a
key reagent, was introduced into the mixture. Precisely 3.0 mL of KH570 was added, and the
entire system was subjected to reflux conditions, employing a controlled temperature of 80°C
for a duration of 16 hours. This reflux process facilitated the hydrolysis of siloxane groups

present in KH570, allowing the vinyl moieties to bind to the surface of the VCDM membrane.

Following the vinylation reaction, the resulting vinylated VCDM membrane required
purification to eliminate any residual chemical compounds. This purification step involved
rinsing the membrane with ethanol and subsequent washing with DI water. These rinsing and
washing processes effectively removed any remnants of unreacted reagents, by-products, or

impurities, ensuring the integrity and purity of the modified membrane.

To achieve the desired moisture content and stability, the purified vinylated VCDM
membrane underwent a carefully controlled drying process. The membrane was subjected to
ambient conditions at room temperature (25°C) with a controlled relative humidity of 60%.
This drying phase allowed for the gradual evaporation of residual moisture, ensuring a fully dry

and stable vinylated VCDM membrane for further characterization and subsequent utilization.

The comprehensive vinylated modification process described above involved meticulous
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selection of reagents, controlled reaction conditions, and thorough purification and drying steps.
Each step played a vital role in the successful incorporation of vinyl groups onto the VCDM

membrane surface. The vinylated VCDM was shown in Fig. 5-21.

Fig. 5-21 The photo of the Vinylated VCDM
5.2.3 PAM

To initiate the synthesis process, 0.4 mmol of methylacrylic acid (MAA) was dissolved in 75
mL of acetonitrile, creating a homogeneous solution. The solution was subjected to continuous
stirring for a period of 60 minutes to ensure complete dissolution and uniformity. This step

facilitated the formation of a suitable reaction medium for subsequent reactions.

Following the dissolution of MAA, a carefully selected piece of vinylated VCDM membrane
was introduced into the solution. The membrane was added to promote the incorporation of
functional groups and enhance the overall reactivity of the system. Additionally, 1.2 mmol of
pentaerythritol tetra(3-mercaptopropionate) (PT3M) and 0.4 mmol of dipentaerythritol penta-
/hexa-acrylate (DPHA) were sequentially added to the mixed solution. These reagents played
critical roles in the subsequent polymerization reaction, contributing to the cross-linking and

structural stability of the resulting polymer.

To initiate the polymerization process, 20 mg of 2,2-dimethoxy-2-phenylacetophenone
(DMPA) was introduced into the system under a nitrogen atmosphere and in dark conditions.

This photoinitiator served as a catalyst, facilitating the generation of reactive species upon
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exposure to ultraviolet (UV) light.

The polymerization reaction was initiated by subjecting the reaction mixture to continuous
stirring under UV light with a wavelength of 365 nm. This UV irradiation promoted the
activation of the photoinitiator and the subsequent cross-linking of the monomers, leading to
the formation of the desired polymer network. The reaction proceeded for a duration of 4.0
hours to ensure complete conversion and polymerization of the monomers. The reaction process

under ultraviolet (UV) irradiation is conducted in the apparatus shown in Fig. 5-22.

Fig. 5-22 UV irradiation chamber

Upon completion of the polymerization reaction, the resulting polymeric material, known as
polymerization adsorption membrane (PAM), required purification to remove any residual
reagents or impurities. This purification step involved rinsing the membrane with ethanol, a
solvent known for its ability to dissolve organic compounds, followed by washing with

deionized (DI) water to ensure the removal of any remaining contaminants.

Finally, the purified polymerization adsorption membrane (PAM) was subjected to a drying
process to remove residual moisture and solvents, resulting in a dry and stable polymeric
membrane. The dried polymerization adsorption membrane (PAM) exhibited enhanced
properties, including improved mechanical strength, chemical stability, and potential
applications in various fields such as membrane separations, water treatment, and biomedical

applications.

The synthesis of PAM involved a series of carefully controlled steps, including the

dissolution of MAA, addition of vinylated VCDM membrane, incorporation of PT3M and
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DPHA, introduction of the photoinitiator DMPA, UV-induced polymerization, purification, and
drying. Each step played a crucial role in the successful formation of the PAM, with desired

properties and potential applications in diverse fields.

5.3 Material Characterization
5.3.1 Synthesis of PAM

A thermally induced approach is proposed for the formation of PAM, which can be described

as a three-step synthesis.

(D The PDA-embedded interpenetrating-bicontinuous porous membrane was thermally

synthesized using a blending and fusing strategy. As a result, an interpenetrating-bicontinuous
morphology, consisting of continuous pores and matrix, was achieved on the surface of VCDM

(Fig. 5-23).

Fig. 5-23 SEM images of VCDM

This synthesis approach allowed for precise control over the structure and morphology of
the material, providing a solid foundation for subsequent performance optimization and
applications. The interpenetrating-bicontinuous porous structure offers a high surface area and

porosity, leading to improved performance and efficiency in applications such as adsorption
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and separation.

It profits from the fluxible polymers in a molten state to fill the gaps of sacrificial templates.
It is worth noting that although obvious edges exist on sacrificed templates, the obtained

continuous matrix is mellow.

For the purpose of demonstration, a comparison was made between the microtopography of
the interpenetrating-bicontinuous porous membrane with and without the addition of dopamine
(DA) at the same magnification. When the membrane was formed without DA, clear boundaries
that were complementary to the NaCl nanoparticles appeared in the microstructure of the matrix

(Fig. 5-24).

Fig. 5-24 SEM of PVDF/B-CD membrane

However, when DA was added, these boundaries were replaced by smooth radians (Fig. 5-

23).

This significant differentiation can be attributed to the unique adhesion of embedded DA,
which increases the interaction between PVDF chains and enhances the surface tension of the
molten polymers. Consequently, the presence of DA leads to a smoother microtopography. This
observation highlights the influence of DA on the morphological characteristics of the

membrane, offering insights into the role of DA in the synthesis process and its impact on the
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overall structure and properties of the material.

Q@ Subsequently, a vinylated modification process was performed on the VCDM to create a

secondary platform for imprinting polymerization. In comparison to the microtopography of
the VCDM, there were no noticeable differences observed in the overall microstructure, except

for the emergence of new tiny nanoparticles on the surface (Fig. 5-25).

Fig. 5-25 SEM images of vinylated VCDM

This phenomenon suggests that the vinylated modification applied to the VCDM does not
induce significant alterations in the interpenetrating-bicontinuous morphology. Despite the
presence of the vinylated groups, the overall structure and arrangement of the matrix and pores
remained largely unaffected. This observation highlights the compatibility of the vinylated
modification approach with the existing morphology of the VCDM, thereby serving as a
suitable foundation for subsequent polymerization. The introduction of the tiny nanoparticles
on the surface further suggests the successful incorporation of vinyl groups, which may play a

crucial role in the subsequent molecular imprinting process.

(® The polymerization process was subsequently conducted utilizing an efficient thiol-ene

Click reaction. The resulting microstructure revealed the presence of distinctive irregular

nanoparticles dispersed throughout the continuous matrix. These observations serve as
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compelling evidence for the formation of polymers through the utilization of Click chemistry,
further indicating the successful accomplishment of g polymerization on the vinylated VCDM
substrate. The irregularity and distribution of the nanoparticles within the continuous matrix
highlight the effectiveness of the polymerization process, as the polymerization reaction
occurred selectively within the desired regions of the membrane, resulting in the creation of

specific adsorption that are capable of adsorbing antibiotic molecule.

5.3.2 Chemical characterizations

@O FTIR

The synthetic route was supplementally analyzed by Fourier Transform Infrared (FTIR)
spectra, which provided valuable insights into the chemical composition. The resulting FTIR
spectra exhibited distinctive absorption signals at specific wavenumbers, namely 1648, 1457,

1182, and 1064 cm™! (as illustrated in Fig. 5-26).
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Fig. 5-26 FTIR spectra of obtained membranes

These absorption peaks can be unequivocally attributed to the characteristic vibrations of
various chemical components present in the synthesized VCDM. Specifically, the absorption

peak at 1648 cm™ corresponds to the C—H vibrations originating from the PVDF component,
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while the peak at 1457 cm™' is indicative of C-N vibrations associated with the p-CD
component. Furthermore, the absorption peak at 1182 cm™! can be attributed to the —~CF»
vibrations stemming from the PVDF component, and the peak at 1064 cm™! represents the C=O
vibrations derived from the PDA component. These distinct absorption signals not only confirm
the successful synthesis of VCDM but also provide valuable evidence regarding the presence

and contribution of PVDF, B-CD, and PDA within the composite material. [1-4]

Comparative analysis of the O-H signal redshift observed on the VCDM substrate, in contrast
to pure PVDF, B-CD, and PDA, provides compelling evidence for the stable association and
intermolecular interactions among the three components within the mixed matrix (Fig. 5-27)

[5].

Transmittance (%)

4000 3200 2400 1600 800 3600 3500 3400 3300 3200

Wavenumber (cm ') Wavenumber (cm ')

Fig. 5-27 FTIR spectra of PVDF, p-CD, PDA and VCDM

The significant redshift in the O-H signal indicates the formation of robust hydrogen bonds
between PVDF, B-CD, and PDA molecules, leading to a cohesive and interconnected network.
These intermolecular hydrogen bonds play a vital role in the structural integrity and stability of
the VCDM, facilitating enhanced material properties and desirable functionalities. The
presence of intermolecular hydrogen bonding not only reinforces the physical interlocking of
the components but also contributes to the overall strength and durability of the VCDM, making
it a promising candidate for a wide range of applications in various fields. The detailed
characterization and analysis of the O-H signal provide valuable insights into the molecular
interactions and bonding mechanisms within the VCDM, further supporting its potential for

advanced material design and tailored applications.
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After the vinylated modification, several new signals are observed in the FTIR spectrum of
the VCDM. The appearance of peaks at 2921, 2854, 1718, 1633, and 1109 cm™' signifies the
presence of functional groups such as —-CH3, —CH,, C=0, C=C, and Si—O, which are consistent
with the chemical composition of KH570 [6, 7]. This observation confirms that compounds

containing these groups have been successfully grafted onto the VCDM surface.

Furthermore, the presence of these functional groups suggests that the employed functional
monomers and crosslinkers have introduced thiol and vinyl groups onto the PAM substrate. The
absence of the thiol and vinyl signals in the FTIR spectrum, along with the persistence of the
S—C signal at 679 cm™!, strongly indicates the successful polymerization through the thiol-ene
Click reaction. The grafted vinyl groups play a crucial role as chemical bridges, facilitating the

formation of polymerization onto the interpenetrating-bicontinuous porous membrane.

Another noteworthy observation is the decline of the original vinyl signal on the vinylated
VCDM, further confirming the successful formation of the polymerization. This decline can be
attributed to the consumption of vinyl groups during the reaction, as they react with the thiol

groups to form covalent bonds, resulting in the formation of the desired polymer network.

The comprehensive analysis of the FTIR spectrum provides valuable insights into the
chemical modifications and polymerization processes occurring on the VCDM surface. The
presence of specific functional groups and the disappearance of certain signals substantiate the
successful grafting and polymerization reactions, validating the synthesis of the desired
interpenetrating-bicontinuous porous membrane. This detailed understanding of the chemical
changes and structural transformations contributes to the characterization and optimization of
the VCDM for various applications in fields such as membrane technology, catalysis, and

separation science.

To gain deeper insights into the internal mechanism, the polymerization process based on the
thiol-ene Click reaction was further investigated using time-dependent in-situ DRIFTS (Diffuse

Reflectance Infrared Fourier Transform Spectroscopy) spectra, as shown in Fig. 5-28.

During the progression of the reaction, notable changes in the spectra are observed.

Specifically, the S—H (sulfhydryl) and C=C (carbon-carbon double bond) signals display a
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negative growth, indicating their consumption over time. Conversely, the S—C (sulfur-carbon)
and C-H (carbon-hydrogen) signals exhibit positive growth, suggesting their increasing

presence.

These spectroscopic changes provide valuable insights into the underlying mechanisms of
the thiol-ene Click reaction. The observed decrease in the S—H and C=C signals suggests the
continuous consumption of thiol and vinyl groups, respectively. Simultaneously, the increase
in the S—C signal signifies the formation of new S—C groups, which result from the chemical
bonding between the thiol and vinyl groups. Furthermore, the rise in the C—H signal can be

attributed to the breakage of vinyl groups, leading to the generation of additional carbon-

hydrogen bonds.
120 min ,‘
’; 5 min
8
o
o
g
g‘ Accumulate
3 T ~ C-H
2 T
y ; c=C
Consume S-H VT/

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ')

Fig. 5-28 In-situ DRIFTS spectra of the imprinting polymerization based on thiol-ene

Click reaction

The observed trends in the time-dependent in-situ DRIFTS spectra align well with the well-
established mechanism of the thiol-ene Click reaction. This mechanism involves the reaction
between thiol and vinyl groups, leading to the formation of covalent sulfur-carbon bonds (S—C)
while consuming thiol and vinyl functionalities. The increase in the C—H signal is consistent

with the expected changes in the carbon-hydrogen bonds due to the reaction.
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These detailed spectroscopic observations provide valuable insights into the dynamic
changes occurring during the thiol-ene Click reaction. The time-dependent in-situ DRIFTS
analysis enhances our understanding of the polymerization process, allowing for the

optimization of reaction conditions and the control of the resulting polymer structure.
5.3.3 Hydrophilicity

In order to further elucidate the superiority of the PDA-embedded strategy, a detailed
comparison was conducted between PDA-modified PVDF/B-CD membranes prepared through
thermally induced embedding and traditional surface grafting methods. The focus of the

comparison was on investigating the effect on hydrophilicity.

85.9%1.6°

Thermally induced embedding Traditional surface grafting

Fig. 5-29 Comparison of PDA modified PVDF/B-CD porous membranes based on

thermally induced embedding and traditional surface grafting: water contact angles

To evaluate the hydrophilicity, water contact angles were measured and compared between
the two membrane types. As shown in Fig. 5-29, the membrane prepared using the thermally
induced embedding strategy exhibited significantly improved hydrophilicity. Upon contact with
the membrane, the water droplet was completely absorbed in less than 1 second. In contrast,

the membrane prepared through traditional surface grafting retained a water contact angle of
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85.9 degrees even after 1 second.

This notable difference can be attributed to the distinct characteristics of the two strategies.
The thermally induced embedding strategy ensures the homogeneous distribution of PDA
throughout the interpenetrating-bicontinuous porous matrix. Consequently, water molecules
can readily enter the pores, leading to rapid absorption. On the other hand, the traditional
surface grafting strategy only allows PDA to be grafted onto the shallow surface of the
membrane. While this approach does impart some hydrophilicity, it falls short compared to the

membrane prepared through thermally induced embedding.

These findings highlight the advantages of the PDA-embedded strategy in achieving
enhanced hydrophilicity. The homogeneous distribution of PDA within the membrane matrix
enables efficient water absorption, resulting in a significantly reduced water contact angle. In
contrast, the traditional surface grafting approach, limited to the membrane surface, is less
effective in promoting hydrophilicity. The comparison underscores the superiority of the
thermally induced embedding strategy for achieving improved hydrophilicity in PDA-modified

PVDEF/B-CD membranes.

5.4 Performance Characterization

Isothermal and kinetic absorbing performance was respectively explored for the investigation

of absorbing performance.

5.4.1 Isothermal adsorption performance

In the whole range of tested conditions, PAM all exhibited a significant adsorption capacity
for CIP molecules. Since PAM is synthesized as a polymer on the membrane surface, its affinity
for CIP is based on the interaction between the functional monomer and the target antibiotic

molecule.

For the concentration-dependent mode (Fig. 5-30), As the concentration of ciprofloxacin
solution increased, the uptake of CIP by PAM was accompanied by an increase. As the
concentration of ciprofloxacin solution increased, the uptake of CIP by PAM was accompanied

by an increase. This elevation tended to stagnate after the concentration exceeded to 150 mg L~
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!, This indicates that the polymers synthesized on the membranes do play a role in the

adsorption of ciprofloxacin molecules.
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Fig. 5-30 Adsorption capacities of PAM with fitted isothermal models

Adsorption data are then fitted with Langmuir [8] (Fig. 5-31) and Freundlich (Fig. 5-32)

isothermal models, respectively.

Table 5-1. Constants of isothermal adsorption onto PAM

Langmuir® Freundlich®
Membrane
Q;n Kl ‘RZ K} 1/n 4R2
PAM 22.04 0.0243 0.9952 2.0097 0.4311 0.9390

@ Langmuir model is expressed as Qe=(OnK1.Ce)/(1+KLC.), where Ce (mg L") and Q. (mg g )
are concentration and rebinding capacity at equilibrium, On (mg g') is the theoretical

maximum rebinding capacity, and K. (L mg™!) is the Langmuir constant.

® Freundlich model is expressed as O~KrC."", where C. (mg L") and Q. (mg g') are

concentration and rebinding capacity at equilibrium, as well as K¢ (mg'™"” L' ¢!) and n are
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According to constants in Table 5-1, adsorption data of PAM fit better with the Langmuir
model (R? = 0.9952) than the Freundlich model (R? = 0.9390). This indicates that the adsorption

sites on the PAM exhibit a uniform and monolayer distribution [9].
5.4.2 Kinetic absorbing performance

For the time-dependent model (Fig. 5-33), a similar trend from the concentration-dependent

model appears on PAM.
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Fig. 5-33 Adsorption capacities of PAM with fitted kinetic models

Its adsorption capacity has been steadily increasing from the beginning, with the upward
trend slowing down at 120 minutes of adsorption time, and the growth of adsorption capacity
tending to plateau at 180 minutes of adsorption time. This phenomenon proves that the polymer

layer on the membrane surface acts as an adsorption agent for the absorption of CIP molecules.

Adsorption data are, then, fitted with Pseudo-first-order [10] (Fig. 5-34) and Pseudo-second-

order [11] (Fig. 5-35) model, respectively.

From fitting results in Table 5-2, adsorption data of PAM show better relevancy with the
Pseudo-second-order model (R*=0.9897) than the pseudo-first-order model (R*=0.9642),

suggesting that the adsorption onto PAM is determined by both chemisorption and physical
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diffusion [12]. This further corroborates the specific adsorption of ciprofloxacin molecules by

the polymer layer on the membrane surface.
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Fig. 5-35 Linear fitting of Pseudo-second-order models

Table 5-2. Constants of kinetic adsorption onto PAM.

Pseudo-first-order® Pseudo-second-order®
Membrane
0. k' R? 0. k" R?
PAM 17.80 0.0227 0.9642 21.48 0.0012 0.9897

@ Pseudo-first-order model is expressed by O=Q.—Q.e™’, where Q. and O, (mg g') are
rebinding capacities at the equilibrium and time ¢ (min), and &’ (min') is the equilibrium rate

constants of the pseudo-first-order model.

® Pseudo-second-order model is expressed as O=(k"Qct)/(1+ k"Q.t), where Q. and O: (mg g ")
are rebinding capacities at the equilibrium and time ¢ (min), as well as k" (g mg ™! min™!) is the

equilibrium rate constants of the pseudo-second-order model.
5.4.3 Permeation performance

A solution with 10mg L' of CIP was employed for the permeation investigations. The typical
static permeation was performed on PAM. The experimental setup and the experimental

procedure are shown in Fig. 5-36 and Fig. 5-37.

A piece of PAM was tailored and placed between two flanges of the H-shaped tube. Two
compartments separated by the membrane were filled with 100 mL of mixed solution (10 mg
L—1 of CIP) and pure solvent (deionized water), respectively. Samples were taken from each
chamber at a pre-determined time (0-48 h), where the concentration of solutes was measured

by UV-Vis at 275 nm (CIP).
Fig. 5-38 shows the evolution of concentration in permeate and dialysate of PAM.

The time of permeation equilibrium appeared in the 24th hour after the start of permeation,
and the concentration of permeation equilibrium was less than 5 mg L™, which proved that there
was adsorption of PAM to CIP during the permeation process, indicating that the polymer layer

on the surface of PAM did have adsorption function for CIP molecules.
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Fig. 5-36 Schematics illustrating the device for permeation before experiments

Fig. 5-37 Schematics illustrating the device for permeation during experiments
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Fig. 5-38 Permeation performance of PAM
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6.1 Selective removal of antibiotics

Although the performance characterization of the constructed PAM in the previous chapter
has demonstrated its surface polymer layer's adsorption capability towards antibiotic molecules,
this removal process lacks specificity. Considering that the predominant types of antibiotic
contamination may vary during different seasons and periods, actual medical facility
wastewater often contains multiple antibiotics simultaneously, with one or several types being
the major constituents, present at significantly higher concentrations compared to other
antibiotic species. Moreover, those antibiotics present at low concentrations are already at

relatively safe levels and do not require specific treatment.

Therefore, in the indiscriminate treatment process, these low-concentration antibiotics,
which do not require treatment, compete for adsorption sites with the high-concentration
antibiotics that actually need to be treated. This competition hinders the effective removal of
high-concentration antibiotics, resulting in the inefficient utilization of treatment resources.
Hence, considering the actual scenario, it becomes crucial to design and construct membranes

with specific adsorption properties tailored for a particular antibiotic species.

Consequently, I propose incorporating molecular imprinting technology onto the PAM, to
synthesize molecularly imprinted membranes with selective adsorption properties towards
specific antibiotic molecules. This approach would enable targeted and efficient removal of the
desired high-concentration antibiotics during the treatment process of medical facility

wastewater.

6.1.1 Molecular Imprinting Technology (MIT)

Molecular Imprinting Technology (MIT) is a technology that simulates the recognition of
molecules in nature, such as “antibody” and “antigen”, “enzyme” and “substrate”. Molecularly
imprinted polymers (MIPs) with specific recognition properties at the binding site and spatial
structure that exactly match the target molecule. MIPs are a novel technique to produce

molecularly imprinted polymers (MIPs) with specific recognition properties at binding sites

and spatial structures that exactly match the target molecules. These recognition sites are highly
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compatible with the template molecules in terms of size, spatial structure, and binding sites,
and can selectively recognize and bind the template molecules at the molecular level. The most
important features of this technology are conformational predetermination, specific recognition,
and wide practicality, and the MIPs prepared from it have been widely used in chromatographic
analysis, adsorption separation, selective catalysis, and targeted release. The intersection and
coupling between multiple disciplines can generate novel technologies based on creativity and
high efficiency, therefore, combining MIT and PAM to prepare specific selective separation
membranes is one of the new development directions of molecular imprinting. As a novel
separation technique that couples the advantages of MIT and PAM, Molecularly Imprinted

Membranes (MIMs) have been developed and applied significantly in recent years.

In this context, the coupling of Molecularly Imprinting Technology (MIT) and PAM offers

the possibility to achieve selective separation at the molecular scale.

MIT has attracted a lot of attention in the past half century because of its natural “receptor-

ligand” interaction mechanism and relatively simple preparation process.

The process mechanism of MIT can be summarized as follows [1, 2]: the template molecule
first self-assembles with the functional monomer by non-covalent or reversible covalent
bonding, and the resulting complex is copolymerized with a suitable cross-linker to form a
polymer, and the template molecule is subsequently removed from the cross-linked polymer
using physicochemical methods to obtain specific binding sites with shapes, sizes, and

interactions matching those of the target molecule (Fig. 6-1).

Since 1972, when Wulff and Sarhan [3] first synthesized artificial receptors based on MIT,
MIT has been considered one of the most effective methods for integrating specific molecular

recognition sites into polymer networks or other substrate surfaces.

Since molecularly imprinted materials tend to have good mechanical, thermodynamic and
chemical stability properties, they have been widely introduced into numerous research areas
such as separations (including chromatographic separations, capillary electrophoresis
separations, solid phase extraction separations and membrane separations), immunoassays,

antibody mimics, artificial enzymes, biosensors, catalysis, organic synthesis, drug delivery and
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drug development [4, 5].
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Fig. 6-1 The schematic mechanism of molecular imprinting technology.
6.1.2 Molecularly imprinted membranes (MIMs)

Molecules are the basic units of matter, and molecular interactions are everywhere, and the
study of these interactions is an important direction of scientific research at this stage, and this
type of research is receiving more and more attention as technology advances. Molecular
blotting is one such technique that mimics the specific binding mechanism of antigens and
antibodies based on intermolecular forces. It is a cutting-edge technology that can be used to
prepare polymers that perfectly match the spatial structure and binding sites of a specified target
template molecule, and has attracted much attention due to its ability to selectively separate
certain compounds, especially in complex biological samples in recent years. Polymers with
specific recognition and selective adsorption to a specific target (template molecule) and its

structural analogues, prepared by molecular imprinting, are called molecularly imprinted
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polymers.

The origin of molecular blotting date back to the middle of the twentieth century, when
Pauling proposed the "antigen formation theory" in his book, in which he argued that during
the formation of an antibody, its three-dimensional structure tries to form as many binding sites
as possible with the antigen, and in this process the antigen is “mosaicked” into the antibody
like a template [6]. In this process, the antigen is “embedded” in the antibody like a template.
Although Pauling's “antigen formation theory” was eventually rejected by the theory of “clonal
selection”, it became the theoretical basis for the molecular blotting technique. Based on the
“antigen formation theory”, Dickey proposed the concept of “specific adsorption” in 1949 and

prepared blotting silica that could specifically adsorb dye molecules [7, 8].

This research was an important marker for the emergence of molecular imprinted technology,
and this imprinted silica is the first synthetic molecular imprinted material. With the
introduction of the concept of “specific adsorption”, molecular blotting entered a phase of rapid
development two decades later. The most influential of these was the preparation of molecularly
imprinted polymers specific for the chiral isomers of glycolic acid by covalent polymerization
in 1972 by a team led by Wulff. In covalent polymerization, the molecularly imprinted polymers
are covalently bonded to the template molecules, and the molecularly imprinted polymers are
structurally stable after adsorption of the template molecules, which makes the elution of these
molecularly imprinted polymers very difficult and does not facilitate the diffusion of molecular

imprinted technology.

Starting in the 1980s, Mosbash's team successfully prepared molecularly imprinted polymers
using theophylline molecules as templates by a non-covalent method, and this research was
published in the journal Nature, and the widespread use of non-covalent methods in molecular
imprinting technology led to a tremendous development. After that, molecular imprinting
technology entered a phase of rapid development and the Society of Molecularly Imprinting

(SMI) was established in Sweden in 1997.

At present, the research on molecular imprinting is not only limited to small molecules as

templates, but also reports on molecularly imprinted polymers prepared from biomolecules
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such as peptides and proteins. The application of molecular blotting technology has also
evolved from the original application to the separation and purification of samples to the
crossover with different disciplines and fields of technology, and has been applied to more

research directions such as membrane separation and sensors [9-11].

Molecularly imprinted membranes are generally constructed by filling or synthesizing
molecularly imprinted polymers with molecular recognition sites on the surface and in the pores

of membranes.

Depending on the preparation strategies, molecularly imprinted membranes can be classified
as filling type molecularly imprinted membranes, free-standing type molecularly imprinted
membranes, hybrid type molecularly imprinted membranes and composite type molecularly

imprinted membranes.

(D Filling type molecularly imprinted membranes

Filling type molecularly imprinted membranes are the simplest form of molecularly
imprinted membranes, consisting of end membranes (filter plates) and packing (molecularly

imprinted polymers) and are prototyped as filled columns.

Due to the diversity of fillers, filling type molecularly imprinted membranes can achieve
simultaneous adsorption separation of multiple target molecules by the strategy of filling with

multiple molecularly imprinted polymers.

In addition, due to the simple preparation method of filled MIMs, they are theoretically very
favorable for industrial applications. The first filling type molecularly imprinted membranes
were successfully obtained as early as 2002 by filling molecularly imprinted polymers between

two filter plates [12, 13].

Filling type molecularly imprinted membranes, despite their early beginnings, have been
rarely reported in recent years and their development has come to a near standstill. The main
reason for this is that the morphology and structure of molecularly imprinted recognition sites
are easily damaged during the grinding and crushing of molecularly imprinted polymers, which

drastically affects their actual performance [14, 15]. Therefore, filling type molecularly

6-5



imprinted membranes are now rarely used in practical industrial separations.

@) Free-standing type molecularly imprinted membranes

Free-standing type molecularly imprinted membranes, in contrast to filling type molecularly
imprinted membranes, have no additional support structure and directly form membrane-like

structures with cross-linked molecularly imprinted polymers.

The usual preparation process is: firstly, the molecularly imprinted polymer is added to the
dispersed phase, and the highly cross-linked molecularly imprinted polymer is obtained by
precipitation polymerization and in situ polymerization, and then the solvent is removed in
combination with filtration to obtain the molecularly imprinted polymer layer with a

membrane-like structure [16-18].

Although free-standing molecularly imprinted membranes compensate for the shortcomings
of filling type molecularly imprinted membranes, the construction of such molecularly
imprinted membranes usually requires a high degree of cross-linking of molecularly imprinted
polymers to ensure the selectivity of the resulting MIMs, which makes self-supporting MIMs

tend to have poor stability, low porosity, and permeation flux.

In order to remedy the above shortcomings, some research works have improved the
construction strategy of free-standing molecularly imprinted membranes by introducing micro-
and nanomaterials to assist in the synthesis of free-standing molecularly imprinted membranes:
firstly, molecularly imprinted polymer layers are synthesized on the surface of micro- and
nanomaterials (such as carbon nanotubes, metal oxide nanowires, graphene oxide, carbon
nitride and biofibers), so that the resulting micro and nanocomposites form spatial three-
dimensional channels when cross-linked into a membrane, and then molecularly imprinted
polymers can be distributed on the inner walls of the spatial three-dimensional channels to
improve the number of effective sites and membrane flux of conventional free-standing

molecularly imprinted membranes.

(® Hybrid molecularly imprinted membranes
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Hybrid molecularly imprinted membranes are a kind of molecularly imprinted membranes
obtained by hybrid membrane matrix and molecularly imprinted polymers to make membranes

and are a derivative type of filled molecularly imprinted membranes.

The hybrid of membrane matrix and molecularly imprinted polymers helps to improve the
structural stability of the resulting molecularly imprinted membranes, while combining the

simplicity of the preparation process.

The preparation process can be summarized as follows: firstly, synthetic molecularly
imprinted polymers are prepared or molecularly imprinted polymers are loaded on the surface
of other micro- and nanocarrier materials and added to the cast membrane solution composed
of membrane matrix materials, and after modeling, the co-mingled molecularly imprinted

membranes are obtained by volatile solvent and phase conversion operations [19].

During the hybrid membrane formation process, the molecularly imprinted polymers have
uniform and stable structural properties with the membrane matrix due to the presence of
bonding, coordination, van der Waals forces, and confinement, which effectively compensate

for the shortcomings of self-supporting molecular imprinted membrane.

Although these MIMs have strong stability as well as uniform site dispersion, site
encapsulation is always a challenge for co-mingled MIMs, and the relatively few exposed sites
greatly limit the overall adsorption capacity and selectivity of the membrane compared to the

large number of sites encapsulated within the membrane matrix.

Despite the above-mentioned shortcomings, the simple preparation process and stable overall
structure still show irreplaceable advantages. Therefore, up to now, hybrid MIMs are still the

most widely studied and applied kind of MIMs.

6.1.3 Mechanism of mass transfer in molecularly imprinted membranes

So far, the selectivity principle based on MIMs can be summarized in two models with
opposing modes of action [20]: the solution-diffusion model (inhibition of target penetration
model) and the “Gate” model (facilitation of target penetration model), whose mechanisms of

action are shown in Fig. 6-2.



@D Solution-diffusion model

The solution diffusion model is the mainstream model describing the selectivity principle of
MIMs, which specifies that when the target and non-target molecules diffuse near the molecular
imprinting site, the strong affinity between the site and the target molecules enables the target
molecules to be rapidly adsorbed by the site, while the non-target molecules interact with the
site weakly and are not easily captured by the site, and this difference is used to inhibit the
penetration of the target molecules in the mixed solution to the other side of the membrane to

achieve selective separation, purification, concentration, etc.

In this theoretical model, saturation adsorption is the main determinant of the performance
of MIMs, and therefore, the regeneration of MIMs is mainly dependent on the effective elution

of the adsorbed target molecules.
Targets l’-‘ < Targets ﬂ'-?\ )
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Fig. 6-2 The schematic mechanisms of selective separation onto MIMs.

Q@ “Gate” model

The "gate" model is a descriptive model as opposed to the solvent diffusion model and was
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first proposed by Piletsky et al. [21]. It is specified as follows: due to the specific interaction
between the target molecule and the molecularly imprinted site, the site prefers to bind to the
target molecule and is less likely to bind to the non-target molecule. This strong interaction
becomes the driving force that induces the rapid transfer of the target molecule from one site to

another and thus behaves as a facilitator of penetration for it.

For non-target molecules, their permeation is driven by diffusion only, and thus, target
molecules will pass through the membrane in preference to non-target molecules for the
purpose of separation. In this model, although MIMs are not subject to site-adsorption
saturation, concentration polarization becomes a key factor affecting the performance of MIMs.
Therefore, effective anti-fouling modification and immediate flushing of MIMs are effective

methods to achieve their sustainable applications.

6.2 Experiment material

6.2.1 Experimental drugs

(D Polyvinylidene fluoride (PVDF) as shown in Fig. 6-3.

Fig. 6-3 The photo of PVDF
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@ B-Cyclodextrin (B-CD) as shown in Fig. 6-4.

Fig.6-4 The photo of -CD

(® Dopamine hydrochloride (DA) as shown in the Fig. 6-5.

Fig. 6-5 The photo of DA

@ 3-(trimethoxy silyl) propyl methacrylate (KH570)
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Fig. 6-6 The photo of KH570

©) Ciprofloxacin hydrochloride (CIP)

(® Methyl acrylic acid (MAA) as shown in Fig. 6-7.

Fig. 6-7 The photo of MAA

(@ Pentaerythritol tetra(3-mercaptopropionate) (PT3M) as shown in Fig. 6-8.
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Fig. 6-8 The photo of PT3M

Di pentaerythritol penta-/hexa-acrylate (DPHA)

Fig. 6-9 The photo of DPHA

(©® 2,2-dimethoxy-2-phenylacetophenone (DMPA)
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@ Sodium chloride (NaCl).

Fig. 6-10 The photo of NaCl

@ Ethanol (95%) as shown in the Fig. 6-11.

10009218
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Fig. 6-11 The photo of ethanol

@ Acetonitrile as shown in the Fig. 6-12.
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Fig. 6-12 The photo of acetonitrile

@ Methanol as shown in the Fig. 6-13.
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Fig. 6-13 The photo of methanol
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@ Acetic acid (MAA) as shown in the Fig. 6-14.

Fig. 6-14 The photo of MAA

@ Phosphate buffered saline (PBS, pH=7.4)

6.2.2 Characterization instruments

(D The evolution of morphology and elemental mapping images was investigated by

Scanning Electron Microscopy (SEM)

Q) Synthesis of intermediates and products was demonstrated by X-Ray Photoelectron

Spectroscopy (XPS)

(® UV-Vis and 1H NMR: The interactions between templates and functional monomers was

analyzed based on UV-Vis spectrophotometer (UV-Vis) and 1H Nuclear Magnetic Resonance
Spectrometer (1H NMR). The concentration of each component in the performance test was

measured by UV-Vis.
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Fig. 6-15 The photo of UV-Vis

6.3 Material Synthesis

6.3.1 VCDM

To initiate the synthesis, meticulous measurements were carried out by combining 2.0 grams
of polyvinylidene fluoride (PVDF), 0.1 grams of B-cyclodextrin (B-CD), and 8.0 grams of
sodium chloride (NaCl) particles within a Teflon container. To enhance the membrane's
properties, 0.05 grams of dopamine hydrochloride (DA) were introduced to the mixture,
followed by a thorough blending process. The resultant mixture underwent a carefully
controlled heating procedure, employing a Muffle furnace set at 200°C for a duration of 1.0

hour, ensuring the formation of a molten state.

Subsequently, with a gradual cooling process, the molten mixture solidified, forming a
cohesive mass. To remove the sodium chloride (NaCl) particles from the solidified mixture, a
purification step was performed, involving the use of hot deionized (DI) water. This purification

process efficiently eliminated the NaCl particles, resulting in a purified mixture.

Upon completion of the purification step, the mixture transformed into a fluffy and porous
membrane, known as the PVDF/B-CD/polydopamine (PDA) membrane or VCDM. To finalize
the synthesis process, the VCDM membrane underwent a carefully controlled drying process,

facilitating the removal of any remaining solvents or moisture. Finally, after the drying
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procedure, the resulting membrane, characterized by its fluffy and porous nature, was

successfully obtained, ready to be utilized in various applications.

6.3.2 Vinylated process

The next step involved the implementation of vinylated modification on the VCDM
membrane, utilizing the hydrolysis of siloxane as the basis. To initiate this process, a carefully
prepared mixture consisting of 80 mL of ethanol and 20 mL of deionized (DI) water was utilized.
Within this mixture, a piece of the VCDM membrane was carefully infiltrated, ensuring proper

contact and distribution.

To facilitate the vinylated modification, 3.0 mL of 3-(trimethoxysilyl)propyl methacrylate
(KH570) was added to the mixture. The resulting mixture was then subjected to reflux,
employing a heating temperature of 80°C for a duration of 16 hours. This reflux process
promoted the hydrolysis of siloxane and the subsequent incorporation of vinyl groups onto the

surface of the VCDM membrane, resulting in the formation of vinylated VCDM.

Following the vinylation process, the vinylated VCDM membrane underwent a purification
step to eliminate any chemical residues. This purification involved the use of ethanol and DI

water, ensuring the removal of any unwanted impurities or by-products.

To complete the synthesis process, the purified vinylated VCDM membrane underwent a
drying process at room temperature (25°C) with a relative humidity of 60%. This controlled
drying process allowed for the removal of residual solvents and moisture, resulting in a stable

and dry membrane ready for further characterization and application.

6.3.3 Molecular imprinting process

In a typical synthesis procedure, the first step involved the dissolution of 0.1 mmol of CIP
(template molecule) and 0.4 mmol of methylacrylic acid (MAA) in 75 mL of acetonitrile. This
solvent facilitated the mixing and solubilization of the components, creating a homogeneous
solution. The resulting mixture was then subjected to stirring for a duration of 60 minutes to

ensure proper interaction and distribution of the dissolved species.

Following the stirring step, a vinylated VCDM membrane, prepared in advance, was
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carefully immersed into the mixed solution. The addition of 1.2 mmol of pentaerythritol tetra(3-
mercaptopropionate) (PT3M) and 0.4 mmol of dipentaerythritol penta-/hexa-acrylate (DPHA)
followed in a sequential and orderly manner. This precise addition of components aimed to

establish a controlled environment for subsequent reactions.

To initiate the molecular imprinting process, 20 mg of 2,2-dimethoxy-2-phenylacetophenone
(DMPA), a photosensitive compound, was introduced to the solution under the protection of
nitrogen and in dark conditions. This step ensured the initiation of the polymerization reaction

under specific conditions.

Once the components were assembled, stirring under ultraviolet light (365 nm) was carried
out for a period of 4.0 hours. The ultraviolet light served as the activating agent, promoting the
polymerization and cross-linking of the monomers, resulting in the formation of a molecularly

imprinted membrane (MIM).

After completion of the polymerization process, the obtained membrane was subjected to
purification to remove impurities. This purification step involved successive treatments with
ethanol and deionized (DI) water, effectively eliminating any residual substances that may

affect the membrane's properties.

To remove the template molecules, the purified membrane was further treated with an eluant
consisting of a mixture of methanol and acetic acid in a specific ratio (Vmethanol/Vacetic acid
= 95/5). This eluant selectively washed away the template molecules, leaving behind the

imprinted sites on the membrane, which retained their recognition capabilities.

Finally, the MIM membrane underwent a drying process, allowing for the complete removal
of moisture. This drying step was performed under controlled conditions, such as ambient
temperature, and resulted in the final product, a fully functional molecularly imprinted
membrane (MIM), ready for further applications and evaluations.

6.4 Material Characterization

6.4.1 Material synthesis
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The overall reaction process is like that of PAM, a thermally induced approach is proposed

for the formation of MIM, which can be described as a three-step synthesis:

(D The PDA-embedded interpenetrating-bicontinuous porous membrane was synthesized

using a blending and fusing approach, utilizing thermal methods. This synthesis strategy
resulted in the successful formation of an interpenetrating-bicontinuous morphology,
characterized by a continuous pore and matrix structure on the VCDM substrate. This
achievement was made possible by leveraging the flexibility of the polymers in their molten

state, allowing them to fill the voids left by sacrificial templates.

It is noteworthy that despite the presence of noticeable edges on the sacrificed templates, the
resulting continuous matrix exhibited a smooth and uniform appearance. To illustrate this, a
comparison was made between the microtopography of the interpenetrating-bicontinuous
porous membrane with and without the addition of DA, using the same magnification. In the
microstructure of the matrix formed without DA, distinct boundaries were observed, which
aligned with the NaCl nanoparticles. However, with the incorporation of DA, these boundaries

were replaced by smooth curves.

This significant difference can be attributed to the unique adhesion properties of the
embedded DA, which increases the interaction between PVDF chains and enhances the surface
tension of the molten polymers. Consequently, this interaction leads to a smoother
microtopography, as evidenced by the absence of clear boundaries and the presence of smooth

curves.

Overall, the thermal synthesis approach involving the blending and fusing strategy, along
with the incorporation of DA, resulted in the successful formation of a PDA-embedded
interpenetrating-bicontinuous porous membrane, exhibiting a uniform and smooth

microtopography.

Q) Afterward, a vinylated modification was carefully conducted on the VCDM substrate to

establish a secondary platform that facilitates imprinting polymerization. When examining the

microtopography of the modified VCDM, noticeable differentiations were not observed, except
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for the emergence of minuscule nanoparticles on the surface. This intriguing phenomenon
suggests that the vinylated modification applied to the VCDM does not induce any significant
alterations in its interpenetrating-bicontinuous morphology. Hence, it can be inferred that the
introduction of the vinylated modification does not disrupt the overall structure and integrity of

the interpenetrating-bicontinuous porous membrane.

(® The imprinting polymerization process was carried out utilizing the highly efficient thiol-

ene Click reaction. As depicted in Fig. 6-16, the presence of irregular nanoparticles scattered
across the continuous matrix provides clear evidence of polymer formation through Click
chemistry. This observation strongly supports the successful implementation of imprinting
polymerization on the vinylated VCDM substrate. Further analysis, as shown in Fig. 6-17, Fig.
6-18, Fig. 6-19 reveals the elemental mapping images of the resulting MIM. The uniform
distribution of elements such as C, F, N, and O signifies the excellent dispersity and
compatibility of f-CD and PDA within the PVDF matrix. Similarly, the presence of Si and S
elements indicates the uniform vinylated modification and imprinting polymerization achieved
on the VCDM substrate. The comparable coverage of Si and S elements further verifies the
effective role of KH570 as a chemical bridge, exerting precise control over the molecularly
imprinted polymers (MIPs). This comprehensive elemental mapping supports the overall

success and reliability of the imprinting process.

Fig. 6-16 The SEM image of MIM
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Fig. 6-17 C and F elemental mapping images of MIM

Fig. 6-18 N and O elemental mapping images of MIM

Fig. 6-19 Si and S elemental mapping images of MIM

6.4.2 Chemical characterizations
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@O XPS

To gain a more comprehensive understanding, an in-depth investigation of the chemical
evolution of the prepared membranes was conducted using X-ray photoelectron spectroscopy
(XPS). The C 1s signal of the VCDM membrane (Fig. 6-20) exhibited distinct peaks at 292.0,
287.0, 285.6, and 284.8 eV, corresponding to C—F, H-C-H, C—O/C—N, and C-C, respectively
[22-24]. These peaks provide conclusive evidence regarding the chemical composition of
VCDM, which comprises PVDF, 3-CD, and PDA. Following the vinylated modification, the
emergence of the Si 2p signal (Fig. 6-21) featuring Si—O-Si (102.5 eV) and Si—-O-C (101.9eV)
further confirms the successful grafting of KH570 onto VCDM [25, 26]. As the S element is
exclusively present in the crosslinker (PT3M), the detection of the S signal (Fig. 6-22) indicates
the stable grafting of the crosslinker onto the membrane. Notably, it is important to highlight
that the raw PT3M contains an equal amount of S—H and S—C groups. The notably weaker S—
H (164.2 eV) signal, in comparison to S—C (163.0 eV), suggests that some S—H groups are

consumed during the formation of the molecularly imprinted polymers (MIPs).

o

C1s

Intensity (a.u.)

206 292 288 284 280
Bingding energy (eV)

Fig. 6-20 XPS spectra of a) VCDM (C 1s)
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Fig. 6-21 XPS spectra of vinylated VCDM (Si 2p)
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Fig. 6-22 XPS spectra of MIM (S 2p)
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@ Bovine serum albumin (BSA) binding experiments

BSA binding experiments were meticulously performed to evaluate the binding capability of
the MIM membrane. A single piece of MIM was carefully submerged in a precisely measured
10 mL solution of BSA with varying concentrations (5, 25, 50, 100, and 200 mg L—1), ensuring
comprehensive coverage of the membrane surface. The immersion process lasted for a specific
duration of 24 hours, maintaining a constant temperature of 4.0°C to ensure controlled
conditions. To stabilize the conformation of BSA and preserve its native structure, the solvent
used was phosphate buffered saline (PBS) with a pH value of 7.4, which provided an optimal
environment for the binding interaction. Subsequently, the concentration of BSA present in the
solution was accurately determined using a state-of-the-art UV-Vis spectrophotometer,
specifically calibrated to measure absorbance at the wavelength of 278 nm. This precise
analytical technique allowed for precise quantification and characterization of the BSA
concentration, enabling a comprehensive assessment of the binding efficiency and performance
of the MIM membrane in capturing and retaining BSA molecules. The binding capacity of BSA

(QB, mg g!) can be calculated according to the following equation:

|14
Op = (Cgy — Cp) * m—i (1)

where Cpo (mg L") and Cg (mg L) represent concentrations of BSA in the solution before and
after binding, Vg (L) means the volume of BSA solution, and mg (g) is the weight of the

membrane.

For mitigating the presence of potential pollutants in MIMs, an array of pre-treatment
methods can be employed, targeting both inorganic and organic pollutants. These pre-
treatments, such as precipitation and adsorption, have proven to be highly effective in reducing
or entirely eliminating these pollutants from the system. However, when it comes to
microorganisms, while the removal rate can reach an impressive 99%, it is crucial to note that

the abundant metabolites, particularly proteins, may still persist even after treatment.

To assess the anti-fouling performance of MIMs, BSA, a well-known fouling agent, was

6-24



chosen as a representative model pollutant. BSA possesses a propensity for non-specific
interactions, allowing it to adsorb onto the surface of substrates. Consequently, BSA serves as

an ideal model for investigating the anti-fouling properties of the membranes.

Notably, Fig. 6-23 illustrates that the membrane prepared using the thermally induced
embedding strategy exhibits a weaker binding capacity compared to the membrane prepared
using traditional surface grafting methods. This finding suggests that the thermally induced
embedding strategy yields a superior anti-protein (anti-fouling) characteristic on the membrane
surface. A plausible explanation for this observation is that the presence of PDA throughout the
porous matrix facilitates the rapid formation of a water layer on the membrane surface,
leveraging its robust water invasiveness. This dynamic water layer effectively impedes the

approach of BSA molecules, thereby improving the anti-fouling performance of the membrane.

[ | Thermally induced embedding
[ | Traditional surface grafting
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Fig. 6-23 Comparison of MIM’s binding capacity of BSA based on thermally induced

embedding and traditional surface grafting
(® Optimization of imprinting polymerization

As the key step in the formation of MIM, the imprinting polymerization needs to be
optimized in detail. It is of great significance that the functional monomers will strongly interact

with the template before polymerization [27]. Since the intensity of interactions will directly
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affect the formation of host-guest complexes and then affect the imprinting effect, the optimal
proportion of functional monomers and templates was primarily investigated based on the UV-

Vis spectra.

Fig. 6-24 (a) shows that the maximum absorbance of CIP appears at 275 nm, which exhibits
the change of redshift with the addition of MAA. The changes suggest that the stable host-guest
complexes are formed between templates (CIP) and functional monomers (MAA) through the
chemical interactions in the mixture. When the ratio of CIP to MAA reaches 1: 4, the change of
redshift achieves the largest. At this point, the interactions are the strongest, and the constructed
imprinted sites could exhibit the strongest affinity to CIP. It should be noted that the further
increase of MAA will lead to the decline of the redshift. A possible reason is that too large
amount of the functional monomers may lead to their own association and weaken the
interactions with the targets. Then, the interactions between CIP and MAA at the optimum ratio
were further investigated by 1H NMR. It is of great significance that the downfield shift of H
suggests the formation of hydrogen bonds, while the upfield shift suggests the formation of

1onic bonds.
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Fig. 6-24. a) UV-Vis spectra of CIP and complexes composed of CIP and MAA. Effect of
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b) ratio of PT3M to MAA, c) ratio of DPHA to MAA and, d) time of imprinting
polymerization on the rebinding capacity of MIM. (Error bars are standard deviations

from three experiments with independently prepared membranes.)

Spectra in Fig. 6-25 show that the possible donors of hydrogen bonds in both CIP and MAA
exhibit the obvious downfield shift after forming the CIP-MAA complex, suggesting that the

interactions between CIP and MAA are attributed to the formation of hydrogen bonds.
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Fig. 6-25. 1H NMR spectra of CIP, MAA and EIP-MAA complex.

Subsequently, MAA was used as a reference to further optimize the amount of crosslinker
(PT3M) and assistant crosslinker (DPHA). The rebinding capacity (200 mg L', 24 h) of MIM

prepared with variable conditions was employed as the measure.

Fig. 6-24 (b) shows that the rebinding capacity is availably enhanced with the increasing
amount of crosslinker, which reaches the maximum when the ratio of PT3M to MAA is 3: 1.
This should result in a large number of crosslinkers that will promote the formation of more
effective imprinted sites. Especially, the further increase of the crosslinker does not further
improve the rebinding capacity but leads to an obvious decline. The possible reason is that the
excessive crosslinker leads to the excessive polymerization of monomers, which destroys the
originally formed host-guest complexes and results in the reduction of effective imprinted sites.

Then, the content of DPHA was further optimized with the ratio of PT3M to MAA for 3: 1.

Fig. 6-24 (c) displays that the MIM with the addition of an assistant crosslinker shows a
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much higher rebinding capacity than that without the assistant crosslinker. The thiol-ene Click
reaction between MAA and PT3M is not enough to form a polymer network with a high
crosslinking degree. Although the imprinted sites can be formed, it is difficult for the sites to
be effectively loaded on the membrane matrix. The addition of the assistant crosslinker just
makes up for this deficiency, which effectively assists the formation of a polymer network by
the vinyl-based polymerization and promotes the loading of sites on the membrane. However,
when the ratio of DPHA to MAA exceeds 1: 1, the rebinding capacity interestingly decreases.
The reason for this phenomenon should be that the over-cross-linked polymers embed the
numerous imprinted sites, which leads to the decrease of the selective rebinding onto the MIM.

Therefore, the optimal ratio of MAA/PT3M/DPHA is selected as 1: 3: 1.

Then, the imprinting polymerization time was further optimized with the optimal ratio of
template, monomer, crosslinker and assistant crosslinker. As can be observed from Fig. 6-24
(d), the rebinding capacity of MIM continuously enhances with the increase of polymerization
time and reaches the maximum at 4 h. It suggests that the increasing time of imprinting
polymerization enables the effective formation of more imprinted sites. When the
polymerization time exceeds 4 h, however, the rebinding capacity of as-obtained MIM
decreases obviously. It should be ascribed that the long period of polymerization will lead to
the agglomeration of the polymers. The reduced effective sites ultimately lead to the decline of

the specific rebinding.

@ Quantum chemistry simulations

As the key step in molecular imprinting, the thiol-ene Click reaction was further explored by
investigating transition states. All the calculations of structural optimizations were performed
at B3LYP/6-311G** of DFT. The SMD solvation model was used and the solvent is acetonitrile
[28, 29]. Frequency calculations were performed at the same level of theory as for geometry
optimization to characterize the stationary points as minima (no imaginary frequencies) and the
imaginary frequencies of two transition states are given in the part of Cartesian Coordinates.

All the calculations were performed with Gaussian 09 software package.

The molecular imprinting reaction path was further investigated for insight into the
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mechanism by DFT calculations.

Level: B3LYP/6-311G™*/SMD=Acetonitrile
Enthalpy, Unit: kcal/com

b

PT3M-MAA PT3Mx

Fig. 6-26 a) Step-growth mechanism of thiol-ene Click reaction during molecular imprinting.

b) Mechanism of thiol-ene Click reaction based on MAA and PT3M.

Fig. 6-26 (a) displays the step-growth mechanism of the thiol-ene Click reaction based on
MAA and PT3M, from which the reaction can be described as two steps. For the first step
(MAA +PT3M* + PT3M — PT3M-MAA* + PT3M), a thiol radical of PT3M first attacks the
vinyl of MAA and goes through the first transition state (TS1). The propagation of charge,
therefore, can be achieved in the radical species by forming the complex PT3M-MAA¥*. For
the second step (PT3M-MAA* + PT3M — PT3M-MAA + PT3M*), the proton from another
PT3M is extracted by the free radical of PT3M-MAA*, which leads to the second transition

state (TS2) and results in the chain transfer. As a result, the product PT3M-MAA and a new
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thiol radical are obtained. According to the above analysis, the reaction mechanisms are
summarized in Fig. 6-26 (b). According to enthalpies, the activation enthalpies of the transition
states are calculated as 0.1 kcal mol-1 and -0.8 kcal mol-1, respectively. The low barriers of the
transition states suggest the feasibility of the reaction at room temperature, while the reduction
of the total energy confirms the spontaneous reaction on the thermodynamics. The results
further complement the mechanism of the molecular imprinting based on the thiol-ene Click

reaction.

6.5 Performance Characterization
6.5.1 rebinding characteriization

Isothermal and kinetic rebinding performance was respectively explored for the
investigation of selective recognition. In the whole range of tested conditions, MIM exhibits a
high adsorption capacity. For the concentration-dependent mode (Fig. 6-27), a non-uniform
trend of increase appears in the rebinding capacity of MIM. Specifically, the rebinding capacity
increases rapidly with a low concentration of CIP, while the trend becomes slow when the
concentration is over 150 mg L. It is reasonable to assume that the imprinted sites have made
a crucial contribution to the improvement of rebinding rates, which further demonstrates the

enhanced effect of imprinted sites.
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Fig. 6-27 Rebinding capacities of MIM with fitted isothermal models.
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Rebinding data are then fitted with Langmuir [30] (Fig. 6-28) and Freundlich(Fig. 6-29)
isothermal models, respectively. According to constants in Table S1, rebinding data of MIM fit

better with the Langmuir model (R? = 0.9980) than the Freundlich model (R? = 0.9694).

Table 6-1. Constants of isothermal rebinding onto MIM.

Langmuir® Freundlich®
Membrane
Qm Ky R2 Kr 1/n R2
MIM 121.12 0.0118 0.9980 4.9468 0.5476 0.9694

@ Langmuir model is expressed as Qc=(OnK1.C.)/(1+KLC.), where Ce (mg L") and Q. (mg g ™)
are concentration and rebinding capacity at equilibrium, On (mg g') is the theoretical

maximum rebinding capacity, and K. (L mg™") is the Langmuir constant.

1/n

® Freundlich model is expressed as Q=KrC.!"", where C. (mg L) and Q. (mg g') are
concentration and rebinding capacity at equilibrium, as well as Kr (mg!™"" L' g™!) and n are

Freundlich constants.

It indicates that the imprinted sites on MIM exhibit a uniform and monolayer distribution

[31].
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Fig. 6-28 Linear fitting Langmuir models
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Fig. 6-29 Linear fitting Langmuir models

For the time-dependent model (Fig. 6-30), a distinct trend from the concentration-dependent

model appears on MIM.
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Fig. 6-30 Rebinding capacities of MIM with fitted kinetic models.
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The rebinding capacity increases rapidly at first and reaches the platform in about 60 min.
Rebinding data are, then, fitted with Pseudo-first-order [32] (Fig. 6-31) and Pseudo-second-

order [33] (Figure 7f) model, respectively.

51 Pseudo-first-order model
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Fig. 6-31 Linear fitting of Pseudo-first-order models
Table 6-2. Constants of Kkinetic rebinding onto MIM
Pseudo-first-order® Pseudo-second-order®
Membrane
Qe kr R2 Qe ku R2
MIM 77.06 0.0543 0.9898 86.83 0.0008 0.9940

¢ Pseudo-first-order model is expressed by O=0.~Q.e ™, where Q. and O, (mg g') are
rebinding capacities at the equilibrium and time ¢ (min), and k' (min') is the equilibrium rate

constants of the pseudo-first-order model.

® Pseudo-second-order model is expressed as Q=(k"Qct)/(1+ k"Qct), where Q. and O (mg g ')
are rebinding capacities at the equilibrium and time ¢ (min), as well as k" (g mg ™! min™') is the

equilibrium rate constants of the pseudo-second-order model.
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Fig. 6-32 Linear fitting of Pseudo-second-order models

From fitting results in Table 6-2, rebinding data of MIM show better relevancy with the
Pseudo-second-order model (R? = 0.9940) than the pseudo-first-order model (R? = 0.9898),
suggesting that the rebinding onto MIM is determined by both chemisorption and physical

diffusion.
6.5.2 Selectivity characterization

For investigating the selective of the imprinted sites, concentration-dependent (Fig. 6-33)
and time-dependent (Fig. 6-34) selective rebinding operations were performed on MIM using
ENR, NOR and OFL as non-targets. MIM shows high rebinding capacity towards the targets

than the non-targets.

Besides the effectiveness, the significantly distinguishing rebinding capacities also indicate
the selectivity of the imprinted sites towards CIP, which is determined by the imprinting
polymerization using CIP as the template. It should be noted that, onto MIM, the rebinding
towards CIP in the mixed system is weaker than that in a single target system. The phenomenon

is especially remarkable at a high concentration (> 50 mg L!). It results from that the non-
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specific interaction between sites and non-targets leads to competition between targets and non-
targets. Since more non-targets own the chance to occupy imprinted sites with a high

concentration, the decline will be more obvious.
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Fig. 6-33 Concentration-dependent selective rebinding performance onto MIM
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Fig. 6-34 Time-dependent selective rebinding performance onto MIM
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Then, the separation factors are calculated according to selective rebinding data, as displayed

in Fig. 6-35.
10
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81 —— CIP/NOR T
T CIP/OFL
6_ .
S
4_ -+
2_ \ 4
0 T T T T T
0 50 100 150 200

Concentration (mg L7%)

Fig. 6-35 Separation factors (o) onto MIM

The remarkable selectivity of MIM is approached with a low concentration (< 50 mg L),
where the optimal one (aCIP/ENR =5.70, aCIP/NOR = 2.89 and aCIP/OFL = 8.28) is achieved
at 10 mg L' It indicates that the low concentration is more conducive to demonstrating the
capability of imprinted sites on selective recognition and rebinding of CIP. The phenomenon is
consistent with the apparent interference caused by competitors at the high concentration (> 50
mg L"). The intrinsic reason should be that the high concentration promotes a shift of the
equilibrium towards saturation. Considering the limited number of imprinted sites on MIM, the
non-specific rebinding will, therefore, be enhanced at the high concentration, thus weakening

the specificity dominated by specific rebinding.
6.5.3 Permeation performance

A mixed solution with 10 mg L' of CIP, ENR, NOR and OFL was employed for the permeation

investigations. The typical static permeation was performed on MIM. Fig. 6-36 shows the
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evolution of concentration in permeate and dialysate of MIM. The obvious difference appears
in the equilibrium time of CIP (36 h) and non-targets (24 h), where the hysteretic equilibrium
onto MIM indicates a significant retarding effect on the CIP permeation. At the same time, the
equilibrium concentration of CIP was much lower than that of the non-targets, indicating that
MIM exhibits a strong rebinding effect on CIP in the mixed system. The deduction is consistent
with that of selective rebinding experiments. Therefore, it can be inferred that MIM will
effectively retard the permeation of CIP by causing selective recognition and rebinding toward

CIP.

104 & CIP ENR NOR OFL
P —o—

Concentration (mg L1

Time (h)

Fig. 6-36 Permeation performance of target and non-targets onto MIM

Then, the permeation fluxes (J) of CIP and non-targets are compared for in-depth
understanding. Due to the differential in permeability, the evolution curves of CIP and non-
targets onto MIM display an immense variability, especially within 24 h (Fig. 6-37). As a result,

it leads to the conclusive feasibility of selective separation by the specially designed MIM.

For investigating the effective operation condition, the evolution of the permeability

coefficient (P) is further analyzed. As to MIM (Fig. 6-38), both CIP and non-targets show a
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decreasing trend in the permeability coefficient in the first 3 hours.
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Fig. 6-37 Permeation flux of target and non-targets onto MIM
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Fig. 6-38 Permeability coefficient of target and non-targets onto MIM

It can be interpreted as the rapid diffusion of molecules appearing under the concentration
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gradient at the beginning of permeation, while the specific rebinding of CIP and the non-
specific rebinding of non-target provided by imprinted sites inhibit their permeability. The
decreased concentration difference between permeate and dialysate, together with the enhanced
retarding ability, leads to the decline of the permeability coefficients. Subsequently, the
permeability coefficients raise with the system approaches the equilibrium rebinding. During
this process, the retarding effect on CIP is more lasting than on non-targets due to the stronger
interaction between the imprinted site and CIP. It, therefore, leads to the sluggish arrival of the

maximum on CIP (36 h), compared with the non-targets (24 h).

6.5.4 Regeneration performance

Since the porous sleeve is proposed for enhanced recycling and reusability, investigation
of regeneration performance is necessary for the evaluation of MIM. The regeneration cycles
were performed by extraction (Vmethanol/Vacetic acid = 95/5) after a typical permeation. The
permselectivity coefficients of MIM during 10 regeneration cycles are summarized in Fig. 6-
39 (a), which only exhibit tiny fluctuations (8.4%~10.8%). For the further investigation of this
decreasing tendency, the change of MIM occurred in the surface structure and chemical
composition were characterized by SEM and XPS. Fig. 6-39 (b) shows that the
microtopography in the 1st and 10th cycles does not change significantly. It indicates that there
is no obvious exfoliation of the imprinted polymers during long-term successive employment.
The phenomenon is attributed to the protective effect of the interpenetrating-bicontinuous
porous sleeve, which prevents the imprinted polymers from being destroyed by the external
forces. Then, when comparing the chemical composition, the differentiation between the 1st
and 10th cycles catches our attention. As shown in Fig. 6-39 (c) and Fig. 6-39 (d), an obvious
shift emerges in the binding energy of C=0, while a significant decline appears on O—C. It
indicates that the provider of carboxyl groups (MAA) is rebound with other molecules,
suggesting that a few rebound CIP molecules on the MIM were not effectively removed from
the imprinted sites during the regeneration cycles. It also provides a guide for the future research

on further improvement of the regeneration performance.
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7.1 Rebinding performance comparison

7.1.1 Isothermal and Kinetic rebinding performance

Isothermal and kinetic rebinding performance was respectively compared for the
investigation of selective recognition. In the whole range of tested conditions, MIM exhibits a
much higher rebinding capacity than PAM. The differentiation primarily confirms the enhanced
effect of imprinted sites (recognition sites) on rebinding CIP. Since the PAM was synthesized
by the same route as MIM just without template, its affinity towards CIP is achieved only based
on the interactions between monomers and targets, but no shape effect of the site. It can be,
therefore, inferred that the shape effect plays the leading role in the differentiation of the

rebinding capacity.

For the concentration-dependent mode (Fig. 7-1), a non-uniform trend of increase appears in

the rebinding capacity of MIM.
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Fig. 7-1 Rebinding capacities of MIM and PAM with fitted isothermal models.

Specifically, the rebinding capacity increases rapidly with a low concentration of CIP, while
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the trend is similar to that of PAM when the concentration is over 150 mg L', In contrast to the
consistently sluggish growth of PAM, it is reasonable to assume that the imprinted sites have
made a crucial contribution to the improvement of rebinding rates, which further demonstrates

the enhanced effect of imprinted sites.

Rebinding data are then fitted with Langmuir [1] (Fig. 7-2) and Freundlich [2] (Fig. 7-3)

isothermal models, respectively.

1241 Langmuir model

PAM
8 R?=0.9952

Ce/Qe
<

MIM
R?=0.9980

0 50 100 150 200
Ce (mg LY

Fig. 7-2 Linear fitting of Langmuir models onto MIM and PAM

According to constants, rebinding data of MIM fit better with the Langmuir model (R* =
0.9980) than the Freundlich model (R? = 0.9694). It indicates that the imprinted sites on MIM
exhibit a uniform and monolayer distribution [3]. Although no imprinted site has been
synthesized on PAM, its rebinding data are more consistent with the Langmuir model (R? =
0.9952), compared with the Freundlich model (R* = 0.9390). The reason should result from that,
despite the non-specificity, the uniformly distributional non-imprinted polymers on PAM are
still the core contributors for the CIP binding, which therefore leads to a similar isotherm with

MIM.
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Fig. 7-3 Linear fitting of Freundlich models

For the time-dependent model (Fig. 7-4), a distinct trend from the concentration-dependent

model appears on MIM comparing with PAM.
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Fig. 7-4 Rebinding capacities of MIM and PAM with fitted kinetic models
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Fig. 7-5 Linear fitting of Pseudo-first-order models onto MIM and PAM

The rebinding capacity increases rapidly at first and reaches the platform in about 60 min.
Compared with the consistent stationary trend of PAM under the same conditions, the
phenomenon suggests the significant enhancement of imprinted sites on the rebinding rate.
Rebinding data are, then, fitted with Pseudo-first-order [4] (Fig. 7-5) and Pseudo-second-order
[5] (Fig. 7-6) model, respectively. Due to the nonnegligible contribution of non-imprinted

polymers, the rebinding data of PAM are also more consistent with the pseudo-second-order
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t (min)

(R? = 0.9897) model than the pseudo-first-order model (R? = 0.9642).

t/Qt

Fig. 7-6 Linear fitting of Pseudo-second-order models onto MIM and PAM
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7.1.2 Adsorption performance with non-targets

For investigating the selective of the imprinted sites, concentration-dependent (Fig. 7-7 left)
and time-dependent (Fig.7-7 right) selective rebinding operations were performed on MIM and

PAM using ENR, NOR and OFL as non-targets.

Compared with the indistinctive differential onto PAM, MIM shows higher rebinding
capacity towards the targets than the non-targets. Besides the effectiveness, the significantly
distinguishing rebinding capacities also indicate the selectivity of the imprinted sites towards

CIP, which is determined by the imprinting polymerization using CIP as the template.

It should be noted that, onto MIM, the rebinding towards CIP in the mixed system is weaker
than that in a single target system. The phenomenon is especially remarkable at a high
concentration (> 50 mg L). It results from that the non-specific interaction between sites and

non-targets leads to competition between targets and non-targets.

Since more non-targets own the chance to occupy imprinted sites with a high concentration,
the decline will be more obvious. In contrast, the shape-matched recognition site for CIP does

not exist on PAM, so the influence of competitors on the rebinding capacity of CIP is negligible.

= 80- MM ... |PAM .
i Rebinding without -~ 3~ t - I(EIIEIE
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5 of # 1 # T
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Fig. 7-7 Comparison of concentration-dependent selective rebinding performance onto

MIM and PAM
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Fig. 7-8 Comparison of time-dependent selective rebinding performance onto MIM and

PAM

Then, the separation factors are calculated according to selective rebinding data, as displayed

in Fig. 7-9.
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Fig. 7-9 Separation factors (o) onto MIM and PAM

The remarkable selectivity of MIM is approached with a low concentration (< 50 mg L),

where the optimal one (aCIP/ENR = 5.70, aCIP/NOR = 2.89 and aCIP/OFL = 8.28) is achieved

at 10 mg L', Tt indicates that the low concentration is more conducive to demonstrating the

capability of imprinted sites on selective recognition and rebinding of CIP. The phenomenon is

consistent with the apparent interference caused by competitors at the high concentration (> 50

mg L"). The intrinsic reason should be that the high concentration promotes a shift of the

equilibrium towards saturation. Considering the limited number of imprinted sites on MIM, the
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non-specific rebinding will, therefore, be enhanced at the high concentration, thus weakening
the specificity dominated by specific rebinding. Compared with MIM, the as-obtained PAM, as
expected, shows no obvious specificity towards CIP because of the absence of a template during

the polymerization.

The remarkable selectivity of MIM is approached with a low concentration (< 50 mg L),
where the optimal one (aCIP/ENR = 5.70, aCIP/NOR = 2.89 and aCIP/OFL = 8.28) is achieved
at 10 mg L', It indicates that the low concentration is more conducive to demonstrating the
capability of imprinted sites on selective recognition and rebinding of CIP. The phenomenon is
consistent with the apparent interference caused by competitors at the high concentration (> 50
mg L ). The intrinsic reason should be that the high concentration promotes a shift of the
equilibrium towards saturation. Considering the limited number of imprinted sites on MIM, the
non-specific rebinding will, therefore, be enhanced at the high concentration, thus weakening
the specificity dominated by specific rebinding. Compared with MIM, the as-obtained PAM, as
expected, shows no obvious specificity towards CIP because of the absence of a template during

the polymerization.

7
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Fig. 7-10 Relative separation factors (") onto MIM and PAM.
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To eliminate the interference of non-specific rebinding, relative separation factors (a')
obtained by MIM and PAM were further explored. Fig. 7-10 shows that the relative separation
factors are positively high when the concentration is below 50 mg L! but exhibits negativity
above this concentration. It confirms that the specific rebinding is dominant at low
concentrations, while non-specific rebinding gradually becomes dominant at high
concentrations. As a result, the MIM will exhibit better performance when the concentration is
lower than 50 mg L, especially below 10 mg L. Since the reported concentration range of
CIP and its analogues in real samples is generally within 5 mg L' [6-11], the resulting MIM
exactly shows the suitable pertinence and applicability. Static allocation coefficient, separation

factors and relative separation factors are summarized in Table 7-1 in detail.

Further, the imprinting factors at the optimum concentration (10 mg L") were explored under
different pH values. Fig. 7-11 shows that the rebinding capacity of CIP on both MIM and PAM

increased first and then decreased.
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Fig. 7-11 Rebinding capacities and imprinting factors achieved by MIM and PAM

For the PAM, the best performance is achieved at pH = 5. It should result from that the PAM
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is dominated by the negative charge under an acidic condition. The combination of H" and the
—NH- group makes the CIP exhibit a cationic state and be conducive to binding with PAM [12].
However, the performance significantly declines when pH < 5. It should be ascribed to the
competition of excessive H+ with the CIP based on the protonation effect. In contrast, the
optimum rebinding capacity of MIM is obtained at pH = 7. The difference between MIM and
PAM should be attributed to the fact that the imprinting polymerization is carried out in a neutral
environment. The resulting caves (imprinted sites) are most matched with the molecular
structure of neutral CIP, thus showing a better rebinding performance. As a result, the optimum

imprinting factor (3.40) could be achieved at pH = 7.

Table 7-1 Static allocation coefficient (K, L g™!), separation factors (o) and relative

separation factors (a') onto MIM and PAM (10 mg L™).

Molecule Membrane K(Lg? a a’

MIM 1.7096 -

CIP -
PAM 0.5033 -
MIM 0.2998 5.70

ENR 3.75
PAM 0.3312 152
MIM 0.5916 2.89

NOR 4.59
PAM 0.8037 0.63
MIM 0.2065 8.28

OFL 2.33
PAM 0.1414 3.56

7.2 Permeation performance comparison

In chapter 6, a mixed solution with 10 mg L' of CIP, ENR, NOR and OFL was employed
for the permeation investigations onto the MIM. For comparison, the same experiment also
operated onto the PAM. The typical static permeation was performed on MIM and PAM,

respectively.

In Fig 7-12 (left), the concentration evolution in the permeate and dialysate of MIM is
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depicted. Notably, a distinct disparity emerges in the equilibrium times of CIP (36 h) and non-
targets (24 h). This discrepancy signifies a pronounced delay in achieving equilibrium for CIP
permeation onto MIM, indicating the membrane's substantial retarding effect on CIP.
Simultaneously, the equilibrium concentration of CIP proves to be considerably lower than that
of the non-targets, underscoring MIM's robust rebinding effect on CIP within the mixed system.
These findings align with the deductions drawn from selective rebinding experiments. Thus, it
can be reasonably inferred that MIM effectively impedes the permeation of CIP by virtue of its

capacity for selective recognition and subsequent rebinding to CIP.

On the other hand, PAM exhibits contrasting behavior with comparable equilibrium
concentrations and nearly identical equilibrium times for both CIP and non-targets, as shown
in Fig. 7-12 (right). This observation suggests that achieving effective separation is challenging
on PAM in terms of both time and concentration due to the absence of selective recognition

sites. In light of this inference, Fig. 7-13 depicts the mechanism of selective separation on MIM.

101 CIP  ENR NOR OFL 104 CIP ENR NOR OFL
= P —— —— = P —o e
o8l oo ol 2e] Yo
E £ E
s 6] 1;\1,\1‘ s 9] - ; i
= ' o S p o fs - 3
= 4 e o L | PRI R =
g Kf 19\ g éfI &

Saof A 4+ 21 F
= B 4 =
S :‘rs‘q\f‘ Q g
01 =% MIM 0 PAM
0 12 24 36 48 0 12 24 36 48
Time (h) Time (h)

Fig. 7-12 Comparison of permeation performance of target and non-targets onto MIM

and PAM
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Next, I compare the permeation fluxes (J) of CIP and non-targets to gain deeper insights. The
evolution curves of CIP and non-targets on MIM exhibit significant variations, particularly
within the first 24 hours, owing to their distinct permeabilities (Fig. 7-14 left). In contrast, the
permeation fluxes on PAM show minimal differences (Fig. 7-14 right). Consequently, the
feasibility of achieving selective separation through the specially designed MIM is confirmed.
It is important to note that the permeation fluxes of non-targets on PAM are higher than those
on MIM. This phenomenon can be attributed to the structural complementarity, which plays a
crucial role in the selective recognition and rebinding by the imprinted sites. Since the selected
non-targets closely resemble CIP, the inevitable matching leads to enhanced rebinding and
reduced permeability of the non-targets. Nevertheless, the stronger recognition and rebinding

towards CIP ensure effective separation between CIP and non-targets.

0. 0051 MM
= —=— CIP
570.004 - ENR
g NOR
~ 0.003 —v— OFL
=
£0.002{
£ :

0.001 1’-.%_\
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0.000

0 12 24 36 18 0 12 24 36 18
Time (h) Time (h)

Fig. 7-14 Comparison of permeation flux of target and non-targets onto MIM and PAM

To investigate the optimal operating conditions, I further analyze the evolution of the
permeability coefficient (P). In the case of MIM (Fig. 7-15 left), both CIP and non-targets show
a decreasing trend in the permeability coefficient during the first 3 hours. This can be attributed
to the initial rapid diffusion of molecules driven by the concentration gradient, followed by the
specific rebinding of CIP and the non-specific rebinding of non-targets facilitated by the
imprinted sites, which hinder their permeability. As the concentration difference between the
permeate and dialysate decreases and the retarding ability strengthens, the permeability
coefficients decline. Subsequently, the permeability coefficients increase as the system

approaches equilibrium rebinding. During this process, the retarding effect on CIP persists
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longer than on non-targets due to the stronger interaction between the imprinted site and CIP.
Consequently, the maximum permeability coefficient for CIP is reached more slowly (at 36
hours) compared to non-targets (at 24 hours). Conversely, for PAM (Fig. 7-15 right), the
permeability coefficients of both CIP and non-targets reach their maximum simultaneously (at
24 hours) due to the lack of selectivity. Based on this analysis, superior selective separation can
be achieved when the permeability of non-targets remains active while the permeability of CIP
is suppressed (at 24 hours). Table 7-2 provides a summary of the permselectivity coefficients
(B) for MIM and PAM, highlighting the impressive permselectivity exhibited by MIM, with

coefficients ranging from 9.50 to 12.50.

MIM PAM

0.003 0. 003 CIP
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Fig. 7-15 permeability coefficient of target and non-targets onto MIM and PAM

Table 7-2 Parameters of selective permeation onto MIM and PAM (24 h)

Membrane Molecule  J %x10*(mg min™t cm) P (L mintcm™) B

MIM CIP 1.0836 0.0002 -
ENR 1.6459 0.0021 10.50
NOR 1.4886 0.0019 9.50
OFL 1.8016 0.0025 12.50

PAM CIP 1.7006 0.0024 -
ENR 1.7659 0.0025 1.04
NOR 1.5353 0.0023 0.96
OFL 1.9077 0.0026 1.08
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7.3 Performance evaluation

For a comprehensive evaluation of the performance, multi-dimensional comparisons were
performed between MIM and reported researches, focusing on the rebinding capacity,

imprinting factor, selectivity, regeneration property and anti-fouling performance.

Table 7-3 Performance comparison between MIM and reported CIP-imprinted

materials

Material Rebinding capacity Imprinting factor Selectivity®

CIP/ENR = 1.26
CIP/NOR = 1.08
MMIPs 33.18mg g* 1.69
CIP/OFL = 1.10
CIP/LOM =1.55
CIP/SMZ =3.03
MIP 9.57mgg?! 3.88
CIP/N-Py = 1.67
CIP/GAT =1.48
MIP 11.53mgg™ 135 CIP/CHL =2.32
CIP/TC =2.92
CIP/ENR = 1.14
MGO@MSiO; 27.02mg g™ 3.00 CIP/NOR = 1.05
CIP/OFL = 2.26
CIP/ENR =3.75

MIM 121.12mg g_l 3.40 CIP/NOR =4.59

CIP/OFL =2.33

2 The selectivity was evaluated according to the relative separation factors (a').

As shown in Table 7-3, the superior rebinding capacity that is much higher than that of
reported CIP-imprinted materials, together with the remarkable imprinting factor (3.40), is
obtained on MIM. It indicates that the PDA-embedded strategy provides the possibility of

integrating the numerous CIP-imprinted sites in an interpenetrating-bicontinuous porous sleeve.
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As a result, better selectivity can be achieved on MIM. Moreover, the performance of MIM is
also compared with similar MIMs for the evaluation of membrane performance. As summarized
in Table 7-4, MIM exhibits impressive permselectivity to the congeneric membranes, which is
even better than our previous work [13]. The result is attributed to the design of the PDA-
embedded porous sleeve, which increases the time for the liquid to flow through the inner space
of the membrane. It ensures enough time for the target to approach the imprinted site. The
efficient specific rebinding and permselectivity can be, therefore, achieved on the MIM.
Importantly, the as-obtained MIM also shows comparable regenerative performance and a
wider-available anti-fouling performance. Based on the above analysis, the as-constructed MIM
demonstrates better comprehensive properties than similar materials with wider application

prospects.

Table 7-4 Performance comparison between MIM of this research and other reported

MIMs

Membrane  Selectivity®*  Regeneration performance Antifouling performance

m-MIM 1.51-1.82 9% of decline (9 cycles) -
CBMIMs 1.65-1.87 - 5-20 mg Lt of pollutant
MIM7 2.66 11.43% of decline (5 cycles) -
MAPSP 2.03-2.15 4% of decline (6 cycles) -
3.8%-7.4% of fluctuation (10
C/A/D-MIMs  1.65-2.08 50-200 mg L ! of pollutant
cycles)
8.4-10.8% of fluctuation (10

MIM 9.50-12.50 5-200 mg L of pollutant
cycles)

2 The selectivity was evaluated according to the permselectivity coefficients (f).

Therefore, MIMs hold significant promise as a cutting-edge solution for the removal of
antibiotics from wastewater in medical buildings. These advanced membranes, designed with

molecular recognition sites tailored to specific antibiotic molecules, exhibit exceptional
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selectivity and adsorption capacities. This technology not only addresses the pressing issue of
antibiotic pollution but also offers a sustainable and efficient approach to safeguarding
environmental and public health within medical buildings. As the demand for effective
wastewater treatment in healthcare settings continues to grow, MIMs stand out as a
transformative technology capable of mitigating the environmental impact of antibiotic

discharge and enhancing the quality of treated effluents.
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8.1 Conclusion

With the increasing use of antibiotics and the rising concentration of antibiotics in medical
wastewater, the treatment of antibiotics in wastewater from medical buildings has become
increasingly important. Between 2000 and 2015, antibiotic consumption increased by 65%, and
the antibiotic consumption rate increased by 39%. Among the various methods for treating
antibiotics in wastewater, membrane separation technology has been our focus of research due
to its high treatment efficiency, strong operational flexibility, sustainability, and relatively
mature technology. However, traditional membrane treatment techniques face a trade-off
between membrane flux and treatment performance, resulting in certain limitations in treatment
efficiency. The objective of this study is to explore improvements in membrane technology to
increase membrane flux while ensuring an increase in treatment performance. Additionally, I
aim to meet the requirements for selective separation to further enhance the treatment efficiency

of antibiotics in medical wastewater from medical buildings.

The main works and results can be summarized as follows:

In Chapter 1, RESEARCH BACKGROUND AND PURPOSE OF THE STUDY, the research
backgrounds of the increasing use of antibiotics and the rising concentration of antibiotics in
medical wastewater are introduced in chapter 1, including the sources and distribution of
antibiotics in the environment. As well as the antibiotic pollution in water resources. Then the
hazards of antibiotics pollution to the environment, creature and human beings is well
introduced. Researching the treatment technologies for antibiotics in medical building
wastewater is of great importance. At last, the research purpose and logical framework is shown

in order to support reviewers understand the content of this paper.

In Chapter 2, LITERATURE REVIEW OF ANTIBIOTIC REMOVAL, this chapter provides a
comprehensive overview of past research on the removal of antibiotics from wastewater. The
focus is on three primary treatment methods: biological treatment, oxidation methods, and
physical methods. The biological treatment approach is cost-effective and can achieve high
removal efficiencies but sensitive to environmental conditions, and have the potential for the

development of antibiotic-resistant bacteria. The oxidation methods have high treatment
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efficiency but its energy and cost consumption are high, too. Physical methods, particularly
membrane separation technology, offers high removal efficiencies, compatibility and the
potential for resource recovery. Therefore, the treatment of antibiotics by membrane technology

is the focus of this study.

In Chapter 3, METHODOLOGY, in this chapter, the design of membrane synthesis methods
was explored. The aim was to enhance both membrane flux and adsorption efficiency. To
achieve this, the membrane thickness was increased, and a sacrificial template method was
utilized to enhance the interconnected pore structure within the membrane. To address the issue
of pore size affecting treatment efficiency, a plan was devised to synthesize a polymer layer on
the inner and outer surfaces of the membrane to absorb antibiotic molecules. In order to ensure
that the synthesized materials meet our requirements, a design for the characterization methods
of the membrane materials was established. This involved conducting a series of material
property characterizations, including scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), in-situ

diffuse reflectance infrared Fourier transform spectroscopy (In-situ DRIFT) and so on.

In Chapter 4, DATA RESOURCE AND MEMBRANE PERFORMANCE ANALYSIS, this
chapter focused on the planning and design of testing methods for membrane performance, with
ciprofloxacin selected as the target molecule for testing. The testing methods were carefully
planned to evaluate the efficacy of the membranes in adsorbing and permeating ciprofloxacin.
The adsorption capacity would provide insights into the membrane's ability to remove the target
molecule from the solution, while the permeation tests would assess the membrane's ability to
allow or restrict the passage of the molecule through its structure. By conducting these tests and
employing the provided calculation methods, the performance of the synthesized membranes

could be quantitatively evaluated.

In Chapter 5, POLYMERIZATION ADSORPTION MEMBRANE, in this chapter, the
synthesis of the Polymerization Adsorption Membrane (PAM) was performed. After
determining the materials and characterization equipment, the PVDF-BCD-dopamine

membrane (VCDM) was synthesized as a precursor, followed by ethylene modification and
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subsequent polymerization to obtain the desired PAM. The membrane was then subjected to
material characterization, confirming the success of each reaction step. The performance testing
began with isothermal adsorption tests, which revealed that the adsorption capacity of the PAM
for ciprofloxacin (CIP) reached 22.04 mg g'. Furthermore, the adsorption sites on the PAM
exhibited a uniform and monolayer distribution, confirming its adsorption capability for CIP
molecules. Subsequently, permeation adsorption experiments were conducted, and it was
observed that the equilibrium of CIP molecules in solution was reached after 24 hours. This

indicated that the PAM had an inhibitory effect on the permeation of CIP within 24 hours.

In chapter 6, MOLECULARLY IMPRINTED MEMBRANE, in this chapter, to maximize
membrane utilization and address real antibiotic discharge scenarios, I enhanced the absorption
capacity of the PAM membrane for a specific antibiotic molecule among various types. Through
modification during synthesis, the final step incorporated molecular imprinting technology,
using ciprofloxacin (CIP) as the template, resulting in the creation of a Molecularly Imprinted
Membrane (MIM). Material characterization confirmed the successful synthesis at each step.
In adsorption performance tests, the MIM exhibited an impressive adsorption capacity of
121.12 mg g-1 for CIP molecules. The membrane surface demonstrated a uniform monolayer
distribution of adsorption sites, with a coexistence of chemical adsorption and physical
diffusion. Subsequently, selective adsorption and permeation experiments were conducted with
four structurally similar but different types of antibiotics, including CIP. The results revealed
that the MIM possessed significantly higher absorption capacity for CIP molecules compared
to the other three types. The inhibitory effect on CIP permeation lasted for 36 hours, surpassing
the 24-hour mark observed for the other types. These findings demonstrate the strong inhibitory

and adsorption capabilities of the MIM specifically for CIP molecules.

In chapter 7, PERFORMANCE COMPARISON, in this chapter, in order to evaluate the
performance enhancement achieved by incorporating molecular imprinting technology, a
comparison of the Molecularly Imprinted Membrane (MIM) and the Polyacrylamide (PAM)
membrane was conducted. Additionally, the PAM membrane was subjected to adsorption and
permeation experiments involving four structurally similar but different types of antibiotics.

The results of the comparison indicated that the MIM is far superior to PAM in terms of
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adsorption capacity, permeation inhibition, adsorption selectivity and permeation selectivity,
highlighting the role played by the imprinting sites on the membrane surface. Then regeneration
performance and anti-fouling tests were performed on the MIM, demonstrating comparable
regenerative properties and a wider range of resistance to fouling. Taking all the findings into
consideration, the as-constructed MIM exhibited superior comprehensive properties compared

to similar materials, thus presenting promising prospects for broader applications.

In chapter 8, CONCLUSION AND PROSPECT, a summarized of each Chapter is concluded.

To enhance the efficiency of antibiotic removal in medical wastewater treatment, I proposed
the design of a thicker membrane material with larger interconnected pores. Additionally, I
attempted to synthesize a layer of adsorptive polymer on the membrane surface to enhance its
affinity for antibiotic molecules. Through this approach, I successfully synthesized
polymerization adsorption membrane (PAM) and tested their performance using Ciprofloxacin
(CIP) as a model antibiotic. The results demonstrated the presence of adsorption capacity and
permeation inhibition for CIP molecules on the PAM. Furthermore, to meet the demand for
selective adsorption of specific types of antibiotic molecules, I introduced molecular imprinting
technology onto the PAM membrane. This resulted in the synthesis of a Molecularly Imprinted
Membrane (MIM) using CIP as a template. The MIM exhibited significantly improved
absorption capacity and permeation inhibition for CIP molecules. Notably, the impressive
rebinding selectivity (o = 2.89-8.28) and permselectivity (B = 9.50-12.50) highlighted the

superior selective separation capabilities of the MIM.

8.2 Prospect

The use of molecularly imprinted membranes for the treatment of antibiotics in water from
medical building holds promising prospects for the future. There are four key aspects to

consider:

Adsorption Capacity: Continued research efforts will focus on enhancing the adsorption
capacity of molecularly imprinted membranes. By optimizing material synthesis and structural

design, I can improve the membrane's ability to effectively adsorb target antibiotic molecules,
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leading to higher removal efficiencies and lower residual concentrations.

Selectivity: Future studies will prioritize the selectivity of molecularly imprinted membranes.
Through adjustments in the ratio and structure of imprint templates and functional monomers,
high selectivity for different antibiotics can be achieved. This will enhance treatment

effectiveness while minimizing interference from other substances in the environment.

Treatment Efficiency: Advancements will be made in improving the treatment efficiency of
molecularly imprinted membranes. By optimizing membrane structure and flux, the mass
transfer rate of antibiotic molecules within the membrane can be enhanced, resulting in faster

treatment processes and increased removal efficiencies in water bodies.

Cost Reduction: As technology progresses and economies of scale come into play, it is
expected that the production costs of molecularly imprinted membranes will decrease.
Additionally, the development of new materials and process improvements will further
contribute to reducing the overall manufacturing costs, making molecularly imprinted

membrane technology more commercially viable.
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