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General Introduction 

Adsorption and Separation of Biological and Environmental Targets 

The selective isolation and analysis of biomolecules are fundamental not only to biological 

research but also to practical applications in healthcare, industry, and the environment. In nature, 

the behaviors and functions of living organisms, including animals, plants, and microorganisms, 

are primarily governed by biomolecules such as nucleic acids, proteins, peptides, lipids, and 

carbohydrates. With the rapid advancements in materials science, analytical instrumentation, 

nanotechnology, and biotechnology, the structures, functions, and mechanisms of action of 

these biomolecules are gradually being elucidated.1,2 This progress contributes to uncovering 

the mysteries of life and enables the development of intelligent biomimetic systems.3 Moreover, 

as shown in Fig. 1, the abnormal expression of specific certain biomolecules in the body serves 

as an indicator of pathological changes, making their detection highly important for clinical 

diagnostics.4 This is particularly important in the context of drug discovery, where biomolecules 

not only serve as disease markers but also as potential therapeutic agents. Biomolecules with 

therapeutic potential have become a major source of drug development.5 Therefore, the 

adsorption and separation of biologically relevant molecules play a crucial role in numerous 

fields, including biotechnology, environmental science, and pharmaceutical development. 

Efficient separation techniques are essential for the purification of biomolecules such as 

peptides, pharmaceutical intermediates, and environmental contaminants, which are often 

present in complex mixtures. These processes are essential not only to enhance the accuracy 

Fig. 1. Application fields of biomolecule separation.3 
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and reliability of analytical methods but also to enable the development of high-purity 

bioproducts required for therapeutic and diagnostic applications.6 

Fundamental research in the field of omics is underpinned by a comprehensive workflow 

that encompasses the separation, characterization, and databasing of biomolecules. This 

integrated approach is essential for advancing studies in genomics7,8, proteomics9,10, and 

glycomics11,12. This high-resolution molecular understanding is not only valuable for basic 

science but also lays the groundwork for biopharmaceutical production. In parallel, the 

development of high-purity pharmaceuticals from complex biological matrices generally 

necessitates multistep purification strategies employing various separation methodologies. This 

challenge arises from the typically low abundance of target biomolecules amidst a complex 

mixture of coexisting substances. Notable examples include the isolation of insulin from 

pancreatic extracts or its biosynthesis using recombinant DNA techniques for diabetes 

management13, the purification of artemisinin from Artemisia annua for antimalarial 

applications14, and the extraction of paclitaxel from Taxus species for cancer chemotherapy15. 

While therapeutic applications represent one major focus, molecular separation also plays a 

pivotal role in environmental systems. For example, certain organic fertilizers, livestock 

manure, and crop residues release high concentrations of nutrients such as nitrogen and 

phosphorus into aquatic ecosystems.16 Among these phosphorus readily accumulates and 

contributes to eutrophication,17 resulting in algal blooms, oxygen depletion, and severe 

degradation of water quality.18 These ecological disruptions highlight the need for effective 

nutrient removal strategies. In this context, advanced adsorbent materials capable of selectively 

capturing phosphate and other nutrients are essential for restoring environmental balance and 

supporting sustainable water resource management. Therefore, to meet diverse separation 

needs—ranging from the isolation of therapeutic biomolecules to the mitigation of 

environmental pollutants; novel materials and tailored separation approaches are indispensable. 

In addition, selective adsorption materials enable targeted removal or recovery of specific 

biomolecules, facilitating advances in bioseparation technology and promoting sustainable and 

cost-effective production processes. In this context, novel adsorbent materials and separation 

strategies are critical for addressing separation challenges in both biological and chemical 

industries, enabling the realization of high-purity products, efficient resource utilization, and 
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reduced environmental impact.19 In the past decade, with the rapid advancement of materials 

science, numerous emerging nanoporous materials have been explored for biomolecular 

separation applications. These include surface-nanostructured porous silica microparticles20, 

molecularly imprinted polymers (MIPs)21, two-dimensional (2D) materials22, metal-organic 

frameworks (MOFs)23,24, covalent organic frameworks (COFs)25, functional hydrogels26, and 

nanofractal particles27 (Fig. 2). While conventional adsorbent materials offer valuable 

properties, they also have limitations such as poor performance with complex mixtures, 

sensitivity to physicochemical conditions, mass transfer resistance, membrane fouling, and 

unsustainable synthesis. These issues have motivated the development of advanced 

architectures to improve separation efficiency.28,29,30 Therefore, advanced adsorbent systems 

that can reliably capture biomolecules at ultra-low concentrations, sustain high throughput 

while minimizing membrane fouling, operate under low pressure drops, produce minimal waste, 

and enable efficient recovery are urgently required. Over the past few years, research has 

primarily focused on designing innovative adsorbent architectures to overcome the limitations 

of conventional materials while maximizing overall performance. 

 

Monoliths 

Monoliths, characterized by their hierarchical, continuous, and porous three-

dimensional (3D) structures, have gained considerable attention due to their simple preparation 

and uniform architecture. These structures offer several advantages over particulate materials, 

including ease of separation, reduced pressure drop, enhanced mass transfer, superior 

mechanical stability, and customizable geometric designs. In 1992, Noel et al. first introduced 

Fig. 2. Timeline of materials for biomolecule separation.3 
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the term monolith to describe a mechanically stable macroporous polymer used in the 

fabrication of artificial sponges for protein separation.31 Since then, monoliths have been widely 

employed to denote single-piece bulk materials featuring three-dimensionally interconnected 

porous networks or channels. Monoliths that possess continuous macroporous frameworks and 

mesopore-derived high surface areas are increasingly being explored for a wide range of 

applications, including protein immobilization, adsorption, ion exchange, catalysis, and 

sensing.32 Monoliths offer advantages over particulate materials, such as ease of separation, 

reduced back pressure, improved mass transfer, superior mechanical stability, and customizable 

geometric configurations.33 Their interconnected porous structures facilitate efficient fluid flow 

with lower energy consumption, while their customizable geometries allow for elevated loading 

capacity and seamless integration into various systems, particularly in catalytic and separation 

applications.34 In addition, their straightforward and scalable manufacturing processes further 

enhance their practical utility.35,36 Various strategies for fabricating such monoliths and tailoring 

their pore architecture have been reported. A significant portion of these studies has focused on 

inorganic materials such as carbon, silica, and titanium dioxide.37 In contrast, synthetic 

polymer-based monolithic materials have recently gained attention due to their favorable 

biocompatibility, robust chemical resistance, and facile functionalization. Common fabrication 

approaches for monoliths include free radical polymerization38, high internal phase emulsion 

templating39, and thin-film membrane formation40. During the preparation process, the 

permeability and pore size of the resulting monoliths can be finely tuned by adjusting the pre-

polymerization composition and reaction conditions, such as the ratio of porogenic solvents, 

precursor concentrations, and reaction temperature.41 Moreover, a wide variety of monomers 

are available for synthesizing organic monoliths. Different functional monomers can be 

selected based on the specific requirements of the intended application. Additionally, the 

surface of the monolithic matrix can be further functionalized to impart desired properties. 

However, such modifications often involve complex procedures and extended processing 

times.42 

Hierarchically porous structures are ubiquitous in nature, ranging from simple unicellular 

organisms to complex human tissues.43 These distinctive structural features have garnered 

growing interest from researchers, leading to the development of a wide variety of 
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hierarchically porous materials. Among them, hierarchically porous monoliths have emerged 

as advanced materials characterized by the integration of two or more levels of porosity, 

including micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) (Fig. 3). The 

presence of micro- and mesopores contributes significantly to the enhancement of surface area 

and pore volume, offering advantages such as molecular size and shape selectivity as well as 

increased interfacial contact.44 In parallel, macropores alleviate diffusion constraints and 

promote efficient mass transport to active sites. Notably, these monoliths possess a three-

dimensionally interconnected pore network, allowing continuous fluid flow through the 

structure, thereby overcoming limitations associated with particulate or thin-film formats. 

Owing to their facile fabrication, high mass transfer efficiency, and excellent diffusion 

properties, hierarchically porous monoliths hold great potential for applications in adsorption, 

separation, catalysis, and analyte enrichment. For example, Sun et al. reported a facile strategy 

that was used in high-efficiency uranium adsorption of hierarchically porous amidoxime 

cellulose monolith as an adsorbent.45 This study showed that the hierarchically porous structure 

improved properties over the single-mode porous component, with the macroporous framework 

ensuring mechanical stability and good mass transport properties, while the smaller pores 

enhanced surface interaction for uranium adsorption. 

In addition to the template-assisted, emulsion, and foaming techniques, phase separation 

represents one of the most widely employed strategies for fabricating hierarchically porous 

Fig. 4. Monolith preparation process via thermally induced phase separation (TIPS). 

Fig. 3. Schematic structures of hierarchically porous materials.44 
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monoliths.46 This process involves a transformation from a miscible to an immiscible state. By 

modulating the system conditions, the solubility of a specific component is reduced, leading to 

its aggregation and the formation of a new phase. Upon subsequent solvent removal, a porous 

network can be established. Commonly utilized phase separation methods include thermally 

induced phase separation (TIPS) and chemically induced phase separation (CIPS). In TIPS, a 

polymer is initially dissolved in a porogenic solvent at an elevated temperature exceeding the 

critical solution temperature, resulting in a homogeneous solution. Upon cooling below this 

critical temperature, phase separation is triggered, yielding a biphasic system.47 In contrast, 

CIPS begins with the dissolution of monomers, a cross-linking agent, and an initiator in a 

porogenic solvent to form a uniform solution.48 As polymerization progresses, the polymer’s 

molecular weight increases continuously, which reduces its solubility in the solvent-monomer 

medium, thereby promoting phase separation. This leads to the development of two distinct 

phases: a polymer-rich (solute) phase and a solvent-rich phase, both of which continue to evolve 

during the phase separation process.49 Once gelation occurs, the polymer-rich phase forms the 

solid framework, while the solvent-occupied regions result in mesopores and macropores. 

Subsequent solvent exchange at the monolith's surface using a suitable solvent can further 

induce the formation of surface micropores.50 

Recently, my research group has developed a straightforward strategy for fabricating 

hierarchically porous monoliths from polymer solutions via TIPS (Fig. 4). Monoliths derived 

from a range of polymers, including cellulose42, chitosan, polyacetylene, poly(vinyl alcohol), 

poly(ethylene-co-vinyl alcohol), and poly(-glutamic acid), have been fabricated using 

appropriate binary solvent systems.51 Some of these monolithic structures have exhibited 

uniform mesopores alongside submicron- to micron-sized macropores. The fabrication involves 

a simple procedure: dissolving the polymer in a mixture of good and poor solvents at elevated 

temperatures, followed by cooling, leading to phase separation and monolith formation. This 

preparation method is both facile and environmentally benign, yielding monoliths with high 

porosity and excellent permeability. Through a variety of post-synthetic modifications, these 

monoliths have been functionalized to exhibit diverse properties, enabling their effective 

application in areas such as adsorption and catalysis. 

The conditions under which phase separation occurs significantly influence the resulting 
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pore architecture of the monolith. For example, the nature of the porogenic solvent determines 

polymer solubility, which in turn dictates both the onset of phase separation and the coarsening 

behavior of the polymer-rich domains in the later stages. Typically, a higher proportion of good 

solvent leads to a more compact pore network with smaller pore sizes, whereas a poor solvent 

produces a more open structure with larger pores. Therefore, by adjusting the composition of 

porogenic solvents, various pore morphologies can be tailored.42 Moreover, in TIPS, the 

temperature at which phase separation occurs has a substantial influence on the resulting pore 

architecture of the monolith. When phase separation is induced at relatively higher temperatures, 

the demixing process between the polymer and the solvent proceeds more gradually, allowing 

for finer structural control. This typically results in a more uniform and smaller pore network. 

In contrast, inducing phase separation at lower temperatures accelerates the demixing process, 

often leading to rapid domain growth and the formation of larger pores with increased structural 

variability. By carefully selecting the temperature at which the solution is cooled, it is possible 

to regulate the phase separation kinetics and tailor the hierarchical pore structure. The ability to 

modulate pore morphology through temperature control is critical for optimizing the 

performance of monoliths prepared via the TIPS method.52 

 

Cellulose 

Cellulose is the most abundant natural polymer on Earth and offers an environmentally 

benign, renewable resource for producing sustainable and biocompatible materials (Fig. 5).53 

The molecular formula of cellulose is represented as (C6H10O5)n, where n denotes the degree of 

polymerization, indicating the number of anhydroglucose units (AGUs), which can vary widely 

from several hundred to tens of thousands.54 Consequently, cellulose is a high-molecular-weight, 

Fig. 5. Basic chemical structure of cellulose, illustrating the cellobiose repeat unit. 
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linear polysaccharide rich in hydroxyl groups (three per AGU), composed of β-D-

glucopyranose residues linked via β-1-4-glycosidic linkages, and adopting the 

thermodynamically favored 4C1 chair conformation.55,56 These hydroxyl groups play a crucial 

role in establishing extensive hydrogen-bonding networks, which in turn influence both the 

crystallinity and the physicochemical properties of cellulose.57 The fundamental structural 

entity of cellulose is the microfibril, which arises during biosynthesis. Cellulose is 

biosynthetically assembled into fibrillar structures, wherein elongated molecular chains are 

laterally stabilized through intermolecular hydrogen bonding.58 These microfibrils consist of 

highly ordered crystalline domains interspersed with amorphous regions, such as local twists 

or kinks, aligned along the fibrillar axis.59,60 Depending on the biological origin and post-

processing treatments, cellulose fibers can adopt various polymorphic crystalline arrangements. 

The unique molecular architecture of cellulose endows it with distinctive characteristics 

such as hydrophilicity, chirality, biodegradability, and extensive chemical versatility, primarily 

attributed to the hydrogen bond-donating capacity of its hydroxyl groups. In light of increasing 

environmental awareness, cellulose microfibrils have garnered considerable attention as 

reinforcing agents in polymer-based composites.61 These microfibrils are recognized for their 

environmental compatibility and remarkable mechanical performance, with reported Young’s 

moduli ranging from 78 to 114 GPa.62,63 The propensity of cellulose to form extensive 

hydrogen-bonded networks contributes to its diverse partially crystalline fiber morphologies. 

Consequently, cellulose has been widely utilized as a reinforcing phase in composites with 

controlled structural features, including cellulose monoliths, bacterial cellulose nanofiber 

networks, and cellulose nanocrystals. 

The cellulose monolith (CM) is a promising alternative among cellulose-based materials 

owing to its facile modifiability, biocompatibility, simple preparation process, and chemical 

and physical stability. Xin et al reported a TIPS technique as a novel route for preparing CM, 

using cellulose acetate as the starting material. In contrast to crystalline cellulose, cellulose 

acetate predominantly leads to the formation of an amorphous structure in resulting CM. 

Despite this amorphous nature, the monoliths exhibit high mechanical and chemical stability, 

which can be attributed to the intrinsic properties of the cellulose backbone, particularly the 

contribution of intermolecular hydrogen bonding to structural reinforcement. Since the 
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fabrication process involves TIPS, the porous structure of CM can be finely adjusted by tuning 

parameters such as the ratio of good and poor solvents and the phase separation temperature. 

These variables critically influence the phase separation behavior and allow control over pore 

size, connectivity, and overall morphology. Solvent systems such as N,N-dimethylformamide 

(DMF) with 1-hexanol and dimethyl sulfoxide (DMSO) with water have been demonstrated to 

effectively induce phase separation and generating stable, interconnected macroporous 

structures. The resulting monoliths exhibit continuous macropores with rough, hydrophilic 

surfaces, which are highly amenable to further chemical modification. In addition, the 

hydrophilic and nonionic nature of cellulose tends to suppress nonspecific adsorption, which is 

advantageous for applications such as bioseparation and sensing. These features make CM a 

versatile and robust platform for various applications requiring porous materials with tunable 

properties and reliable performance. 

 

Design of functionalization of cellulose monolith in this dissertation 

In this thesis, three distinct cellulose-based monolithic materials were prepared for the 

adsorption and separation of biologically relevant molecules. In chapter 1, a monolithic 

stationary phase for hydrophilic interaction liquid chromatography (HILIC) was developed 

using CM as the base material, targeting glycopeptide enrichment. Citric-acid-modified 

cellulose monolith (CCM) exhibited a distinctive coral-like skeletal structure with continuous 

pores and a rough surface. The efficacy of CCM as a HILIC medium for the efficient enrichment 

of glycopeptides was demonstrated, even in the presence of non-glycopeptides and other 

interfering substances. In chapter 2, a selective recognition strategy was established by 

combining CM with surface molecular imprinting for the separation of shikimic acid (SA). A 

co-continuous porous structure was constructed via surface modification of the CM with a 

molecularly imprinted layer, making it suitable for flow-based separation systems. The boronic 

acid-modified imprinting layer provided selective adsorption sites and size-specific pores for 

efficient separation of SA. In chapter 3, a hierarchically porous titanium dioxide–modified 

cellulose monolith (TiO2-CM) was developed and evaluated for phosphate adsorption in water 

treatment. CM was modified with TiO2 via a sol–gel process using titanium isopropoxide, 

yielding a rough, interconnected porous structure favorable for adsorption. The TiO2-CM 
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exhibited high efficiency in the removal of phosphate ions and good reusability under 

continuous flow conditions. 

 

Outline of this dissertation  

In this thesis, cellulose-based monoliths were designed for the adsorption and separation 

of biologically relevant molecules. By modifying the surface of the CM with citric acid, a 

molecularly imprinted layer, or TiO2, these materials demonstrated strong application potential 

for the enrichment of glycopeptides, the selective recognition of shikimic acid, and the 

adsorption of phosphate.  

Chapter 1  

In this chapter, the development of an environmentally friendly CCM is described for the 

selective enrichment of low-abundance glycopeptides prior to mass spectrometry (MS) analysis, 

Fig. 7. Schematic illustration of enriching glycopeptides using CCM. 

Fig. 6. Schematic illustration of the functional design of 

the monoliths presented in this dissertation. 
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which is essential for the identification of protein glycosylation. The CCM was prepared using 

a TIPS method, resulting in a coral-like porous structure with a high density of hydrophilic 

groups. Biomass-derived cellulose and citric acid were used as sustainable starting material. 

The resulting CCM demonstrated excellent performance as a stationary phase for HILIC (Fig. 

7). It showed remarkable selectivity in enriching glycopeptides from trypsin-digested 

immunoglobulin G (IgG), serving as a model protein, even in the presence of a significant 

amount of non-glycopeptide contaminants from bovine serum albumin (BSA) at a BSA/IgG 

ratio of 1000:1. Furthermore, the CCM achieved a low detection limit (0.25 fmol μL–1) and 

exhibited excellent reusability, successfully enriching 35 glycopeptides from IgG. Moreover, 

analysis of 900 g of human hepatocellular carcinoma tissue in triplicate led to the 

identification of 698 unique glycopeptides corresponding to 641 N-glycosylation sites across 

393 glycoproteins. These results underscore the strong potential of CCM as a sustainable and 

effective HILIC stationary phase for glycopeptide enrichment. 

Chapter 2  

In this chapter, an efficient recognition method is introduced by combining an 

environmentally friendly CM with a surface molecular imprinting strategy for the selective 

recognition and separation of the drug molecule shikimic acid (SA) (Fig. 8). A molecularly 

imprinted cellulose monolith (MIPs-CM) was prepared by forming an imprinted polymer layer 

functionalized with boronic acid groups on the porous backbone, through the polymerization 

of vinylphenylboronic acid and a cross-linker in the presence of the SA template molecule. The 

morphology, elemental composition, and pore structure of MIPs-CM were characterized using 

Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), X-ray 

photoelectron spectroscopy (XPS), and nitrogen adsorption–desorption measurements. The 

Fig. 8. Schematic illustration of MIPs-CM for the separation of SA. 
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resulting MIPs-CM featured a uniform and abundant imprinted layer with a high specific 

surface area. Adsorption experiments demonstrated that MIPs-CM exhibited fast adsorption 

kinetics, excellent recognition ability, and a maximum adsorption capacity of 65.4 mg g-1 

approximately twice that of the non-imprinted monolith (NIPs-CM). The adsorption behavior 

followed the Langmuir isothermal model, and the adsorption capacity retained 85% of its initial 

value after five cycles. Experimental results confirmed that MIPs-CM offers high selectivity 

and strong recoverability for SA separation. These findings confirm that MIPs-CM offers high 

selectivity and strong reusability for SA separation. This high-performance MIPs-CM, 

functionalized with boronic acid groups, demonstrates strong potential as a platform for 

isolating and purifying other cis-diol-containing drug molecules from environmental samples. 

 

Chapter 3  

In this chapter, the development of an effective adsorbent for phosphate removal is 

presented, addressing the need to mitigate eutrophication and facilitate the recovery of 

elemental phosphorus from water sources. Although phosphate adsorption is a key strategy, 

achieving high adsorption efficiency, reusability, and low secondary pollution using a single 

material remains challenging. To this end, a hierarchically porous titanium dioxide-modified 

cellulose monolith (TiO2-CM) was evaluated for its performance in continuous flow systems 

(Fig. 9).  TiO2 was deposited onto the surface of the CM backbone through a sol–gel reaction 

using titanium isopropoxide as the precursor. The resulting TiO2-CM exhibited a rough, 

interconnected pore network with hierarchical porosity, enabling high surface area and low flow 

resistance. These features are essential for efficient continuous flow adsorption. The TiO2-CM 

demonstrated high phosphate removal efficiency and good reusability, underscoring its promise 

Fig. 9. Schematic illustration of the TiO2-CM for adsorption of phosphate ions. 



 

13 
 

as a practical adsorbent for water treatment applications. 
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Chapter 1. Development of Citric-Acid-Modified Cellulose Monolith 

for Enriching Glycopeptides 

 

1.1. Introduction 

Glycoproteins, prevalent in biological systems, perform myriad functions1 such as roles in 

immunity2,3 and disease detection.4–6 Glycosylation modification of proteins is considered one 

of the most common post-translational modifications of proteins. It refers to the glycosylation 

of proteins by covalent linkage of polysaccharides to amides or alcohols in proteins.7 Glycans 

exhibit diverse structures, correlating to their varied activities. B.A.H. Smith delineated three 

principal functions of glycosylation: imparting unique physical characteristics, influencing 

properties of attached entities like protein stability or receptor dimerization, and acting as lectin 

ligands for carbohydrate receptor interactions.8 A critical objective of contemporary research at 

the intersection of glycobiology and immunology is identifying glycan composition changes 

indicative of autoimmune diseases. 

Mass spectrometry (MS) is the most widely adopted technique for glycopeptide analysis 

due to its superior sensitivity and qualitative capabilities.9–12 However, directly analyzing 

glycosylations in biological samples via MS is challenging owing to the low abundance and 

ionization efficiency of glycopeptides and glycoproteins.13 The "bottom-up" proteomics 

analysis strategy offers an effective indirect protein analysis approach, employing chemicals or 

enzymes to decompose intact proteins and analyzing the resultant peptides to characterize 

proteins.14 Given their glycan-induced increased hydrophilicity, glycopeptides exhibit higher 

hydrophilicity than non-glycopeptides.15 Exploiting this hydrophilicity16,17 difference, 

hydrophilic interaction liquid chromatography (HILIC) has been utilized to enrich various 

glycopeptides, thereby preserving complete glycan information.18,19 Several materials have 

been examined using HILIC, including graphene oxide (GO)20–22, magnetic nanoparticles23–25, 

titanium dioxide19,26, metal-organic frameworks (MOFs)27–29, and covalent organic frameworks 

(COF30–32). Nonetheless, traditional HILIC particle-based stationary phases face limitations 

such as tiny nanopores causing substantial mass transfer resistance, which leads to diminished 

performance and limited enrichment efficiency.33 Moreover, these materials often entail high 
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costs and complex, environmentally detrimental production methods.17,33  

Monoliths, characterized by their hierarchical, continuous, porous three-dimensional (3D) 

structure, have garnered significant interest due to their straightforward preparation and 

consistent architecture.34 Monoliths offer advantages over particulate materials, such as ease of 

separation, lower pressure drop, improved mass transfer, superior mechanical stability, and 

customizable geometric configurations. Their interconnected porous structures enable efficient 

fluid flow with reduced energy costs. Additionally, customizable shapes make them versatile 

for integration into various systems, particularly in catalytic and separation processes. These 

structures present numerous advantages over traditional chromatography stationary phases, 

including reduced back pressure, swift mass transfer kinetics, elevated loading capacity, and 

uncomplicated manufacturing processes.35–37 Cellulose, the most abundant natural polymer on 

Earth, is ecologically benign and provides an inexhaustible supply of raw materials for creating 

environmentally sustainable and biocompatible products.38 Its notable hydrophilicity, robust 

mechanical strength, and the ease of modifying its hydroxyl-rich surface make cellulose 

monoliths ideal candidates for HILIC substrates.39,40 

 Cellulose monolith (CM) is produced through thermally induced phase separation (TIPS), 

starting from cellulose acetate (CA) and followed by deacetylation.34 This process endows CM 

with physicochemical stability due to its rigid polymer framework and high resilience to 

common solvents and thermal conditions. Additionally, the morphology of the skeleton, which 

can be tailored by altering polymer concentration, phase separation temperature, and solvent 

ratio, minimizes steric hindrances between the material and peptides during enrichment, 

thereby enhancing permeability and mass transfer.41 Advances in HILIC materials aim to 

increase the density of hydrophilic groups on immobilized materials, thus improving 

glycopeptide detection sensitivity and loading capacity.17 

Citric acid, derived from citrus fruits, is an eco-friendly, non-toxic compound widely used 

as a biodegradable cleaner, food preservative, chelating agent, flavor enhancer, and water 

softener.42 Also, it can be obtained by fermentation of plant-derived renewable sources as 

substrates, which is industrially applied for sustainable production.43 Its utilization for surface 

modification increases hydrophilicity, with the polar acidic groups making it an excellent 

candidate for HILIC materials by promoting glycopeptide capture via hydrogen bonding with 
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glycan moieties.44 

This study introduces an eco-friendly citric-acid-modified cellulose monolith (CCM) 

prepared as a HILIC material using the TIPS method (Fig. 1-1).45 The author investigated the 

impact of morphology on enrichment capacity by preparing CCM with varying pore sizes and 

evaluated its efficacy in enriching glycopeptides from trypsin-digested immunoglobulin G (IgG) 

using MS. The study encompassed assessing the optimal loading buffer ratio, determining CCM 

selectivity with the addition of interfering protein bovine serum albumin (BSA), exploring the 

detection limit by decreasing IgG peptide amounts, and assessing CCM reusability through 

repeated adsorption-desorption cycles. Significantly, this method is both simple and 

environmentally benign, with the produced CCM demonstrating satisfactory performance in 

protein glycosylation analysis. 

  

Fig. 1-1. Schematic illustration of processes involved in the enrichment of glycopeptides 

from the tryptic digest proteins via HILIC.  
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1.2. Experimental Section 

1.2.1. Materials and measurement 

L30 CA was acquired from Daicel Corporation (Tokyo, Japan). N,N-Dimethylformamide 

(DMF), methanol (MeOH), and anhydrous citric acid were procured from Nacalai Tesque, Inc. 

(Japan). 1-Hexanol was obtained from Sigma-Aldrich, while sodium hydroxide (NaOH), 

hydrochloric acid (HCl), and acetonitrile (ACN) were sourced from FUJIFILM Wako Pure 

Chemical Industries. Dithiothreitol (DTT), iodoacetamide (IAA), β-casein, immunoglobulin G 

(IgG), BSA, plasma from human, trypsin, and trifluoroacetic acid (TFA) were purchased from 

Sigma Co., Ltd. Deionized water for this study was produced by a Milli-Q system (Millipore 

Corp., Milford, MA, USA). The human hepatocellular carcinoma tissue was obtained from the 

First Affiliated Hospital of the Fourth Military Medical University (Xi'an, China). The 

utilization of human hepatocellular carcinoma tissue obeyed the guideline of Ethics Committee 

of the Hospital. 

Fourier-transform infrared (FT-IR) spectroscopy was performed using a Nicolet iS5 

spectrometer from Thermo Scientific (USA), equipped with an iD5 ATR attachment. SEM 

images were captured with a Hitachi S-3000N instrument (Japan) at 15 kV after sample 

preparation, including sectioning into small pieces and coating with gold via an ion-sputtering 

apparatus (E-1010 Ion Sputter, Hitachi Ltd., Japan). Water contact angle measurements were 

performed with a Drop Master DM300 (Kyowa Interface Science, Japan) using 1.0 μL water 

droplets. The permeability of the monolithic column was calculated applying Darcy's law 

through the equation B0 = FηL/(πr2ΔP), where F (m3 s−1) represents the flow rate of the mobile 

phase, η (Pa s) the viscosity of the mobile phase (2.98 × 10−3 Pa s for water), L (m) and r (m) 

the effective length and inner diameter of the monolith, respectively, and ΔP (Pa) the pressure 

drop across the monolith. L and r of the CCM80 CCM100, and CCM120 were 9.68 ± 0.2× 10−3 

m and 2.36 ± 0.01× 10−3 m, 8.35 ± 0.2× 10−3 m and 2.31 ± 0.01× 10−3 m, and 8.15 ± 0.2× 10−3 

m and 2.14±0.01× 10−3m, respectively. To determine the permeability of the obtained monoliths, 

they were tightly fitted with heat shrink tubing and joined with a digital quantitative tubing 

pump (As One, DSP-100SA) to control the flow rate of the mobile phase ranging from 0.2 to 

2.0 mL min−1 and a digital pressure gauge (Krone, KDM30) to determine pressure drop. Then, 

the permeability of could be calculated by Darcy’s law. Conductivity and pH measurements of 
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the monolith were conducted with a standard pH electrode 9615-10D connected to a Horiba 

LAQUA F-74 analyzer. MALDI-TOF MS analyses were performed in a positive-ion mode on 

an Autoflex III (Bruker, Germany), mixing 0.5 μL of the sample solution with 0.5 μL of a DHB 

solution (25 mg mL−1, in ACN/H2O/H3PO4, 70/29/1, v/v/v) sequentially placed on the MALDI 

plate. The LC-MS/MS experiments were carried out on Thermo Orbitrap Explores 480 (Thermo 

Fisher Scientific, San Jose, USA) with a Vanquish NEO HPLC system (Thermo Fisher 

Scientific). Temperature and rotational speed for the batch system were regulated using a 

bioshaker. 

1.2.2. Fabrication of CM 

The fabrication of the cellulose acetate monolith (CAM) was accomplished via the TIPS 

method.45. Initially, CA powder quantities of 2.0 g, 2.5 g, and 3.0 g were individually dissolved 

in 10 mL of DMF at 90 °C, with continuous stirring until each mixture became clear and 

transparent. Following this, 15 mL of 1-hexanol was incrementally added to each dispersion in 

three separate 5 mL additions while stirring continued. The resulting CA dispersion was then 

transferred to a glass tube and left undisturbed at 25 °C overnight to allow for phase separation. 

The CAM was formed after several cycles of solvent exchange with methanol at 25 °C, 

followed by drying. For the conversion to CM, the CAM underwent deacetylation by 

immersion in a 0.2 molL−1 sodium hydroxide/methanol solution. To eliminate any residual 

unreacted NaOH on the surface and within the monolith, the nascent CM was extensively rinsed 

with deionized water until a neutral pH of approximately 7 was reached. The final stage 

involved drying the sample under vacuum to remove any remaining water, thereby obtaining 

the CM. 

1.2.3. Preparation of CCM 

For CCM preparation, the CM was submerged in a 192 mg mL−1 citric acid/methanol 

solution and agitated in a bioshaker for 3 h at room temperature to ensure thorough contact with 

the citric acid solution with the monolith. After the methanol was evaporated through drying, 

the samples were subjected to a 3-h heat treatment at 120 °C to facilitate the esterification 

reaction between the hydroxyl groups of cellulose and the carboxyl groups of citric acid. To 

remove any unreacted citric acid from the surface and interior of the monolith, the newly 

prepared CCM underwent multiple washes with deionized water and methanol. 
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Finally, water in the sample was removed by drying under a vacuum to obtain the CCM. 

Three different pore sizes of the monolith are mentioned in Table 1-1. 

 

1.2.4. Glycopeptide enrichment 

The process of glycopeptide enrichment using hydrophilic interaction chromatography 

(HILIC) typically encompasses three phases: loading, washing, and elution. In this procedure, 

1 mg of the CCM was initially rinsed with 200 µL of loading buffer 

(acetonitrile/water/trifluoroacetic acid, ACN/H2O/TFA) three times. Following this, 200 μL of 

the same loading buffer, containing 1 µg of IgG tryptic digest (3.3 pmol mL-1 in deionized 

water), was introduced to the CCM and incubated on an oscillator at 25 °C for 30 min. (The 

step of denaturation and enzymatic digestion of protein solutions is described in supplementary 

information.) The mixture was then centrifuged at 10000 RPM for 2 min to remove the 

supernatant, and the CCM was further washed with 200 µL of the loading buffer three times. 

For elution, 10 µL of an eluting solution (ACN/H2O/TFA = 30/69/1, v/v/v) was employed to 

release the bound glycopeptides at room temperature. The eluted solution was subsequently 

analyzed using a matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) 

system. 

The study also evaluated the reusability of the CCM through five consecutive enrichment 

cycles. Before each re-enrichment, the CCM underwent three washes with the eluting solution 

(ACN/H2O/TFA = 30/69/1, v/v/v) to detach any peptides lingering on the surface or within the 

CCM. 

To enrich N-glycopeptides from human hepatocellular carcinoma tissue, the lyophilized 

tryptic digest (900 μg) was dissolved in 500 μL of a loading solution composed of 

ACN/H₂O/TFA (79/20/1, v/v/v). Subsequently, 10 mg of CCM was introduced into the solution. 

The resulting mixture was incubated on a platform shaker at room temperature for 30 minutes. 

Following incubation, the CCM was separated from the mixture by centrifugation at 1500g for 

Table 1-1. Monoliths with different cellulose acetate concentrations. 

Cellulose acetate concentration (mg mL−1) 80 100 120 

Cellulose Acetate Monolith CAM80 CAM100 CAM120 

Cellulose Monolith CM80 CM100 CM120 

Citric-Acid-modified Cellulose Monolith  CCM80 CCM100 CCM120 



 

25 
 

2 min and washed with 500 μL of washing solution (ACN/H₂O/TFA = 79/20/1, v/v/v). The 

glycopeptides were then eluted with 3 × 250 μL elution solution (ACN/H₂O/TFA = 30/69/1, 

v/v/v) over a 10 min period at room temperature. The eluents were pooled, lyophilized, and 

subjected to deglycosylation prior to LC-MS/MS analysis. Detailed protocols for LC-MS 

measurements are provided in the Supporting Information. 

1.2.5. Mass spectrometry analysis  

MALDI-TOF MS experiments were carried out in positive ion mode on an Autoflex III 

(Bruker, Germany). The sample solution (0.5 μL) and 0.5 μL DHB solution (25 mg mL-1, 

ACN/H2O/H3PO4, 70/29/1, v/v/v) were deposited sequentially on the MALDI plate for MS 

analysis.  

The complete MS scan range was from m/z 400 to 2,000 and was obtained by Orbitrap at 

70,000 resolutions in the mass spectrometer. The 20 strongest multi-charged ions were 

fragmented by higher energy collision dissociation. The normalized HCD collision energy was 

27%, and the spray voltage was 2 kV. The temperature of the heated capillary was set at 250 °C. 

All MS and MS/MS spectra were collected in data-dependent acquisition mode using Xcalibur 

software.  

1.2.6. Enzymatic Digestion of Protein 

BSA (2 mg) or IgG or human serum samples in 1 mL denaturation buffer (0.1 mol L−1 

NH4HCO3 was mixed with 8.0 mol L−1 urea), adding 20 μL of 20 mmol L−1 DTT solution. The 

mixture was incubated at 60 °C for 1 h. Then, 7.4 mg IAA was added to the mixture and 

incubated for 30 min at room temperature in the dark. The mixture was then diluted to one-

eighth of the concentration of the stock solution using 0.1 mol L−1 NH4HCO3, followed by 80 

μg trypsin, and incubated for 16 h at 37 °C. Then, TFA solution (10%, wt%) was used to adjust 

the pH to 2~3. Then, the other TFA solution (0.1%, wt%) was used as the eluent to extract the 

digest with a C18 solid-phase extraction column to obtain the BSA/IgG trypsin digest. Finally, 

the BSA/IgG trypsin digest may be separated, lyophilized, and stored at -20 °C for later use. 

1.2.7. Loading Capacity 

2 mg CCM80, CCM100, or CCM120 was mixed with 10 mL Pullulan solution within the 

concentration range of 0.05−1.5 mg mL−1, respectively. After vibrating for 0.5 h, then subjected 

to UV-Vis analysis. The absorbance at the wavelength of 490 nm was monitored and selected 
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as the data source for calculating the remained pullulan in the supernatant according to the 

calibration curve. 

1.2.8. Enzymatic Digestion of real samples 

The human hepatocellular carcinoma tissue samples were cut into soybean-sized pellets 

and added to the lysis tube with 3 clean zirconium beads and 1 mL of lysis solution (4% SDS, 

100 mM Tris-HCl (pH 8.5), 1 mM PMSF, 1% proteinase inhibitor, and 1% phosphatase 

inhibitor mixture) in the tissue disruptor to be lysed 3 times, and after completion, the samples 

were transferred to a 50 mL centrifuge tube with 5 mL of After completion, the samples were 

transferred to a 50 mL centrifuge tube with 5 mL of lysis solution and continued to be lysed in 

the cell disruptor. After the samples were fully lysed, the proteins were precipitated overnight 

at -20°C using a pre-cooled 3-fold volume of acetone. After precipitation, the proteins were 

washed three times with pre-cooled anhydrous ethanol and centrifuged to remove the anhydrous 

ethanol, and then dried to evaporate the residual ethanol. The protein concentration was 

measured using a BCA kit and stored at -60°C for enzymatic digestion. 

1.2.9. Clinical Sample Collection 

The study protocol was obeyed the guideline of Ethics Committee of the First Affiliated 

Hospital of the Fourth Military Medical University, Xi'an, China. The study design and conduct 

complied with all relevant regulations regarding the use of human study participants and was 

conducted in accordance with the criteria set by the Declaration of Helsinki. 

1.2.10. LC-MS/MS experiments conditions  

The tryptic digestion of the extracted proteins from hepatocellular carcinoma tissue of 

human was prepared by referring to the previously reported method. The LC-MS/MS 

experiments were carried out on Thermo Orbitrap Explores 480 (Thermo Fisher Scientific, San 

Jose, USA) with a Vanquish NEO HPLC system (Thermo Fisher Scientific). Analytical Column 

is ACQUITY UPLC® Peptide BEH C18 columns (1.0 mm i.d. × 15 cm, PN: 186005594) that 

was procured from Waters corporation. The H2O containing 0.1% FA was used as mobile phase 

A, and the mixture of ACN/DMSO/H2O (v/v/v, 80/3/17) was used as mobile phase B. The 

gradient used in analysis of the digest of hepatocellular carcinoma tissue of human (10 μL ) was 

3-4% B in 1 min, 4-32% B in 30 min. The pos ion spray voltage was set at 3.5 kV, the 

temperature of the ion transfer tube was 320℃, and the collision energy was 28%. The full MS 
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scan ranging from m/z 350 to m/z 1300 was selected in the mass spectrometer. The 28 most 

intense ions were selected for fragmentation via high energy collision dissociation (HCD). All 

MS and MS/MS spectra were acquired in the data-dependent MS/MS acquisition mode. System 

control and data collection were done by Thermo Scientific SIl for Xcalibur 1.7.0.468. 

The MaxQuant software was used to process mass spectrometry data of peptides and 

deglycosylated peptides. Initially, the raw data were searched by the MaxQuant v2.4.2.0 against 

Uniport human reference database containing 20,422 canonical entries (downloaded 03/2023). 

Trypsin was selected with a maximum of two missed cleavage sites. In terms of protein 

modifications, carbamidomethylation of cysteine was set as a fixed modification, while 

oxidation of methionine and acetylation of the protein N-terminus were considered as variable 

modifications. Apart from the aforementioned parameters, default settings in MaxQuant were 

used. The false discovery rate (FDR) was set to 1% at the site, peptide-spectrum match (PSM) 

and protein level. 
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1.3. Results and discussion 

1.3.1. Preparation of the citric-acid-modified cellulose monolith (CCM) 

The CAM was fabricated from cellulose acetate using the TIPS method (Fig. 1-2a).45 A 

simple deacetylation procedure was used to prepare the CM. An efficient method was used to 

modify CM via an esterification reaction. Compared to the CAM, there was no apparent 

difference in the appearance of the CCM (Fig. 1-2a), supporting that the monolith has sufficient 

strength to maintain its shape after chemical modification. 

FT-IR spectroscopy was employed to verify the successful synthesis of the CCM, as shown 

in Fig. 1-2b. The FT-IR spectra facilitated the identification of significant changes associated 

with the transformation of CA to cellulose and the subsequent citric acid modification of the 

CM. Notably, the ester group's C=O stretching vibration peak at 1742 cm−1, characteristic of 

CAM, was absent in the CM spectra. Instead, a broad peak around 3300 cm−1, indicative of the 

OH stretching vibration of cellulose, emerged, signifying the effective hydrolysis of CAM. 

Upon modification with citric acid, the re-appearance of the C=O peak, attributed to the ester 

group formed during the esterification reaction between cellulose and citric acid, confirmed the 

successful preparation of CCM. 

Fig. 1-2. (a) Scheme of the preparation process of citric-acid-modified cellulose monolith 

(CCM). (b) FT-IR spectra of the citric acid, cellulose acetate monolith (CAM), cellulose 

monolith (CM), and CCM. 
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The hydrophilicity of both CM and CCM was assessed through water contact angle 

measurements (Fig. 1-3). The contact angle was measured on smooth surfaces prepared by 

compressing powdered cellulose and citric acid-modified cellulose to minimize the influence 

of surface roughness and porosity. The CM exhibited a water contact angle of 48°, reflective of 

its inherent hydrophilicity attributed to the hydroxyl groups present. For the CCM, the contact 

angle was significantly reduced to 25°, evidencing enhanced hydrophilicity. This increase in 

hydrophilicity is attributed to introducing hydrophilic carboxyl groups into the CM. 

Consequently, the CCM demonstrated superior hydrophilicity, highlighting its potential for 

efficient glycopeptide enrichment. 

1.3.2. Physical properties of the CCM 

The pore size of the CCM was tailored by adjusting the CA concentration. The SEM 

images demonstrated the impact of different CA concentrations (80, 100, and 120 mg mL−1) on 

the CCM's structure, as depicted in Fig. 1-4 and Fig. 1-5. The internal structure of the CCM, 

featuring a continuous porous configuration, mirrored that of the unmodified CM (Fig. 1-5), 

indicating that the citric acid chemical modification did not significantly alter the monolith's 

Fig. 1-4. SEM images of citric-acid-modified cellulose monolith (CCM) prepared 

with different concentrations of cellulose acetate (a and d) CCM80; (b and e) 

CCM100; and (c and f) CCM120. 

Fig. 1-3. Water contact angle of CM and CCM. 
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morphology. Furthermore, the CM displayed a coral-like 3D continuous porous structure, with 

the surface presenting villous features reminiscent of a coral's surface. These structures (Fig. 1-

5g-i) are advantageous for reducing steric hindrance between peptides and the material during 

enrichment processes and offering additional adsorption sites. Post citric acid modification, the 

CCM preserved its coral-like skeletal framework and acquired a rough surface akin to the CM 

(Fig. 1-4). 

Nitrogen adsorption/desorption analysis of CCM80, CCM100, and CCM120 yielded type 

IV isotherms with type-H1 hysteresis loops, indicative of mesoporous materials, within the 

relative pressure (P/P0) ranges of 0.05–1.0 (Fig. 1-6). The specific surface areas of CCM80, 

CCM100, and CCM120 were determined to be 2.91, 5.41, and 13.15 m2 g−1, respectively, 

utilizing the multi-point Brunauer-Emmett-Teller (BET) equation. Pore size distribution 

analysis conducted through the nonlocal density functional theory (NLDFT) method revealed 

uniformly sized pores with diameters around 10 nm across all samples. This unique surface 

morphology, resembling rough, coral-like structures, facilitates the free passage of solutions 

Fig. 1-5. SEM images of CCM prepared with different concentrations of 

cellulose acetate (a) CAM80; (b) CAM100; (c) CAM120; (d and g) CM80; 

(e and h) CM100; (f and i) CM120.  
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through the porous material surfaces.46 The distinctive morphology is crucial for the enrichment 

of glycopeptides; considering the large molecular mass of intact glycopeptides often results in 

significant steric hindrance, which can hinder efficient enrichment by HILIC materials.16,46 

The permeability coefficient B0 of monoliths with 

different pore sizes was measured to evaluate the 

permeabilities of the various samples (Fig. 1-7). A monolith 

sample was secured within a heat-shrinkable tube, and water 

was propelled continuously through the sample at a defined 

flow rate using a peristaltic pump. CCM80, characterized by 

its coral-like 3D continuous open pores, showcased 

remarkable permeability (6.74 × 10−12 m2), thus enhancing 

mass transfer capabilities. Also, batch mode in glycopeptide 

enrichment offers benefits over column formats, including enhanced preservation of fragile 

glycopeptides, easier optimization of enrichment conditions, and cost-effective scalability, 

while the high permeability of CCM suggests potential future applications in column setups. 

A conductivity titration was used to calculate the amount of citric acid introduced into the 

CCM. The results are presented in Table 1-2. The number of carboxyl groups introduced onto 

the monolith increased as the pore size increased. Furthermore, these results show that this 

method can easily introduce carboxyl groups with high content to CM. According to the results 

of the permeability and carboxylic content, CCM80 was selected for subsequent experiments.  

Fig. 1-6. Nitrogen adsorption/desorption isotherms of (a) CCM80, (b) CCM100, and (c) 

CCM120. Inset: pore size distribution plots of CCM80, CCM100, and CCM120. 

Fig. 1-7. Permeability 

coefficient (B0) of citric-

acid-modified cellulose 

monolith (CCM) with 

different pore sizes. 
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1.3.3. Adsorption Performance 

To assess the adsorption capacity of CCM80, CCM100, and CCM120 for glycopeptides, 

the loading abilities of pullulan were measured (Fig. 1-8). The saturated loading capacity of 

pullulan on CCM80 was measured to be 71.1 μmol g−1, which is higher than that of CCM100 

and CCM120, with saturated loading capacities of 56.9 μmol g−1 and 46.3 μmol g−1, respectively. 

These excellent adsorption performances are attributed to the following factors. After 

immobilizing citric acid onto CM, the resulting CCM80 contained more abundant carboxyl 

groups. Carboxyl groups generally contribute to the selective retention of glycopeptides via the 

interaction with their hydroxyl group through hydrophilic partitioning and hydrogen bonding 

interactions.47 The enhancement of hydrophilicity by the incorporation of the carboxyl group 

allowed CCM80 to interact effectively with hydrophilic target molecules through the HILIC 

mechanism, making it ideal for glycopeptide enrichment. Also, efficient diffusion property of 

CCM80 contributes to the greater adsorption performance as well.  

1.3.4. Enrichment of glycopeptides  

The solvent composition of the loading buffer, particularly the ratio of the less-polar 

solvent (acetonitrile, ACN) to the polar solvent (water), plays a crucial role in the 

chromatographic enrichment of peptides.48 The retention behavior of glycopeptides on the 

monolith's surface is significantly influenced by the solvent ratio, leveraging the differential 

hydrophilicity between glycopeptides and non-glycopeptides. Due to their hydrophilic 

Table 1-2. Carboxyl content of CCM. 

 CCM80 CCM100 CCM120 

Carboxyl content / mmol g−1 2.68 2.25 1.62 

Fig. 1-8. Saturated adsorption isotherms for pullulan adsorbed by CCM80, CCM100, 

and CCM120. 
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interactions facilitated by hydroxyl groups on glycans, Glycopeptides are adsorbed and retained 

on the porous skeletal surface within the loading buffer. In contrast, non-glycopeptides are 

removed during the loading buffer treatment due to their lesser hydrophilicity. To elute 

glycopeptides, the water proportion in the elution buffer is increased to diminish the hydrophilic 

interaction between glycopeptides and the stationary phase, thereby releasing the glycopeptides 

from the monolith.15,49 As a result, glycopeptides are separated from non-glycopeptides and 

enriched for subsequent MS analysis. 

An investigation was conducted to determine the optimal ACN concentration in the 

loading buffer for effective glycopeptide enrichment. Control experiments involving direct 

MALDI-TOF analysis of unenriched, purified IgG trypsin digests (Fig. 1-9) highlighted the 

challenge of detecting glycopeptides amidst a significant presence of non-glycopeptides, which 

suppressed the glycopeptide signal. The study then examined the impact of varying ACN 

concentrations in the loading buffer on glycopeptide enrichment efficacy using CCM80 (Fig. 

1-10). The addition of 1 vol% TFA) to the ACN/water mixture was critical for peptide 

neutralization through ion pairing effects, facilitating clearer separation of glycopeptides from 

non-glycopeptides50. 

The findings revealed that using an ACN/H2O/TFA (75/24/1, v/v/v) loading buffer resulted 

in the complete disappearance of non-glycopeptide signals, though only a limited number of 

glycopeptides were detected (Fig. 1-10a). In contrast, a loading buffer with ACN/H2O/TFA 

(77/22/1, v/v/v) significantly reduced non-glycopeptide signals and enhanced the detection of 

a wider variety of glycopeptides (Fig. 1-10b). An ACN/H2O/TFA (79/20/1, v/v/v) ratio further 

decreased non-glycopeptide presence and provided clear, intense signals for glycopeptides (Fig. 

1-10c). However, increasing the ACN concentration beyond 81% led to the detection of both 

Fig. 1-9. MALDI-TOF mass spectra of direct analysis of the tryptic digest of IgG after being 

purified using the SPE column. 
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glycopeptide and non-glycopeptide molecular weights without significant selectivity (Fig. 1-

10d–f). The optimal loading buffer composition was identified as ACN/H2O/TFA (79/20/1, 

v/v/v), which enabled the characterization of 35 glycopeptides with minimal interference from 

non-glycopeptides (Fig. 1-10c), thereby chosen for subsequent enrichment experiments. The 

ability of CCM100 and CCM120 to enrich glycopeptides was also tested using the same 

conditions. CCM100 and CCM120 can be enriched with 28 glycopeptides and 19 glycopeptides, 

respectively. Because of the differences among the above properties, CCM80 was selected for 

subsequent experiments. 

The detection sensitivity of CCM80 was evaluated based on the low quantity of 

glycopeptides in the analyzed biological specimens (Fig. 1-11). From 2.5 fmol µL−1 of the IgG 

trypsin digest, which is more than a thousand-fold dilution of the original specimen, 16 

glycopeptides were detected after the glycopeptide enrichment (Fig. 1-11a). Most importantly, 

11 glycopeptides were still detected when the concentration of the IgG trypsin digest was 

lowered to 0.25 fmol µL−1 (Fig. 1-11b). No significant peak was observed in the lower 

concentration of 0.05 fmol µL−1. These findings demonstrate that CCM80 exhibits remarkable 

sensitivity to glycopeptide enrichment with a significantly low detection limit of glycopeptide 

at 0.25 fmol µL−1.  

Fig. 1-10. MALDI-TOF mass spectra of glycopeptides from IgG digest after enrichment by 

citric-acid modified-cellulose monolith CCM80 with different ACN content: (a) 

ACN/H2O/TFA (75/24/1, v/v/v), (b) ACN/H2O/TFA (77/22/1, v/v/v), (c) ACN/H2O/TFA 

(79/20/1, v/v/v), (d) ACN/H2O/TFA (81/18/1, v/v/v), (e) ACN/H2O/TFA (83/16/1, v/v/v), and 

(f) ACN/H2O/TFA (85/14/1, v/v/v); identified glycopeptide peaks were marked with the 

symbol↓. 
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Glycopeptides derived from the trypsin digestion of IgG are relatively abundant because 

IgG is a well-glycosylated protein. However, in complex biological samples, non-glycopeptides 

significantly outnumber glycopeptides. Thus, there is a crucial need for selective glycopeptide 

detection from systems contaminated with a large number of non-glycopeptides.51 The HILIC 

technique is employed to meet this need. To further evaluate the selectivity of CCM80 in such 

contaminated systems, a mixture of trypsin digests from IgG and BSA), a non-glycosylated 

protein was utilized in enrichment experiments (Fig. 1-12). 

The enrichment experiments with varying molar ratios of IgG to BSA trypsin digests 

highlighted the exceptional selectivity of CCM80. At a 1/100 molar ratio of IgG to BSA trypsin 

digests, 29 glycopeptides were successfully identified, with nearly complete elimination of non-

glycopeptide interference (Fig. 1-12a). This high level of selectivity persisted even when the 

molar ratio was increased to 1/500, resulting in the identification of 22 glycopeptides (Fig. 1-

12b) and negligible detection of non-glycopeptides. Remarkably, even at a 1/1000 molar ratio 

(Fig. 1-12c), where non-glycopeptide signals were minimally present, 16 glycopeptides were 

still identified. These results from the BSA interference experiments underscore the high 

selectivity of CCM80 for glycopeptide enrichment, demonstrating its effectiveness in 

Fig. 1-11. MALDI-TOF mass spectra of glycopeptides from different amount of IgG digest 

after enrichment with loading buffer ACN/H2O/TFA (79/20/1, v/v/v): (a) 2.5 fmol µL−1 IgG, 

(b) 0.25 fmol µL−1 IgG, (c) 0.05 fmol µL−1 IgG; identified glycopeptide peaks were marked 

with the symbol ↓. 
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selectively isolating glycopeptides from samples heavily contaminated with non-glycopeptides. 

To compare the efficacy of glycopeptide enrichment, cellulose monolith 80 (CM80) was 

tested alongside citric-acid-modified cellulose monolith 80 (CCM80). In experiments involving 

a 1/500 molar ratio of IgG to BSA trypsin digests, CM80 enrichment (Fig. 1-13) outcomes 

revealed a substantial presence of non-glycopeptide signals, which overshadowed glycopeptide 

signals due to the prevalence of non-glycopeptides. Conversely, when using CCM80 for 

enrichment, 22 glycopeptides were identifiable, with negligible detection of non-glycopeptide 

signals (Fig. 1-12b). This comparison highlights the superior enrichment capability of CCM80 

Fig. 1-12. MALDI-TOF mass spectra of glycopeptides from different mole ratio of IgG and 

BSA digest after enrichment with loading buffer ACN/H2O/TFA (79/20/1, v/v/v): (a) 

IgG/BSA = 1/100, (b) IgG/BSA = 1/500, and (c) IgG/BSA = 1/1000; identified glycopeptide 

peaks were marked with the symbol↓. 

Fig. 1-13. MALDI-TOF mass spectra of glycopeptides from the mole ratio IgG/BSA = 

1/500 after enrichment with loading buffer ACN/H2O/TFA (79/20/1, v/v/v) by CM80. 

Identified glycopeptide peaks were marked with the symbol ↓. 
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in a contaminated system, underscoring the beneficial effect of incorporating carboxylic acid 

groups into the hydrophilic stationary phase for enhancing glycopeptide enrichment selectivity. 

The sustainability and eco-friendliness of a material are significantly determined by its 

reusability. To assess the reusability of CCM80, five glycopeptide enrichment cycles were 

conducted using 2 µg of IgG tryptic digest. Following each cycle, the samples underwent three 

washes with a buffer consisting of ACN/H2O/TFA (30/69/1, v/v/v). The consistency in 

glycopeptide enrichment results across all cycles (Fig. 1-14) underscored the robust reusability 

of CCM80. This finding indicates CCM80's potential as a sustainable and eco-friendly material 

and its efficiency in maintaining performance over multiple enrichment cycles. 

 Finally, the enrichment ability of CCM for actual biological samples was investigated. 

Plasma was initially selected from human serum and used the same enzymatic digestion method 

as for IgG. Due to human serum samples usually contain IgG, 6 glycopeptide peaks of IgG can 

be found in the MALDI-TOF result (Fig. 1-15). To further explore the potential applications of 

CCM, human hepatocellular carcinoma tissue was chosen as a representative biological sample 

to assess its performance. Following the outlined procedures for processing hepatocellular 

carcinoma tissue samples and performing deglycosylation using PNGaseF, the resulting 

Fig. 1-14. MALDI-TOF mass spectra of glycopeptides from 5-cycles-enrichment 

experiments with loading buffer ACN/H2O/TFA (79/20/1, v/v/v); samples were washed with 

30% acetonitrile buffer thrice between each cycle: (a) cycle 1, (b) cycle 3, and (c) cycle 5; 

identified glycopeptide peaks were marked with the symbol ↓. 
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products were analyzed by LC–MS/MS. Through three parallel enrichment experiments with 

CCM80 and subsequent database searches of the experimental data, 641 unique N-

glycosylation sites of 698 unique glycopeptides from 393 glycosylated proteins were identified 

from a 900 µg sample (Fig. 1-16). These findings highlight the exceptional selectivity and 

efficiency of CCM80 in glycopeptide enrichment, demonstrating its potential for broad 

application in the analysis of complex biological samples.  

The detection sensitivities of different materials can be compared using the data in Table 

1-3. Most significantly, CCM80 enriched most glycopeptides from the IgG tryptic digest 

compared to the other materials. 

  

Fig. 1-15. MALDI-TOF mass spectra of (a) peptides from human serum samples, (b) 

glycopeptides enriched by CCM80 with loading buffer ACN/H2O/TFA (79/20/1, v/v/v); 

identified glycopeptide peaks were marked with the symbol ↓. 

Fig. 1-16. Venn diagrams of (a) N-glycosylation sites, (b) N-glycopeptides, and (c) N-

glycoproteins after enriched by CCM80, and (d) Sequence motif of N-glycosite visualized 

by WebLogo. 
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Table 1-3. Comparison of the enrichment performances of different materials for enriching 

glycopeptides. 

Material 

Selectivity of 

glycopeptide 

(IgG/BSA 

molar ratio) 

Limit of 

detection 

(fmol 

µL−1) 

Identified 

glycopeptide 

numbers 

Ref. 

MIL-101(Cr)-NH2@PAMAM 1/100 1 14 50 

PSDVB–PAM 1/364 / 22 51 

MoS2/Au-NP–L-cysteine 1/1250 0.1 32 52 

BHCM 1/500 0.25 33 13 

mMOF@Au-MSA 1/100 0.5 29 43 

Fe3O4@mTiO2-MSA 1/100 1 22 53 

N-wood & D-wood 1/345 10 36 and 38 54 

PNI-co-ATBA0.2@SiO2 1/500 / 39 55 

Ti4+-immobilized MARs 1/10 1 27 56 

GO@CS@ZIF-8 foam 1/500 1 27 57 

magCDP@Ada-MSA 1/500 0.1 27 58 

MMA/EGDMA/1,2-epoxy-5-

hexene-cysteic acid 
1/200 0.1 35 59 

CCM80 1/1000 0.25 35 This work 

1.4. Conclusions 

A CCM was crafted using a straightforward and environmentally friendly approach to 

advance the development of porous materials suitable for the HILIC stationary phase. This 

method, leveraging the TIPS technique, utilized cellulose and citric acid—both abundant 

biomass resources. The resulting CCM featured a distinctive coral-like skeletal structure with 

continuous pores and a rough surface. These characteristics significantly enhanced the specific 

surface area, facilitated high permeability of the mobile phase, and promoted efficient mass 

transfer. 

In glycopeptide enrichment, CCM exhibited remarkable selectivity and sensitivity for 

enriching glycopeptides from trypsin-digested immunoglobulin G (IgG), serving as a model 

protein. It successfully identified 35 glycopeptide species with minimal detection of non-

glycopeptides. Moreover, the material demonstrated excellent detection sensitivity, with a 

lower limit of 0.25 fmol µL−1. Its enrichment capability remained robust, even in samples 

heavily contaminated with non-glycopeptides from BSA, maintaining selectivity at an 

IgG/BSA ratio of 1/1000. Additionally, the material's reusability as a HILIC stationary phase 
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underscores the sustainability of this system. Furthermore, CCM demonstrated broad 

applicability and remarkable selectivity across various types of glycopeptides, highlighting its 

significant potential for the enrichment of glycopeptides from complex biological samples. 

The development of CCM represents a significant step forward in protein glycosylation 

studies. Its ability to efficiently and selectively enrich glycopeptides underlines its potential 

contribution to medical science and pharmaceutical research, particularly in protein-based 

therapeutics and diagnostics. This innovative material offers valuable insights and 

advancements in understanding protein glycosylation, a critical post-translational modification 

with profound implications for biological function and disease. 
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Chapter 2. Development of Molecularly Imprinted Cellulose Monoliths 

for the Selective Separation of Shikimic Acid in Continuous Flow Systems 

 

2.1. Introduction 

Influenza poses significant global health challenges, causing seasonal epidemics and 

occasional pandemics with substantial morbidity and mortality1–4. Oseltamivir5, a 

neuraminidase inhibitor, is crucial for managing these outbreaks as it reduces viral replication, 

alleviates symptoms, lowers hospitalization rates, and prevents complications in vulnerable 

populations6–8. Additionally, its prophylactic efficacy in limiting virus transmission highlights 

its indispensable role in public health and pandemic preparedness9,10. Shikimic acid (SA) serves 

as a crucial intermediate in the synthesis of the antiviral drug oseltamivir11,12. It can be obtained 

through chemical synthesis, microbial fermentation, or extraction from specific plants13–15. 

During early clinical trials, SA used for oseltamivir production was synthesized chemically; 

however, this approach proved unsuitable for large-scale commercial production16,17. While 

chemical and microbial methods for cost-effective SA production are under development, the 

majority of SA is still obtained through extraction from the seeds of Chinese star anise (Illicium 

verum)18–21. However, the multistep extraction and purification processes remain expensive. 

Alternative synthetic pathways for oseltamivir that do not depend on SA have been proposed; 

however, none have been commercialized to date22.  

In practical extraction processes, SA is typically obtained with various impurities, 

requiring subsequent isolation and purification steps.21,23 Several methods have been reported 

for SA separation, including carbon adsorption24, recrystallization25, microsphere 

adsorption26,27, and ion exchange chromatography28,29. However, these methods face various 

challenges, such as complex processes, low selectivity, and high energy demands. Therefore, 

there is a critical need for the development of separation techniques that are straightforward, 

highly selective, and economically viable for efficiently extracting SA from complex solutions. 

Molecular imprinting technology (MIT) is a powerful and versatile method for creating 

synthetic materials with selective recognition capabilities, mimicking the behavior of biological 

systems such as enzymes or antibodies30,31. The core principle of MIT involves the formation 
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of specific molecular recognition sites within a polymer matrix during synthesis³². The resulting 

molecularly imprinted polymer (MIP) exhibits high selectivity and affinity for its target 

molecule, even in complex mixtures32,33. Surface molecular imprinting technology (SMIT) 

offers several advantages over traditional bulk imprinting methods34. By confining recognition 

sites to the surface or a thin layer, SMIT ensures enhanced accessibility, faster binding kinetics, 

and improved binding efficiency35. SMIT also enables versatile material design on various 

substrates, facilitates easier template removal, and overcomes steric hindrance issues for 

macromolecules36. These features make SMIT highly effective for applications in biosensors, 

drug delivery, catalysis, and environmental monitoring37–39. 

Various materials serve as carriers in SMIT, membranes40,41, metal oxides42–44, and 

polymeric microspheres45–47. These carrier materials present promising opportunities for 

surface modification. However, they face several significant limitations. Their extremely small 

nanopores create substantial resistance to mass transfer, adversely affecting overall 

performance and efficiency48. Additionally, manufacturing these materials is both expensive 

and complex. The production processes are not only resource-intensive but also harmful to the 

environment, further contributing to their high production costs. Monoliths, characterized by 

their hierarchical, continuous, and porous three-dimensional (3D) structures, have gained 

considerable attention due to their simple preparation and uniform architecture.49 These 

structures offer several advantages over particulate materials, including ease of separation, 

reduced pressure drop, enhanced mass transfer, superior mechanical stability, and customizable 

geometric designs50. Their interconnected porous networks enable efficient fluid flow while 

minimizing energy consumption51. Furthermore, their adaptable shapes make them highly 

versatile for integration into a wide range of systems, particularly in separation processes.50 

Monoliths provide benefits such as lower back pressure, faster mass transfer kinetics, higher 

loading capacities, and simpler manufacturing procedures.52–54 Owing to these structural 

advantages, the primary advantage of monolith over adsorbent is their direct applicability to 

continuous flow adsorption systems, eliminating the need for repetitive centrifugation and other 

operations to achieve efficient adsorption and desorption. Additionally, monoliths, 

characterized by their unique porous structure and eco-friendly materials such as cellulose, offer 

a sustainable and efficient alternative to traditional SMIT carrier materials. 
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In this work, the author prepared an SA surface-imprinted layer based on a cellulose 

monolith (CM) by introducing surface imprinting layer with boronic acid groups for the 

adsorption and selective separation of SA. Cellulose, the most abundant natural polymer on 

Earth, stands out as an eco-friendly and renewable resource, offering an endless supply of raw 

material for the development of sustainable and biocompatible products.55 The CM with a coral-

like porous structure can be fabricated through the thermally induced phase separation (TIPS) 

method. To enable selective recognition of SA, the material was engineered by constructing a 

surface-imprinted layer on the cellulose monolith (CM) backbone, utilizing 4-

vinylphenylboronic acid (VPBA) as a boronic-acid functional monomer56–58. The reusability 

and selective separation capacity of the molecularly imprinted cellulose monolith (MIPs-CM) 

were evaluated through adsorption kinetics and isothermal adsorption studies in a continuous 

flow system. The MIPs-CM demonstrated enhanced selectivity, and acceptable regeneration 

ability due to the combined advantages of the surface imprinting strategy and unique structure 

and morphology provided by monolithic material. Compared to conventional MIP formats such 

as particulate polymers and membranes, monolithic MIPs offer distinct advantages, including 

low pressure drop, improved mass transfer, superior mechanical strength, and ease of handling. 

Their rigid, solid structure allows easy separation from solution without centrifugation, 

reducing material loss during use. In addition, their structural versatility enables fabrication into 

various shapes and sizes, making them suitable for scalable continuous flow applications. This 

study presents a promising strategy for developing eco-friendly adsorbents capable of 

effectively separating SA from complex plant extracts by leveraging the advantages of 

monolithic materials. 

2.2. Experimental Section 

2.2.1. Materials and measurement 

L30 CA was acquired from Daicel Corporation (Tokyo, Japan). N,N-Dimethylformamide 

(DMF), methanol (MeOH), and pH 5.0, 6.0 acetate buffer solution were procured from Nacalai 

Tesque, Inc. (Japan). 1-Hexanol, 3-(trimethoxysilyl)propyl methacrylate (KH570), and SA was 

obtained from Sigma-Aldrich, while sodium hydroxide (NaOH), hydrochloric acid (HCl), p-

vinylphenylboronic acid (VPBA), 2,2'-azobis(isobutyronitrile) (AIBN), pyrocatechol (Cat), 

quercetin (Que) and alizarin (1,2-Doa) were sourced from FUJIFILM Wako Pure Chemical 
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Industries. pH 7.0, 8.0 KH2PO4-NaOH buffer solution and pH 9.0, 10.0 NaHCO3-NaOH buffer 

solution were obtained from Tokyo Chemical Industry Co., Ltd (Japan). Ethylene 

dimethacrylate (EGDMA) was purchased from Sigma Co., Ltd. Deionized water for this study 

was produced by a Milli-Q system (Millipore Corp., Milford, MA, USA). 

Fourier transform infrared (FT-IR) spectroscopy was performed using a Thermo Scientific 

Nicolet iS5 spectrometer equipped with an iD5 ATR attachment. All spectra were acquired at a 

resolution of 4 cm−1 over 100 scans within a spectral range of 4000–500 cm−1. The 

morphologies of the monoliths were investigated via scanning electron microscopy (SEM) by 

using a Hitachi S-3000N scanning electron microscope operated at 15 kV. pH measurements of 

the monolith were conducted with a standard pH electrode 9615-10D connected to a Horiba 

LAQUA F-74 analyzer. The elemental compositions of the surfaces were calculated using X-

ray photoelectron spectroscopy (XPS, Kratos Ultra 2). The Brunauer–Emmett–Teller (BET) 

surface area was studied by nitrogen adsorption–desorption analysis (Quantachrome 

Instruments). Samples were vacuum-degassed at 70 1C for 24 h prior to measurement. The pore 

diameter distribution and pore volume were obtained using the density functional theory (DFT). 

For XPS, monochromatic Al Kα was used, and the power of analysis was 75 W (wide) and 150 

W (narrow). The survey and high-resolution XPS spectra were collected at fixed analyzer pass 

energies of 160 eV and 10 eV, respectively. To confirm reproducibility, the measurement was 

performed three times for each sample. The peaks were fitted using CasaXPS Version 2.3.15 

(Casa Software Ltd, Japan). The surface elemental composition of the monoliths was measured 

using energy-dispersive X-ray spectroscopy (EDX, HITACHI, Miniscope TM 3000 equipped 

with Swift ED 3000). The continuous flow system was operated using a peristaltic pump 

(EYELA, MP-1000). The concentration of SA was checked using a UV-visible 

spectrophotometer (HITACHI, U-2810). 

2.2.2. Fabrication of CM 

The cellulose acetate monolith (CAM) was fabricated using the TIPS method59. Initially, 

CA powder quantities of 2.0 g, 2.5 g, and 3.0 g were individually dissolved in 10 mL of DMF 

at 90 °C, with continuous stir-ring until a clear and transparent solution was obtained. 

Subsequently, 15 mL of 1-hexanol was gradually added to each dispersion in three separate 5 

mL increments while the stir-ring continued. The resulting CA dispersion was then transferred 
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into a glass tube and left undisturbed at 25 °C overnight to facilitate phase separation. The CAM 

was formed after several cycles of solvent exchange with methanol at 25 °C, followed by drying. 

To convert CAM into CM, deacetylation was performed by immersion in a 0.2 mol L−1 sodium 

hydroxide/methanol solution. To eliminate any residual unreacted NaOH on the surface and 

within the monolith, the nascent CM was extensively rinsed with deionized water until a neutral 

pH of approximately 7.0 was reached. The final stage involved drying the sample under a 

vacuum to remove any remaining water, thereby obtaining the CM. 

2.2.3. Fabrication of MIPs-CM 

The fabrication of MIPs-CM involved a two-step process. First, the functionalization of 

CM with a double bond (referred to as KH570-CM), followed by the imprinting process 

conducted on KH570-CM. 0.5 g of CM and 3.0 mL of KH570 were added to a solution 

containing 20 mL of ethanol and 20 mL of water, and the reaction was carried out at 75 °C for 

24 h. The KH570-CM was washed several times with ethanol and water, followed by vacuum 

drying60. VPBA as the functional monomer, EGDMA as the cross-linking agent, AIBN as the 

initiator, and SA as the template molecule were added to a three-necked flask containing 50 mL 

of ethanol56. The mixture was ultrasonicated for 30 min to obtain the prepolymerization solution. 

After 0.1 g of KH570-CM was added to the solution, nitrogen was injected into the three-necked 

flask to eliminate residual air. The polymerization reaction proceeded at 80 °C, and upon 

completion, the MIPs-CM were washed using deionized water and ethanol. Finally, MIPs-CM 

containing specific recognition sites for SA was obtained by removing the template using an 

elution solution composed of methanol and acetic acid (9:1, v/v), followed by vacuum drying 

at room temperature. The template molecule, shikimic acid, was removed using an acetic acid 

aqueous solution (10 vol%). The removal process was monitored by UV–vis spectroscopy, and 

elution was considered complete when no further increase in absorbance at the characteristic 

wavelength of shikimic acid was observed in the eluent61. For comparison, NIPs-CM was 

synthesized under identical conditions but without the addition of SA. 

2.2.4. Adsorption capacities experiments 

The adsorption capacities of MIPs-CM, NIPs-CM, and CM were evaluated using a 

continuous flow system. The monoliths were precisely encased in polytetrafluoroethylene 

(PTFE) heat-shrinkable tube to construct the flow system, with approximately 0.03 g per 
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operation. A reservoir was filled with 20 mL of SA solution at varying concentrations, and the 

SA solution circulated using a peristaltic pump set at a flow rate of 3 mL min−1. After being 

flown through the monolith, the SA solution was recycled back into the reservoir at room 

temperature. After 1 h of adsorption, the final SA concentrations at different pH levels were 

measured by UV–Vis spectrophotometry at 213nm, and the binding amounts were calculated 

by Eq. (2-1): 

𝑄𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
 ,                                                                          (2-1) 

where C0 and Ce (mg L-1) represent the initial and equilibrium concentrations of SA, 

respectively, and Qe (mg g-1) represents the adsorption quantity of SA. V (L) and m (g) are the 

volume of SA solution and the weight of monoliths. 

Furthermore, the binding capacity was investigated through isothermal and kinetic static 

binding tests. The kinetic adsorption experiment followed a procedure similar to the isothermal 

tests, with minor changes. Specifically, a monolith sample (approximately 0.03 g) was passed 

through a continuous flow of SA solution (100 mg L-1, 20 mL, pH = 8) at 298 K from 0 to 120 

min. The residual concentration of SA was determined by ultraviolet-visible spectrometry. The 

process was also conducted in triplicate. To gain deeper insight into the adsorption mechanism, 

the pseudo-first-order and pseudo-second-order kinetic models were employed to fit the data. 

The linear fitting equations for these models are provided as Eq. 2-3 and 4 in the supporting 

information. For the investigation on adsorption isotherm, approximately 0.03 g monolith 

sample was passed through a continuous flow of SA solution (20 mL, pH = 8) with various 

concentrations (20, 40, 60, 80, 100 and 120 mg L-1). The test was performed for 240 min under 

298 K. The isotherm tests were carried out in triplicate. The adsorption quantity under different 

concentrations was calculated, and the experimental data were fitted to the Langmuir and 

Freundlich models. The corresponding equations (Eq. 2-5 and 6) are provided in the supporting 

information. 

2.2.5. Selective binding experiments 

The selective recognition ability of MIPs-CM and NIPs-CM for SA was assessed through 

selective binding experiments, using Cat, Que, and 1,2-Doa as interferents. Typically, MIPs-

CM and NIPs-CM were passed through a continuous flow of 20 mL interferent solution at a 
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concentration of 100 mg L-1 and continuous adsorption by peristaltic pump for 2 h. 

Subsequently, the concentrations of the various interferents in the supernatant were measured 

using UV–Vis spectrophotometry. The absorption wavelengths corresponding to Cat, Que, and 

1,2-Doa were 280, 340, and 519 nm, respectively. The imprinting factor (IF) was determined 

to assess the imprinting efficiency of MIPs-CM using Eq. (2-2) : 

IF =  
QMIPs

QNIPs
,                                    (2-2) 

where QMIPs and QNIPs represent the adsorption capacities of MIPs-CM and NIPs-CM, 

respectively, for SA and its analogues. 

2.2.6. Regeneration tests 

The reusability of the adsorbents serves as a critical parameter for assessing their 

adsorption performance. To evaluate this aspect, the reusability of MIPs-CM was examined 

through a series of adsorption–desorption experiments. Briefly, MIPs-CM was introduced into 

a solution containing 20 mL of SA (100 mg L-1) and processed through a continuous flow 

system at room temperature for 2 h. Subsequently, the SA concentration in the supernatant was 

determined using a UV–Vis spectrophotometer. The eluent, consisting of a methanol/acetic acid 

solution (9:1, v/v), was used in the subsequent cycle. The adsorbed MIPs-CM were first rinsed 

with the eluent until no detectable SA remained, followed by washing with water and drying. 

This adsorption–desorption process was repeated five times, and the corresponding adsorption 

capacity was calculated. To ensure experimental reproducibility, the entire procedure was 

performed at least three times. 

2.2.7. Rebinding kinetics and adsorption isotherm 

The kinetic data of MIPs-CM and NIPs-CM were analyzed using pseudo-first-order and 

pseudo-second-order models, and the calculating equations were expressed as Eq. 2-3 and Eq. 

2-4, respectively. 

Q
t
=Q

e
-Q

e
e-k1t,                                    (2-3) 

where k1 (min-1) is the rate constant of the pseudo-first adsorption. Qe and Qt (mg g-1) are 

the adsorption capacities at equilibrium and time t (min), respectively. The rate constants k1, Qe, 

and correlation coefficients R2 were calculated using the slope and intercept of plots of ln (Qe - 

Qt) versus t.  
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Q
t
=

k2Q
e
2t

1+k2Q
e
t
,                                     (2-4) 

where k2 (mg g-1 min-1) was the rate constant of the pseudo-second order equation. Here, 

k2, Qe, and correlation coefficients R2 were calculated from the linear plots of t/Qt versus t.  

The experimental adsorption data were investigated to fit with the Langmuir model (Eq. 

2-5) and the Freundlich model (Eq. 2-6). 

𝐶𝑒

𝑄𝑒
=

1

𝑄m
𝐶𝑒 +

1

Ka𝑄m
,                                  (2-5) 

log 𝑄𝑒 = log Kf +
1

n
log 𝐶𝑒,                              (2-6) 

where Qe (mg g–1) is the adsorption capacity at equilibrium, Ce (mg L–1) is the SA 

concentration at equilibrium, Kf (L mg–1) is the Freundlich constant, n is the heterogeneity factor, 

and Ka (L mg–1) and Qm (mg g–1) are the Langmuir coefficients, indicating an adsorption 

equilibrium constant and a monolayer capacity, respectively. The Freundlich model explains 

that the sites on the adsorbent surface are not equal and result in multilayer adsorption, whereas 

the Langmuir model represents monolayer adsorption on an energetically uniform surface. 

2.2.8. Adsorption selectivity 

The selectivity coefficient α and relative selectivity coefficient αr were defined as Eq. (2-

7), respectively.  

α=
𝑄𝑒SA

𝑄𝑒M

,                                      (2-7) 

where α represent the selectivity coefficient and relative selectivity coefficient, 

respectively, and M represents Cat, Que, or 1,2-Doa.  

As listed in Table S3, the α values of NIPs-CM for SA with respect to interferents were 

2.78, 12.5, and 5.85, which were rather low compared with those of MIPs-CM. These results 

should be ascribed to the different affinities between the interferents and MIPs-CM. The IF 

represents the relative adsorption affinity of the imprinted compound. The IF values of Cat, 

Que, and 1,2-Doa are 1.17, 1.24, and 1.21 lower than that of SA, respectively, which contrasts 

with the trend observed for α. These results suggest that MIPs-CM exhibited excellent 

selectivity for the SA owing to the imprinting effect. 
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2.3. Results and discussion 

2.3.1. Fabrication and Characterization of MIPs-CM 

The molecularly imprinted polymer cellulose monolith (MIPs-CM) was fabricated by 

immobilizing a molecularly imprinted layer on the surface of the porous framework, using SA 

as the target template (Fig. 2-1). The CM, featuring a co-continuous porous structure, was 

employed as the supporting material to facilitate the flow system. To realize excellent 

recognition properties, p-vinylphenylboronic acid (VPBA), which can selectively bind to SA, 

was used as a functional monomer for the creation of molecularly imprinted polymers (MIPs) 

layers62. The CM was initially prepared from cellulose acetate using the TIPS method and 

simple deacetylation procedure51. Notably, prior to deacetylation, no apparent difference in 

appearance was observed between CAM and CM, indicating that the monolith maintained 

sufficient strength to retain its shape after chemical treatment. For the subsequent imprinting 

polymerization process, the CM was first treated with KH570, a silane coupling agent 

containing a methacryloyl group. Subsequently, a surface imprinting method was applied to the 

KH570-CM via radical polymerization of VPBA and a cross-linker EGDMA in the presence of 

SA as the template molecule. SA could selectively and specifically bind to VPBA via boronic 

ester bond, contributing to the effective creation of the imprinted sites on the MIPs layer 

through the polymerization. Finally, to remove the template of SA from the MIPs-CM, 

Fig. 2-1. (a) Schematic illustration of MIPs-CM separation of SA. (b) Fabrication process 

of the MIPs-CM and NIPs-CM. 
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methanol/acetic acid mixture (9:1, V/V, pH = 3.6) was used, and the monolith was subsequently 

dried under vacuum. Non-imprinted polymers cellulose monoliths (NIP-CM) were also 

prepared with the same method except without the template SA. In the MIPs-CM, the imprinted 

cavities on the surface of MIPs-CM were not only structurally complementary to SA but also 

contained boronic acid groups capable of interacting with the cis-diol structure of SA to form a 

cyclic boronic ester complex. By leveraging the synergistic effect of the imprinted cavities and 

boronic acid groups, the adsorbent can be designed to efficiently separate and purify SA. The 

incorporation of imprinted cavities is expected to effectively minimize the impact of interfering 

substances on adsorption accuracy, contributing to improved product purity. Under alkaline 

conditions, the boronic acid groups and the cis-diol structure of SA form a pentacyclic ester, 

whereas under acidic conditions, the pentacyclic ester dissociates, facilitating the release of 

SA63,64. Accordingly, selecting VPBA as the functional monomer not only enables the selective 

recognition of cis-dihydroxy-containing compounds but also allows for the controlled 

adsorption and desorption of SA by adjusting the pH, thereby significantly improving 

separation efficiency.  

Fig. 2-2. (a) FT-IR spectra of CM, KH570-CM, NIPs-CM and MIPs-CM; (b) XPS survey 

spectra of CM and MIPs-CM; high-resolution XPS spectra of (c) C1s-CM and C1s-MIPs-

CM and (d) B1s-MIPs-CM. 
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FT-IR spectroscopy was employed to examine changes in surface functional groups on the 

monoliths, and the corresponding FT-IR spectra of CM, KH570-CM, NIPs-CM and MIPs-CM 

are presented in Fig. 2-2a. In the spectrum of KH570-CM, the most prominent peaks 

correspond to the asymmetric stretching vibration of methyl and the symmetric stretching 

vibration of methylene, observed at 2952 cm-1 and 2842 cm-1, respectively, which are attributed 

to the methyl and propyl groups of KH570. Additionally, the peak at 1646 cm-1 is associated 

with the stretching vibration of the C=C bond of methacryloyl group. The characteristic 

absorption peaks at 1083 cm-1 and 818 cm-1 correspond to the Si–O bond in KH570, confirming 

the successful surface modification of CM by KH570. Following the imprinting polymerization 

process, the FT-IR spectra of NIPs-CM and MIPs-CM exhibit similar profiles, with slight 

variations compared to KH570-CM. The disappearance of the C=C bond peak at 1646 cm-1 

likely results from the formation of the imprinting layer on the CM surface. These results 

confirm the successful synthesis of MIPs-CM.  

X-ray photoelectron spectroscopy (XPS) was further conducted to analyze the 

composition of CM and MIPs-CM. Fig. 2-2b presents the wide-scan XPS spectra of CM and 

MIPs-CM. In the spectrum of CM, the C 1s and O 1s peaks were observed at 284.4 eV and 

534.3 eV, respectively. In contrast, the spectrum of MIPs-CM revealed the emergence of three 

new peaks at 154.5 eV, 103.4 eV, and 188.2 eV, corresponding to Si 2s, Si 2p, and B 1s, 

respectively, indicating the successful formation of the imprinted polymer on the CM surface. 

Furthermore, as shown in Fig. 2-2c, a new peak corresponding to C=O appeared in the spectrum 

of MIPs-CM. In addition, the narrow scan of B 1s in MIPs-CM was deconvoluted into two 

Fig. 2-3. SEM images of (a, b, c) CM and (d, e, f) MIPs-CM. 
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peaks with binding energies of 187.8 eV and 188.7 eV, which were attributed to B–O and B–C 

bonds, respectively (Fig. 2-3d)65. The presence of the B 1s peak strongly confirms the 

successful formation of the surface layer with boronic acid groups. 

The morphological characteristics of the CM and MIPs-CM were examined through 

scanning electron microscopy (SEM) (Fig. 2-3). The CM exhibited a distinctive three-

dimensional continuous porous architecture featuring a coral-like morphology, with surface 

topography providing compelling evidence of the successful molecular imprinting process. 

Such architectural features confer significant advantages by mitigating steric hindrance 

between target molecules and the material during separation processes, while simultaneously 

augmenting potential adsorption sites. Following the post-imprinting polymerization procedure, 

the MIPs-CM maintained its intricate coral-like skeletal framework, with a uniform distribution 

of imprinting particles across the CM surface, which provides compelling evidence of the 

successful implementation of the molecular imprinting process. The corresponding elemental 

mapping of MIPs-CM (Fig. 2-4) reveals a homogeneous spatial distribution of B, C, O, and Si 

elements throughout the membrane, demonstrating the successful construction of imprinted 

layer on the CM substrate. 

The N2 adsorption–desorption analysis of CM and MIPs-CM was conducted to evaluate 

their pore structure and surface area. As shown in Fig. 2-5, the CM presents type IV isotherms, 

The adsorption increases slowly at low P/P0 (< 0.2), followed by a sharp increase at high P/P0 

(> 0.8). This trend suggests that the material has a large pore structure, probably dominated by 

mesopores and macropores. The adsorption and desorption curves bifurcate significantly at P/P0 

Fig. 2-4. Corresponding element mapping and SEM images (inset) of MIPs-CM. 
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≈ 0.6-1.0, forming an H3-type hysteresis loop, which indicates that the material has a certain 

mesoporous structure. The specific surface area of CM was determined to be 4.66 m2 g–1 

utilizing the multipoint Brunauer–Emmett–Teller (BET) equation. These results suggest that 

the pores of CM may consist of lamellar or fissured pores or irregular macropores. After the 

imprinting polymerization process, the N2 adsorption–desorption isotherms of MIPs-CM also 

exhibit a type IV behavior. At low P/P0 (<0.2), the adsorption increases slowly; at P/P0 ≈ 0.4-

0.8, the amount of adsorption increases steadily, which is characteristic of mesoporous 

materials. At P/P0 > 0.8, there is a steep increase in adsorption and a clear hysteresis loop, 

indicating that the material may have some macroporous structure. The adsorption-desorption 

isotherms exhibit an H2-type hysteresis loop in the relative pressure (P/P0) range of 0.5–1.0, 

indicating a mesoporous structure featuring bottle-neck shaped pores with narrow entrances but 

wider internal cavities. The presence of this hysteresis pattern suggests the successful formation 

of uniform mesopores arranged in a hierarchical porous network. After MIP modification, the 

specific surface area was significantly increased to 23.15 m2 g–1. This change suggests that the 

introduction of the molecularly imprinted layer effectively increased the number of pores and 

the available adsorption surface area. The adsorption capacity of the material was significantly 

enhanced compared to the unmodified samples and may provide better separation of specific 

target molecules SA. 

2.3.2. Optimization of the Fabrication Conditions of MIPs-CM 

It is well established that various factors involved in the synthesis of MIPs can influence 

the formation of the imprinted layer and recognition sites, thereby affecting the adsorption 

capacity of the sample. In the synthesis of MIPs-CM, several parameters were optimized, 

Fig. 2-5. Nitrogen adsorption–desorption curves of (a) CM and (b) MIPs-CM. The 

corresponding pore size distributions are presented in the insets. 
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including the amounts of VPBA, the cross-linker EGDMA, the template molecule SA, and the 

polymerization time, to enhance the adsorption performance of MIPs-CM.  

First, different amounts of VPBA were introduced to evaluate its effect on adsorption 

capacity, as the grafted boric acid groups play a pivotal role in determining the adsorption 

efficiency of MIPs-CM. As shown in Fig. 2-6a, the adsorption capacity gradually increases 

with increasing VPBA content from 40 to 200 mg, reaching a plateau when the VPBA amount 

exceeds 160 mg. This phenomenon can be attributed to the increasing number of active boric 

acid groups grafted onto CM, which enhances the availability of binding sites for SA. The 

adsorption capacity plateau observed beyond 160 mg of VPBA is attributed to the saturation of 

effective binding sites. While initial increases in VPBA promote the formation of specific 

recognition sites for the template molecule, excessive VPBA induces non-specific 

polymerization, steric hindrance, and the generation of inaccessible regions, thereby limiting 

further enhancement. These results further highlight the significant role of VPBA in improving 

the adsorption capacity of MIPs-CM. 

Furthermore, the effects of cross-linker dosage on the imprinted layer formation and 

morphology of MIPs-CM were systematically investigated66. Fig. 2-6b illustrates the 

adsorption capacity for SA as the cross-linker dosage varies from 100 to 400 μL. Notably, the 

adsorption capacity exhibits a sharp increase with in the rise in EGDMA volume from 150 to 

300 μL. This enhancement can be attributed to the formation of more rigid imprinted sites that 

Fig. 2-6. (a) Influences of VPBA dosage, (b) cross-linker volume, (c) template amount, and 

(d) imprinting polymerization time on the adsorption capacity of MIPs-CM. 
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facilitate SA recognition. However, when the EGDMA dosage exceeds 200 μL, a noticeable 

decline in binding capacity is observed due to a reduction in the number of accessible adsorption 

sites. Fig. 2-7a–d presents SEM images of the imprinted products synthesized with different 

EGDMA amounts (100, 200, 300, and 400 μL). At an EGDMA dosage of 100 μL, the material 

maintains a morphology similar to CM, with a thin imprinted layer. In contrast, as the EGDMA 

dosage increases, a progressively thicker imprinted layer forms, which seals the cocontinuous 

pores and restricts their accessibility to SA. Based on these findings, the optimal cross-linker 

dosage for this study was determined to be 200 μL. 

Additionally, the effect of template SA dosage (25, 50, 100, and 150 mg) was investigated 

to determine the optimal balance between the template and functional monomer, and the results 

are presented in Fig. 2-6c. The binding capacity exhibits a continuous increase until the SA 

dosage reaches 100 mg, after which a decline is observed. This phenomenon is likely due to the 

optimal dispersion of imprinted sites for SA on the CM substrate occurring at a template dosage 

of 100 mg. The optimal adsorption capacity observed at 100 mg of shikimic acid is attributed 

to an ideal template-to-monomer ratio. Exceeding this amount disrupts complex formation, 

resulting in low-fidelity imprinted sites and reduced adsorption performance due to interference 

from excess free template molecules during polymerization. The influence of polymerization 

time on adsorption capacity was also examined, with results shown in Fig. 2-6d for reaction 

durations ranging from 2 to 5 h. The adsorption capacity for SA gradually increases during the 

first 4 h of polymerization, reaching its maximum at 4 h. However, extending the 

polymerization time beyond this point results in a slight decrease in adsorption capacity, likely 

Fig. 2-7. SEM images of MIPs-CM synthesized by different cross-linker volumes: (a) 100 

µL, (b) 200 µL, (c) 300 µL, and (d) 400 µL. 
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due to a closure of pores along the diffusion path of the target molecule. Based on these findings, 

the optimal imprinting conditions were determined to be 160 mg of VPBA, 200 μL of EGDMA, 

100 mg of SA, and a polymerization time of 4 h. The final MIPs-CM permeability obtained 

was (1.08 ± 0.97) × 10-12 m2 (Table 2-1). Even though there is a decrease compared to CM, 

MIPs-CM still supports high-speed flow adsorption with low back pressure which demonstrates 

the strong potential for efficient separation. 

Table 2-1. The permeability of MIPs-CM and CM. 

B0 (×10-12 m2) 

MIPs-CM CM 

1.08 ± 0.97 4.18 ± 0.13 

2.3.3. Adsorption kinetics and isotherm 

The binding affinity between boronic acids and cis-diol compounds exhibits strong pH 

dependence. To assess this effect, an investigation was conducted to evaluate the influence of 

solution pH (ranging from 5.0 to 10.0) on the adsorption behavior of both MIPs-CM and NIPs-

CM. The experimental results, illustrated in Fig. 2-8a, demonstrated that both materials 

exhibited a bell-shaped relationship between adsorption capacity and pH, with optimal binding 

occurring at pH 8.0. This phenomenon can be attributed to the underlying mechanism of 

interactions between boronic acid and cis-diol. Under alkaline conditions, boronic acid moieties 

Fig. 2-8. (a) Effect of solution pH on the adsorption amount of MIPs-CM and NIPs-CM for 

SA, (b) adsorption kinetics study of MIPs-CM and NIPs-CM, (c) Langmuir and (d) 

Freundlich isotherm of MIPs-CM and NIPs-CM. 
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form reversible covalent bonds with the cis-diol groups present in SA, whereas these bonds 

undergo dissociation in acidic environments, facilitating the release of bound analytes. At 

around pH 8, boronic acids are partially converted to their anionic boronate form, which 

strongly and selectively interacts with the cis-diol groups of shikimic acid. At higher pH, 

however, the fully deprotonated carboxyl group of shikimic acid introduces additional negative 

charge, which may lead to electrostatic repulsion with the boronate anions and a slight decrease 

in binding efficiency. Notably, MIPs-CM displayed marked pH-dependent variations in 

adsorption capacity, indicating substantial pH influence on binding characteristics. This 

observation informed the selection of optimal pH conditions for subsequent binding studies. In 

contrast, NIPs-CM exhibited lower binding capacities and pH sensitivity, which can be 

attributed to the absence of specific imprinted cavities and reduced surface exposure of boronic 

acid functionalities. The data presented in Fig. 2-6a revealed that MIPs-CM maintained 

satisfactory binding performance within the ordinary common relevant pH range of 7.0-8.0. 

This characteristic renders MIPs-CM particularly suitable for practical applications under 

conventional pH conditions. Based on these findings, pH 5.0 was established as the optimal 

dissociation condition for subsequent experiments. 

To elucidate the adsorption characteristics of the MIPs-CM adsorbent towards SA, 

comprehensive investigations of adsorption kinetics and isotherms were conducted. The kinetic 

studies carried out using an initial SA concentration of 100 mg L-1, with particular emphasis on 

examining the temporal evolution of adsorption capacity. The experimental conditions were 

maintained at pH 8.0 and 298 K, with both MIPs-CM and NIPs-CM materials being subjected 

to SA solution for 2 h while monitoring concentration variations at predetermined time intervals. 

The equilibrium adsorption capacities (Qt) were calculated utilizing Equations 2-1, with the 

resultant kinetic profiles illustrated in Fig. 2-8b. Both adsorbents exhibited progressive 

increases in adsorption capacity over time, achieving equilibrium within approximately 2 h. A 

rapid initial uptake was observed during the first 40 minutes, accounting for more than 95% of 

the maximum adsorption capacity, indicating efficient occupation of the imprinted cavities by 

SA template molecules. This rapid adsorption rate indicates that MIPs-CM exhibits low 

diffusion resistance. This can be attributed to the hierarchical porous structure observed in SEM 

and BET analyses, which features interconnected macropores and mesopores that promote fast 
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mass transfer to the recognition sites. Subsequently, the adsorption rate diminished due to 

decreased SA concentration in the solution, ultimately reaching a maximum adsorption capacity 

of 65.4 mg g−1 over the following 80 minutes. While NIPs-CM demonstrated similar adsorption 

trends, its maximum capacity (32.4 mg g−1) was notably lower than that of MIPs-CM. This 

disparity can be attributed to the presence of specifically engineered cavities within MIPs-CM 

that facilitate precise molecular recognition through complementary shape, size, and functional 

group arrangements. The enhanced adsorption capacity clearly demonstrates the efficacy of the 

boronic acid-functionalized imprinting methodology. Kinetic modeling was performed using 

pseudo-first-order and pseudo-second-order models (Eq. 2-3 and 2-4, respectively). The 

calculated kinetic parameters are presented in Table 2-2. The pseudo-second-order model 

exhibited superior correlation (R2 = 0.999) compared to the pseudo-first-order model (R2 = 

0.990), indicating that the adsorption mechanisms are predominantly governed by pseudo-

second-order kinetics. However, the calculated equilibrium adsorption capacities (Qe,c) from 

the pseudo-first-order model were closer to the experimental values (Qe,e) than those from the 

pseudo-second-order model, indicating a better fit in terms of adsorption capacity. This 

discrepancy implies that while the adsorption rate may follow pseudo-second-order kinetics, 

the overall process likely involves physical adsorption rather than purely chemical adsorption. 

Table 2-2. Kinetic model parameters obtained in adsorption of SA onto MIPs-CM and NIPs-

CM.a 

Samples 

b Qe,e Pseudo-first-order equation Pseudo-second-order equation 

(mg g-1) 
c Qe,c 

(mg g-1) 

k1 

(min-1) 
R2 

Qe,c 

(mg g-1) 

k2 

(g mg-1 min-1) 
R2 

MIPs-CM 65.4 62.9 0.059 0.990 73.4 1.0×10−3 0.999 

NIPs-CM 32.4 31.4 0.046 0.989 37.8 1.4×10−3 0.998 

a The testing condition was pH = 8.0, C0 = 100 mg L-1, and T = 298K. 

b Qe,e (mg g-1) is the experimental data of equilibrium rebinding amount. 

c Qe,c (mg g-1) is the calculated data of equilibrium rebinding amount. 

The equilibrium adsorption characteristics of MIPs-CM and NIPs-CM were systematically 

investigated across varying SA initial concentrations. As depicted in Fig. 2-8c,d and Table 2-

3, the adsorption isotherm analysis reveals distinct adsorption behaviors of SA on MIPs-CM 

and NIPs-CM. This observation substantiates the critical role of molecular imprinting 
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techniques in enhancing adsorption performance. To elucidate the binding interactions between 

MIPs-CM and SA more comprehensively, a representative set of experimental values was 

selected for Langmuir and Freundlich fitting, as articulated in supplementary equations 2-5 and 

2-6. In the Langmuir model, the MIPs-CM exhibited a significantly higher maximum 

adsorption capacity (Qm) of 77.0 mg g-1 compared to 53.4 mg g-1 for the NIPs-CM. The 

adsorption equilibrium constant (Ka) was also higher for MIPs-CM (0.150 L mg-1) than for 

NIPs-CM (0.035 L mg-1), indicating stronger affinity toward the target molecule. These results 

suggest that the MIPs-CM possess specific SA recognition sites, enabling efficient and selective 

adsorption. Similarly, in the Freundlich model, the MIPs-CM showed a markedly higher Kf 

value (16.9 mg L-1) than that of the NIPs-CM (3.24 mg L-1), supporting the enhanced adsorption 

capacity of the MIPs. Notably, the 1/n value for MIPs-CM was lower (0.376), indicating greater 

heterogeneity of the adsorption sites and the presence of high-affinity, selective binding sites. 

In contrast, the NIPs-CM exhibited a higher 1/n value (0.622), suggesting a more uniform but 

less selective adsorption behavior. Both models yielded high coefficients of determination (R²), 

with the Langmuir model providing particularly good fits (MIPs-CM: 0.993, NIPs-CM: 0.988). 

This implies that the adsorption process is predominantly governed by monolayer adsorption 

through specific interactions, consistent with the Langmuir-type behavior. 

Consequently, the adsorption isotherm analysis clearly demonstrates that MIPs-CM 

possess superior binding characteristics toward SA compared to NIPs-CM, as reflected by 

higher adsorption capacities, stronger binding affinities, and greater site heterogeneity. The 

Langmuir model provided an excellent fit to the experimental data, indicating that the 

adsorption process predominantly involves monolayer coverage driven by specific interactions 

between SA and the imprinted recognition sites. These findings highlight the effectiveness of 

molecular imprinting in creating highly selective adsorbents with enhanced performance. 

Table 2-3. Adsorption isotherm constants obtained in adsorption of SA onto MIPs-CM and NIPs-CM.a 

Samples 
Langmuir model Freundlich model 

Qm (mg g-1) Ka (L mg-1) R2 Kf (mg L-1) 1/n R2 

MIPs-CM 77.0±6.1 0.150±0.079 0.993±0.005 16.9±4.5 0.376±0.071 0.914±0.065 

NIPs-CM 53.4±1.2 0.035±0.001 0.988±0.015 3.24±0.18 0.622±0.016 0.983±0.015 

a The testing condition was pH = 8.0, adsorption time 120 min, and T = 298K. 
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2.3.4. Binding specificity and reusability 

To evaluate the specificity of the adsorbents, three interfering compounds were selected 

as competitive adsorbates: catechol (Cat), quercetin (Que), and alizarin (1,2-Doa). These 

compounds were selected based on their structural resemblance to shikimic acid, especially 

their phenolic character and the presence of vicinal hydroxyl groups, as well as their frequent 

occurrence in plant-derived materials67,68,69. The adsorption capacities of MIPs-CM and NIPs-

CM toward these compounds are presented in Fig. 2-9a. Notably, MIPs-CM and NIPs-CM 

exhibited significantly different adsorption capacities for SA and the interfering compounds, 

primarily due to the presence of the cis-diol structure in SA, which can be selectively captured 

by the boronic acid-functionalized adsorbent. Although these three interfering compounds also 

contain a cis-diol compound, the absence of specific imprinted cavities for them on the surface 

of MIPs-CM resulted in a lower adsorption capacity. In contrast, the adsorption capacity of 

NIPs-CM for SA was lower than that of MIPs-CM, owing to the lack of recognition sites. These 

findings suggest that the presence of imprinted sites enhances adsorption capacity, while 

boronic acid groups confers selective recognition toward cis-diol compounds. The results 

Fig. 2-9. (a) Specific recognition ability of MIPs-CM and NIPs-CM, 

and (b) the reusability performance of MIPs-CM. 

Table 2-4. Adsorption selectivity constants of MIPs-CM and NIPs-CM toward SA. 

Target 
MIPs-CM NIPs-CM 

IF 
Qe (mg g-1) α Qe (mg g-1) α 

SA 65.4  32.420  2.02 

Cat 13.7 4.79 11.648 2.78 1.17 

Que 3.24 20.2 2.603 12.5 1.24 

1,2-Doa 4.28 15.3 3.532 5.85 1.21 
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confirm the specific adsorption ability of MIPs-CM. This conclusion is further supported by 

the imprinting factor line chart in Fig. 2-9a, which shows that the IF of the adsorbents for the 

interfering compounds ranged from approximately 1.1 to 1.2, whereas the imprinting factor for 

SA was notably higher, reaching 2.0. Additionally, the selectivity coefficient (α) and IF were 

calculated (Table 2-4). Meanwhile, MIPs-CM and NIPs-CM exhibited similar adsorption 

capacities for the three interfering compounds, suggesting that the selective binding of MIPs-

CM to SA was primarily attributed to the molecular imprinting effect rather than nonspecific 

physical adsorption. 

To evaluate the reusability of MIPs-CM, five regeneration cycles were conducted, and the 

adsorption capacity after each cycle was calculated and presented in Fig. 2-9b. The adsorption 

capacity of MIPs-CM remained relatively stable, exhibiting only a 15% reduction over 

successive recycling experiments (decreasing from 65.3 mg g-1 to 55.5 mg g-1). Such a decline 

in adsorption capacity during recycling is commonly observed. The reduction in separation 

performance after five cycles can be attributed to several factors70. First, some imprinted sites 

may have been partially degraded during the regeneration process, affecting the imprinting 

efficiency. Second, incomplete elution during repeated use may have resulted in partial 

blockage of imprinted sites. Third, potential contamination or structural fatigue of the material 

during recycling could have further contributed to the decrease in adsorption capacity. Also, the 

compressive stress–strain curves of the monoliths indicate that MIPs-CM exhibits enhanced 

mechanical stability compared to unmodified CM (Fig. 2-10). The smooth and continuous 

curves suggest uniform deformation behavior without significant structural defects. Notably, 

Fig. 2-10. Mechanical strength test results of the dried MIPs-CM, CM and MIPs-CM after 

absorption/desorption experiment, compressed up to a 50% strain. 
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MIPs-CM retained comparable mechanical properties even after the adsorption/desorption 

process, indicating that its structure remained intact during repeated flow-through operations. 

Overall, the MIPs-CM synthesized in this study demonstrates promising potential for practical 

applications.  

2.4. Conclusions 

A boronic acid-functionalized molecularly imprinted monolith (MIPs-CM) was 

constructed by surface imprinting on a porous cellulose monolith (CM), serving as a robust 

support for selective adsorption of shikimic acid (SA). The imprinted monolith, featuring a 

granular imprinted thin layer, exhibited a hierarchical porous structure on both its outer surface 

and internal pore channels, facilitating efficient mass transfer and enhancing adsorption 

performance. Compared with traditional methods, MIPs-CM demonstrated improved binding 

affinity and selectivity toward the target compound, SA, due to the introduction of boronic acid 

groups as specific functional monomers. The maximum adsorption capacity of the imprinted 

monolith reached 65.4 mg g⁻¹, nearly twice that of the non-imprinted monolith (32.4 mg g⁻¹). 

Adsorption isotherm analysis indicated that the Langmuir model provided a good fit, suggesting 

a quasi-monolayer chemisorption-driven process. Notably, MIPs-CM exhibited strong 

specificity for SA even in the presence of structural analogs, with imprinting factors (IF) of 

1.17, 1.24, and 1.21 for Cat, Que, and 1,2-Doa, respectively, confirming its superior imprinting 

effect for SA. Furthermore, the monolith demonstrated excellent reusability, maintaining 85% 

of its initial adsorption capacity after five adsorption-desorption cycles. This study also aligns 

with several of the 12 Principles of Green Chemistry. Cellulose acetate, a partially synthetic yet 

environmentally friendly polymer derived from renewable biomass, was used as the starting 

material (Principle 7: renewable feedstocks). The cellulose monolith was prepared via the 

thermally induced phase separation (TIPS) method under moderate temperature conditions 

(80 °C to 20 °C), supporting Principles 6 and 8 (energy efficiency). The MIP layer was formed 

through a simple, one-step polymerization using an optimized amount of the template SA, 

minimizing derivatization and waste (Principles 1 and 8). While the MIP layer is not 

biodegradable, the overall approach emphasizes resource sustainability, reduced process 

complexity, and environmental responsibility. This study provides valuable insights into the 

development of highly selective and reusable imprinted monoliths, offering a promising 
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approach for the efficient capture of natural SA and other drug molecules in practical 

applications. 
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Chapter 3. Hierarchical Titanium Dioxide–Cellulose Monolith 

for Removing Phosphate Ions from Water 

 

3.1. Introduction 

Phosphorus is an essential macronutrient for all living organisms and accounts for 

approximately 2–4% of cellular dry mass. It is an important structural and functional 

component of cell membranes and biomolecules, such as nucleic acids and adenosine 

triphosphate, thus playing a central role in maintaining biological functions.1–3 In agriculture, 

phosphate-based fertilizers are widely applied to sustain crop productivity.4 However, 

numerous soils have limited phosphate retention capacity, resulting in the significant loss of 

applied phosphorus through surface runoff.5 This process reduces fertilizer use efficiency and 

adversely affects the environment.6–8 For example, leached phosphate causes eutrophication in 

freshwater systems that results in excessive algal growth, which is commonly referred to as 

algal blooms. Such eutrophic conditions often result in oxygen depletion and ecological 

disruption, thereby threatening aquatic biodiversity and the overall integrity of water 

ecosystems.9,10 Globally, regulatory authorities have responded by enforcing stricter discharge 

limits on phosphorus concentrations in wastewater.11 Thus, a range of biological, chemical, and 

physical methods have been developed for phosphate removal from water; however, certain 

challenges remain in meeting these stricter standards while enabling efficient phosphate 

recovery and reuse.12 

Phosphorus removal can be achieved using various chemical methods, including 

precipitation,13 flocculation,14 and adsorption.15 In particular, adsorption is widely recognized 

as a promising technique for phosphate removal owing to its high adsorption capacity, cost 

efficiency, and regenerability. The performance of chemical adsorption depends on the choice 

of adsorbent materials,16 such as membranes,17–19 carbon-based adsorbents,20,21 magnetic 

adsorbents,22,23 metal–organic frameworks,24,25 and covalent organic frameworks.26 Although 

some of these technologies, or their combinations, can achieve low residual phosphorus 

concentrations, each approach has inherent limitations. These limitations include sensitivity to 

physicochemical conditions, dependence on membrane systems that are prone to fouling, the 
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generation of poorly recoverable chemical precipitates, and significant space requirements.27,28 

Therefore, advanced adsorbent systems that can reliably capture ultra-low concentrations of 

phosphorus, sustain high throughput while minimizing membrane fouling, operate under low 

pressure drops, produce minimal waste, and enable efficient phosphorus recovery are urgently 

required. Recently, research has primarily focused on designing innovative adsorbent 

architectures to overcome the limitations of conventional materials while maximizing overall 

performance. 

Monoliths are characterized by their hierarchical, continuous, and porous three-

dimensional architecture. They have attracted significant interest owing to their straightforward 

fabrication and uniform structural integrity.29–31 Moreover, their adaptable geometries enable 

seamless integration into diverse systems, particularly in separation processes. Monoliths offer 

several advantages, including reduced back pressure, enhanced mass transfer kinetics, high 

adsorption capacities, and simplified manufacturing procedures.32 Notably, they can be directly 

implemented in continuous flow adsorption systems, eliminating the need for repetitive 

centrifugation and other labor-intensive operations to achieve efficient adsorption and 

desorption.33 Monoliths comprising environmentally friendly materials, such as cellulose, 

provide a sustainable and efficient alternative to conventional adsorbents.34 To achieve high-

efficiency phosphate removal, functional materials that exhibit strong phosphate-binding 

capabilities can be incorporated into monoliths.  

Titanium dioxide (TiO2) is widely explored in the fields of environmental science, 

materials engineering, and medicine owing to its high surface reactivity, chemical stability, and 

cost-effectiveness.35 However, the International Agency for Research on Cancer categorized 

TiO2 as a Group 2B substance in 2006 because it is possibly carcinogenic to humans.36 

Phosphate binds strongly to TiO2 surfaces as a bidentate ligand,37 and Ronson and McQuillan 

reported that phosphate preferentially adsorbs at a pH of 6.5.38,39 Therefore, immobilizing TiO2 

on the surface of porous monoliths could simultaneously achieve efficient adsorption and 

convenient recovery in water systems. 

This study presents the rational design of a hierarchically porous TiO2-cellulose monolith 

(CM) as an adsorbent for efficient phosphate removal. As the support material, the CM was 

derived from a sustainable and renewable carbon source. The TiO2-CM was fabricated by first 
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preparing a coral-like CM via thermally induced phase separation (TIPS). The CM then served 

as a scaffold for TiO2 deposition through a sol–gel reaction with titanium isopropoxide 

(TTIP).40 The synthesis conditions were optimized by adjusting the TTIP concentration and CM 

fabrication parameters to achieve desirable structural properties. Compared to previously 

reported TiO2 monoliths, our approach employs a cellulose monolith as a bio-based template 

and structural scaffold to fabricate hierarchically porous TiO2 structures with interconnected 

macro- and mesopores, enhanced mechanical stability, and customizable geometries without 

the need for template removal. This sustainable and robust fabrication strategy aligns with green 

chemistry principles and offers significant potential for practical adsorption and separation 

applications. This approach yielded a highly interconnected porous architecture with a large 

surface area and low flow resistance, which are essential for continuous flow adsorption. 

Adsorption behaviors, including pH dependence, kinetics, and isotherms, were evaluated in 

relation to the structural and interfacial properties of the material. These analyses provided 

insights into the adsorption mechanism and helped evaluate the potential of TiO2–CM for 

selective, rapid, and reusable phosphate removal. The findings contribute to a broader 

understanding of designing monolithic adsorbent systems to efficiently capture phosphorus 

under environmentally relevant conditions. 

 

3.2. Experimental Section 

3.2.1. Materials 

L30 cellulose acetate (CA) was acquired from Daicel Corporation (Tokyo, Japan), and 

N,N-dimethylformamide (DMF) and methanol were obtained from Nacalai Tesque, Inc. (Japan). 

1-Hexanol, KH2PO4, Na2SO4, NaCl, NaHCO3, potassium antimonyl tartrate (C8H10K2O15Sb2), 

ammonium molybdate heptahydrate ((NH4)6Mo7O24), and L-ascorbic acid were obtained from 

Sigma-Aldrich. Sodium hydroxide (NaOH) and hydrochloric acid were sourced from Fujifilm 

Wako Pure Chemical Industries (Japan). TTIP, NaF, disodium 1-naphthyl phosphate and 

isopropyl alcohol were purchased from Tokyo Chemical Industry Co., Ltd. (Japan). The 

deionized water used in this study was produced using a Milli-Q system (Millipore Corp., 

Milford, MA, USA). 
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3.2.2. Characterization 

Fourier-transform infrared (FT-IR) spectroscopy was performed using a Thermo Scientific 

Nicolet iS5 spectrometer equipped with an iD5 ATR attachment. All spectra were recorded at a 

resolution of 4 cm−1 across 100 scans in the scan range of 4000–500 cm−1. The morphologies 

of the monoliths were investigated using scanning electron microscopy (SEM; Hitachi S-3000N) 

at 15 kV. The pH values were measured using a standard pH electrode (9615-10D) connected 

to an Horiba LAQUA F-74 analyzer. Elemental compositions of the surfaces were calculated 

using X-ray photoelectron spectroscopy (XPS; Kratos Ultra 2). The surface area was calculated 

using the Brunauer–Emmett–Teller (BET) equation based on N2 adsorption–desorption 

isotherms (Nova 4200e, Quantachrome Instruments), and samples were vacuum degassed at 

60 °C for 24 h prior to obtaining measurements. The pore diameter distribution and volume 

were calculated using density functional theory. For XPS, monochromatic Al Kα radiation was 

used with power settings of 75 W (wide) and 150 W (narrow). The survey and high-resolution 

XPS spectra were collected at fixed analyzer pass energies of 160 and 10 eV, respectively. To 

confirm reproducibility, measurements were obtained thrice for each sample. The peaks were 

fitted using CasaXPS Version 2.3.15 (Casa Software, Ltd., Japan). The surface elemental 

compositions of the monoliths were analyzed using energy-dispersive X-ray (EDX) 

spectroscopy (Hitachi, Miniscope TM 3000 equipped with Swift ED 3000). Powder X-ray 

diffraction (XRD) patterns were obtained using a SmartLab system (Rigaku Corporation, Japan) 

with a Cu Kβ X-ray source and scanning speed of 5° min−1 over a 2θ range of 5–80°. The 

generator voltage and current were 45 kV and 200 mA, respectively. The permeability of the 

monolithic column was calculated using Darcy’s law according to Eq. (3-1): 

B0 = FηL/(πr2ΔP)                                (3-1) 

where F (m3 s–1) denotes the flow rate of the mobile phase, η (Pa s) is the viscosity of the 

mobile phase (2.98 × 10–3 Pa s for water), L (m) and r (m) represent the effective length and 

radius of the monolith, respectively, and ΔP (Pa) is the pressure drop across the monolith. For 

this measurement, the monoliths were tightly fitted with heat-shrink tubing and connected to a 

digital quantitative tubing pump (As One, DSP-100SA) to control the flow rate (0.2–

2.0 mL min⁻¹). In addition, a digital pressure gauge (Krone, KDM30) was used to monitor the 

pressure drop. The continuous flow system was operated using a peristaltic pump (Eyela, MP-
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1000), and the concentration of KH2PO4 was measured using a UV-Visible (UV-Vis) 

spectrophotometer (Hitachi, U-2810). 

3.2.3. Fabrication of the CM 

The CA monolith (CAM) was fabricated using the TIPS method. Initially, 2.0, 2.5, and 3.0 

g of CA powder were individually dissolved in 10 mL of DMF at 90 °C with continuous stirring 

until each mixture became clear and transparent. Subsequently, 15 mL of 1-hexanol was 

incrementally added to each dispersion in three separate 5 mL additions with continuous stirring. 

The resulting CA dispersion was transferred to a glass tube, where it remained undisturbed 

overnight at 25 °C to enable phase separation. The CAM was formed after several cycles of 

solvent exchange with methanol at 25 °C, followed by drying. For its conversion to CM, the 

CAM underwent deacetylation following immersion in a 0.2 mol L−1 NaOH/methanol solution. 

To remove unreacted NaOH residual from the monolith surface and within the monolith, the 

nascent CM was thoroughly rinsed with deionized water until a neutral pH (approximately 7.0) 

was attained. The final stage involved drying the sample under vacuum to remove remaining 

water, yielding the CM. 

3.2.4. Preparation of the TiO2-CM 

The TiO2-CM was prepared using a sol–gel reaction in the presence of the CM. Briefly, 

TTIP was added to isopropyl alcohol and stirred for 20 min. The CM (0.50 g) was then 

immersed in the TTIP/isopropyl alcohol solution, and deionized water was added under 

vigorous stirring. The volume ratio of isopropyl alcohol-to-water was 1:10. The solution was 

subsequently heated to 80 °C for 5 h and cooled to room temperature. The resulting TiO2x-CMy 

(x refers to the content of TTIP (%) and y refers to the concentration of CA (mg mL−1)) was 

washed with distilled water and dried at 80 °C. The total volume of the solution after adding 

distilled water was 15 mL. The TTIP content is defined as the ratio of the TTIP volume to the 

total volume of the solution.  

3.2.5. Adsorption Experiments 

The adsorption capacities of the TiO2-CM were evaluated using a continuous flow system. 

The monoliths were precisely encased in a polytetrafluoroethylene heat-shrinkable tube to 

construct a flow system, with approximately 0.03 g per operation. The reservoir was filled with 

different concentrations of KH2PO4 or disodium 1-naphthyl phosphate solutions (20 mL), 
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which were circulated using a peristaltic pump at a flow rate of 3 mL min−1. Following flow 

through the monolith, the KH2PO4 solution was recycled back into the reservoir at room 

temperature. After 1 h of adsorption, the final concentrations of PO4
3− under different pH values 

were measured via UV-Vis spectrophotometry at 880 nm using the Molybdenum blue 

method.41–43 The binding amounts were calculated using Eq. (3-2): 

𝑄𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
                                  (3-2) 

where C0 and Ce (mg L-1) denote the initial and equilibrium concentrations of PO4
3−, 

respectively, and Qe (mg g-1) represents the amount of PO4
3−. The values for V (L) and m 

(g) correspond to the volume of the KH2PO4 solution and mass of the monoliths, 

respectively. 

The binding capacity of the monoliths were systematically evaluated using kinetics and 

isothermal static adsorption experiments. For the kinetics study, approximately 0.03 g of the 

monolith was exposed to a continuous flow of KH2PO4 solution (100 mg L-1, 20 mL, pH = 6) 

at 298 K, and sampling was conducted at predetermined intervals from 0 to 60 min. The residual 

concentration of PO4
3− was determined using UV-Vis spectrophotometry. All experiments were 

performed in triplicate to ensure reproducibility. The adsorption kinetics were analyzed by 

fitting the experimental data to pseudo-first- and pseudo-second-order models. The 

corresponding linearized equations are provided as Eq. S1 and S2 (Supporting Information). 

For the adsorption isotherm study, a similar procedure was conducted. Approximately 0.03 g 

of the monolith was exposed to a continuous flow of KH2PO4 solution (20 mL, pH = 6) at 

various initial concentrations (20, 40, 60, 80, and 100 mg L-1) for 60 min at 298 K. These 

experiments were also conducted in triplicate. The adsorption capacities at different KH2PO4 

concentrations were calculated, and the data were fitted to the Langmuir and Freundlich 

isotherm models. The corresponding equations are presented as Eq. S3 and S4 (Supporting 

Information). 

The impact of coexisting anions with TiO2-CM for PO4
3− adsorption was evaluated using 

five common anions, including Cl−, SO4
2−, HCO3

−, and F−. The TiO2-CM was passed through a 

continuous flow of 20 mL of the interferent solution at varying concentration ratios and 

continuous adsorption using the peristaltic pump for 1 h. In the competitive experiments, the 
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coexisting substances included NaCl, Na2SO4, NaHCO3 and NaF, and the molar concentration 

ratios of substance-to-phosphate were 1:1, 5:1, and 10:1. Concentrations of the various 

interferents in the supernatant were measured using UV-Vis spectrophotometry. 

3.2.6. Regeneration Tests 

The reusability of adsorbents serves as a critical parameter for assessing their adsorption 

performance. Thus, TiO2-CM reusability was examined using a series of adsorption–desorption 

experiments. Briefly, the TiO2-CM was introduced into a solution containing 20 mL of KH2PO4 

(100 mg L-1) and processed through a continuous flow system at room temperature for 1 h. The 

resulting KH2PO4 concentration in the supernatant was determined using UV-Vis 

spectrophotometry. An eluent comprising an NaHCO3–NaOH buffer solution (pH = 10.0) was 

used in the subsequent cycle to ensure a constant pH during the elution process. The adsorbed 

TiO2-CM was first rinsed with the eluent until no detectable KH2PO4 remained, followed by 

washing with water and drying. This adsorption–desorption process was repeated five times, 

and the corresponding adsorption capacity was calculated. The entire procedure was performed 

at least thrice to ensure reproducibility. 

3.2.7. Steps for determining phosphate ion concentration via molybdenum blue 

method  

To prepare the molybdenum blue reagent, 10 mL of 2.5 M H2SO4 is mixed with 1 mL of 

4 mM potassium antimonyl tartrate (C8H10K2O15Sb2) for 45 s. Then, 3 mL of 0.1 M ammonium 

molybdate heptahydrate ((NH4)6Mo7O24) is added, followed by 6 mL of 0.1 M L-ascorbic acid. 

The resulting molybdenum blue solution is stored at room temperature and remains stable for 

up to 4 h. For sample analysis, 2 µL of the phosphate solution is added to 198 µL of water to 

attain 100-fold dilution, followed by 32 µL of the molybdenum blue reagent in a 96-well plate. 

After 20 min, the phosphate ion concentration in the sample is determined using UV–Vis 

spectrophotometry at 880 nm. 

3.2.8. Rebinding kinetics and adsorption isotherm 

The kinetic data of TiO2-CM were analyzed using pseudo-first-order and pseudo-second-

order models, and the corresponding equations presented as Eqs. 3-3 and 3-4, respectively. 

Q
t
 = Q

e
-Q

e
e-k1t                           (3-3) 

where k1 (min-1) is the rate constant of the pseudo-first adsorption. Qe and Qt (mg g-1) 
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represent the adsorption capacities at equilibrium and time t (min), respectively. The rate 

constants k1, Qe, and correlation coefficients R2 were calculated from the slope and intercept of 

the linear plot of ln (Qe − Qt) versus t.  

Q
t
 =

k2Q
e
2t

1+k2Q
e
t
                               (3-4) 

where k2 (mg g-1 min-1) is the rate constant of the pseudo-second order equation. The 

parameters k2 and Qe, and the correlation coefficients R2 are calculated from the linear plots of 

t/Qt versus t.  

The experimental adsorption data were investigated using the Langmuir and Freundlich 

models, represented by Eqs. 3-5 and 3-6, respectively. 

Ce

Qe 
= 

1

Qm
Ce +

1

KaQm
                              (3-5) 

log Qe =  log Kf +
1

n
log C                          (3-6) 

where Qe (mg g–1) is the adsorption capacity at equilibrium, and Ce (mg L–1) is the 

equilibrium concentration of PO4
3-. In the Freundlich model, Kf (L mg–1) is the adsorption 

capacity constant, and n is the heterogeneity factor. In the Langmuir model, Ka (L mg–1) is the 

adsorption equilibrium constant, and Qm (mg g-1) is the maximum monolayer adsorption 

capacity. The Freundlich model assumes a heterogeneous surface with multilayer adsorption, 

while the Langmuir model assumes monolayer adsorption on a homogeneous surface with 

uniform energy sites.  
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3.3.    Results and discussion 

3.3.1. Optimization of TiO2-CM Fabrication 

To develop a sustainable and high-performance phosphate adsorbent, a composite 

monolith, which featured a hierarchically porous cellulose scaffold integrated with a TiO2 layer 

deposited on its surface, was fabricated. Fig. 3-1a presents a schematic representation of the 

preparation process for the TiO2-CM. The hierarchically porous CM was first synthesized using 

the TIPS method, as described in a previous study.32 TiO2 was subsequently incorporated into 

this porous supporting structure using a sol–gel process, which was initiated when TTIP readily 

underwent hydrolysis in the presence of water. During this process, a condensation reaction 

occurred between the hydroxyl groups on the cellulose surface and hydrolyzed Ti species, 

facilitating the formation of covalent Ti–O–C bonds. Thus, with its abundant surface hydroxyl 

groups, cellulose served as an effective substrate for surface sol–gel modification. Furthermore, 

the diffusion and distribution of TiO2 oligomers and nanoparticles into the cellulosic matrix 

enhanced the TiO2-CM structure.40 The resulting TiO2-CM featured a coral-like structure and 

granular morphology, guided by sol–gel processing on the cellulose scaffold. For the {101} 

facets of anatase TiO2, bidentate coordination44,45 is often identified as the most 

thermodynamically favorable configuration, suggesting that phosphate predominantly 

adsorbed in a bidentate mode on this surface (Fig. 3-1).37,46 Table S1 summarizes the synthesis 

of CM samples resulting from different concentrations of CA. Various concentrations of TTIP 

Fig. 3-1. (a) Preparation of the TiO2-CM absorbent. (b) Schematic illustration of 

adsorption of phosphate ions using TiO2-CM. 
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were also employed for surface modification, with specific concentrations and corresponding 

sample names presented in Table 3-1. When the TTIP content was sufficiently high, the 

macropore diameter decreased due to increased TiO2 deposition on the skeleton surface of the 

monolith. This effect was reflected in the permeability measurements, which were conducted 

under flow conditions. As illustrated in Fig. 3-2, the permeability coefficient B0 varied as a 

function of TTIP content and CM pore size. A higher TTIP content, coupled with an increased 

CA concentration, reduced the B0 value in the resulting TiO2 monolith.  
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Table 3-1. Synthesis conditions of TiO2-CM for different TTIP content. 

 

 

  

Sample TTIP (mL) Isopropyl alcohol (mL) H2O (mL) 

TiO240-CM80 6 0.82 8.2 

TiO260-CM80 9 0.55 5.5 

TiO240-CM100 6 0.82 8.2 

TiO260-CM100 9 0.55 5.5 

TiO240-CM120 6 0.82 8.2 

TiO260-CM120 9 0.55 5.5 

Fig. 3-2. The permeability of each CM and TiO2-CM. 
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It is hypothesized that introducing a TiO2 layer onto the surface of the CM material would 

enhance the surface area of the resulting TiO2-CM. To confirm this hypothesis, N₂ adsorption–

desorption experiments were conducted to determine the pore size distributions and BET 

surface areas of the materials (Fig. 3-3 and Fig. 3-4). The N₂ adsorption–desorption isotherms 

revealed that the surface area of CM80 was 4.66 m2 g-1. Following TiO2 deposition, a significant 

increase in surface area was observed, with TiO260-CM80 and TiO240-CM80 exhibiting 

specific surface areas of 94.2 and 36.4 m2 g-1, respectively. Moreover, the specific surface areas 

of CM100, TiO260-CM100, and TiO240-CM100 were 6.83, 19.0, and 21.6 m2 g-1, respectively. 

Therefore, TiO2 modification enhanced the specific surface area of the monolith, providing 

more adsorption-active sites. The permeability data revealed that TiO260-CM80 exhibited 

higher permeability than did TiO260-CM100. This result generally indicates a larger pore size 

or improved pore connectivity. However, the BET results showed that TiO260-CM80 possessed 

a greater specific surface area than TiO260-CM100. This discrepancy can be attributed to 

differences in the initial pore structures of CM80 and CM100. Owing to the larger pore size of 

CM80, TiO2 deposition predominantly occurred along the pore walls, thus increasing the 

specific surface area. In contrast, the relatively smaller pores of CM100 may have been partially 

filled by TiO2, thereby reducing its specific surface area. Notably, BET analysis primarily 

accounts for micropores (<2 nm) and mesopores (2–50 nm), while permeability is primarily 

influenced by macropores (>50 nm). The high specific surface area of TiO260-CM80 suggests 

the presence of numerous micropores and mesopores, and its retained macropores contributed 

to its high permeability. Effective adsorption is required in a continuous flow system; therefore, 

Fig. 3-3. (a) N2 adsorption–desorption curves and (b) corresponding pore size distributions 

of TiO260-CM80 and CM80. 
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TiO260-CM80 was selected for subsequent experiments owing to its largest specific surface 

area and superior permeability.  

3.3.2. Characterization of the TiO2-CM 

The chemical component of the monolith was investigated using FT-IR, XRD, and XPS 

analyses. As shown in Fig. 3-5a, the FT-IR spectrum of the CM displays characteristic bands 

at 1023 and approximately 3400 cm-1, which are attributed to C–O–C and –OH stretching 

vibrations, respectively. Following sol–gel processing, the TiO2-CM exhibited new absorption 

bands in the range of 500–800 cm-1, as well as bands at 1023 and 1632 cm-1, corresponding to 

Ti–O–Ti, C–O–C, C–O–Ti, and Ti–O–Ti bonds. Thus, TiO2 was successfully anchored to the 

CM via condensation reactions between cellulose and TTIP. The XRD patterns of CM, TiO2-

CM, and the TiO2 powder are shown in Fig. 3-5b. The CM exhibited a prominent diffraction 

peak at approximately 2θ = 20°, corresponding to the (002) plane of crystalline cellulose. In 

contrast, the diffraction peaks at (101), (112), (200), (105), (211), (204), (116), (220), (215), 

and (303) are characteristic of the anatase phase of TiO2. Notably, both the CM and TiO2 signals 

were present in the XRD pattern of the TiO2-CM, confirming that TiO2 was successfully 

deposited onto the CM surface via the sol–gel process. To further confirm the elemental 

composition of the TiO2-CM, both the CM and TiO2-CM were analyzed using XPS. In the XPS 

Fig. 3-4. N2 adsorption/desorption isotherms of (a) CM80, (b) TiO240-CM80, (c) TiO260-

CM80, (d) CM100, (e) TiO240-CM100, and (f) TiO260-CM100. The corresponding pore 

size distributions are presented in the insets 
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spectrum of the CM, only carbon and oxygen 

signals were detected (Fig. 3-5c). In contrast, 

the XPS spectrum of the TiO2-CM showed a 

distinct peak corresponding to Ti, indicating 

its successful incorporation. Moreover, the 

high-resolution O 1s XPS spectrum of the 

TiO2-CM (Fig. 3-5d) revealed the presence of 

Ti–O–C bonds. The peaks observed at 530.0, 

531.7, and 533.1 eV were assigned to the Ti–

O–Ti, Ti–O–C, and C–O–C bonds, 

respectively. The high-resolution Ti 2p XPS spectrum (Fig. 3-6) showed characteristic peaks of 

Ti 2p3/2 and Ti 2p1/2 at 458.4 and 464.3 eV, respectively. Thus, a substantial amount of TiO2 was 

successfully coated onto the surface of the TiO2-CM. 

To determine the structure of the TiO2 layer, the pore morphologies of the CM and TiO2-

CM were examined using SEM. As shown in Fig. 3-7a,b, the CM material exhibited a dendritic 

Fig. 3-5. (a) FT-IR spectra, (b) XRD patterns, and (c) survey XPS spectra of the TiO2-

CM and CM. (d) High-resolution O 1s XPS spectra of the TiO2-CM. 

Fig. 3-6. High-resolution XPS spectra of Ti 

2p of TiO2-CM. 



 

90 
 

skeletal structure with a wrinkled surface resembling that of coral that was observable under 

high magnification. Fig. 3-7c,d shows that the coral-like structure of the CM material was 

retained following the uniform coating of TiO2, resulting in the TiO2-CM. Notably, the 

biomimetic coral-like structure of the TiO2-CM facilitated mass transfer between the material 

and solution while effectively reducing steric hindrance, thus promoting efficient continuous 

flow adsorption. SEM-EDX was conducted to investigate the distribution of Ti on the TiO2-CM 

surface. As illustrated in Fig. S4, the C, O, and Ti atoms distributed on the TiO2-CM surface 

were consistent and homogeneous, confirming that TiO2 was uniformly coated on the CM 

material. These results were consistent with the SEM observations. 

3.3.3. Adsorption Kinetics and Isotherm Models 

The binding affinity between phosphorus and TiO2 is highly dependent on the pH. To 

evaluate this effect, the influence of solution pH (ranging from 2.0 to 9.0) on the adsorption 

behavior of TiO2-CM was investigated. As shown in Fig. 3-8a, the adsorption capacity 

decreased with increasing pH above 7, with the highest binding observed at a pH of 6.0.38,39 

Notably, the adsorption capacity remained high at pH ˂7, suggesting that electrostatic 

interactions have a limited role in phosphate adsorption under these conditions. Thus, the TiO2-

CM exhibited excellent phosphate removal performance over a broad pH range (2–7), rendering 

it particularly suitable for applications in acidic to neutral water treatment processes. Moreover, 

this characteristic enhances its practicality for real-world applications under typical 

Fig. 3-7. SEM images of the (a, b) CM and (c, d) TiO2-
CM. 



 

91 
 

environmental pH conditions. Based on these findings, a pH of 6.0 was selected as the optimal 

condition for subsequent experiments. 

The adsorption capacity of the CM toward phosphorus exhibited minimal variations across 

a pH range of 2–9, indicating that the process was primarily governed by non-specific physical 

interactions. Notably, the CM lacks active sites for chemical complexation or electrostatic 

attraction with phosphate ions. Moreover, its surface hydroxyl groups exhibit minor changes in 

charge with pH, and under alkaline conditions, electrostatic repulsion occurs between the 

negatively charged CM surface and phosphorus. This results in consistently low and pH-

insensitive adsorption performance. Variations in phosphate sorption behavior may be 

attributed to the pH-dependent speciation of phosphate in aqueous solutions. For example, as 

the pH changes, the protonation states of phosphate species shift, resulting in distinct sorption 

mechanisms at the TiO2 surface.47 Additionally, the surface charge of TiO2 itself is influenced 

by pH. With increasing pH, surface protonation decreases, resulting in a more negatively 

charged surface that affects phosphate binding.48,49A distinct peak corresponding to P 2p 

indicated the successful binding of phosphate to the TiO2-CM surface, thereby supporting the 

proposed adsorption mechanism illustrated in Fig. 3-1. 

To investigate the effect of flow rate on adsorption performance, adsorption experiments 

Fig. 3-8. (a) Effect of solution pH on the adsorption amount of the CM and TiO2-CM. (b) 

Adsorption kinetics study of the TiO2-CM. (c) Langmuir and (d) Freundlich isotherms of 

the TiO2-CM. 
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were conducted using TiO260-CM100 at different flow rates for 30 minutes. The adsorption 

capacity was found to be 31.0 ± 5.3 mg g-1 at 4 mL min-1 and 29.5 ± 4.9 mg g-1 at 2 mL min-1, 

indicating that variations in flow rate had a limited influence on the adsorption capacity itself. 

In contrast, TiO260-CM80 demonstrated a higher capacity of 37.5 ± 1.3 mg g-1 under the flow 

rate conditions of 3 mL min-1, which was employed as the standard flow rate in these 

experiments. These results suggest that the porous structure and permeability of the cellulose 

monolith have a more pronounced impact on TiO2 incorporation efficiency and overall 

adsorption performance than the flow rate. The greater number of macropores and higher 

permeability in CM80 facilitate more effective TiO2 deposition, which is consistent with its 

higher specific surface area as determined by BET analysis. 

To better understand the phosphorus adsorption behavior of the TiO2-CM adsorbent, 

detailed analyses of the adsorption kinetics and isotherms were conducted. As illustrated in Fig. 

3-8b, kinetic experiments were performed using an initial KH2PO4 concentration of 100 mg L-

1, focusing on the time-dependent evolution of adsorption capacity. The adsorption tests were 

conducted at a pH and temperature of 6.0 and 298 K, respectively. TiO2-CM was immersed in 

the phosphate solution for 1 h, and samples were collected at regular intervals to monitor the 

changes in concentration. The adsorption capacities at different times (Qt) were calculated using 

Eq. (3-2). The resulting kinetic curves are shown in Fig. 3-8b. The TiO2-CM demonstrated a 

time-dependent increase in phosphate uptake, reaching equilibrium within approximately 1 h. 

A sharp increase in adsorption was observed during the initial 20 min, accounting for ˃95% of 

the total capacity, followed by a gradual plateau as the phosphate concentration in the solution 

decreased. The maximum adsorption capacity was 40.6 mg g-1 following 60 min of contact time. 

Table 3-2. Kinetic model parameters obtained in the adsorption of PO4
3− onto the TiO2-CM.a 

Sample 

b Qe,e Pseudo-first-order equation Pseudo-second-order equation 

(mg g-1) 
c Qe,c 

(mg g-1) 

k1 

(min-

1) 

R2 
Qe,c 

(mg g-1) 

k2 

(g mg-1 min-1) 
R2 

TiO2-CM 40.6 40.2 0.099 0.987 47.7 2.5×10−3 0.991 

 a Testing conditions: pH = 6.0, C0 = 100 mg L-1, and T = 298 K. 
b Qe,e (mg g-1) is the experimental data of equilibrium rebinding amount. 
c Qe,c (mg g-1) is the calculated data of equilibrium rebinding amount. 
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To further analyze the adsorption mechanism, the kinetics data were fitted to pseudo-first- and 

pseudo-second-order models (Eq. 3-3 and 3-4), and the derived parameters are listed in Table 

3-2. The pseudo-second-order model exhibited a slightly higher correlation coefficient (R² = 

0.991) than the pseudo-first-order model (R2 = 0.987). Thus, the adsorption process may have 

involved chemisorption mechanisms such as surface complexation. However, the equilibrium 

capacity predicted using the pseudo-first-order model (40.2 mg g-1) was more consistent with 

the experimental value (40.6 mg g-1) than that using the pseudo-second-order model (47.7 mg 

g-1). While chemisorption may have contributed to the overall kinetics, with phosphate ions 

forming bidentate complexes through either chelating a single titanium center or bridging 

between two titanium atoms, the adsorption process was also influenced by physical 

interactions, such as electrostatic interactions or van der Waals forces. 

The equilibrium adsorption behavior of the TiO2-CM toward PO4
3− was systematically 

evaluated over various initial KH2PO4 concentrations. As shown in Fig. 3-8c,d and detailed in 

Table S4, the experimental data were analyzed using both the Langmuir and Freundlich 

isotherm models (Eq. 3-5 and 3-6). To gain deeper insight into the adsorption mechanism, the 

fitting performance of each model was compared and summarized (Table 3-3). The Langmuir 

model exhibited a higher correlation coefficient (R2 = 0.989) than the Freundlich model (R2 = 

0.958). Thus, the adsorption process is better described by monolayer adsorption on a relatively 

homogeneous surface. The maximum adsorption capacity (Qₘ) calculated from the Langmuir 

model was 55.1 mg g-1, indicating that the TiO2-CM provided numerous accessible binding sites 

for phosphate ions. Additionally, the Langmuir affinity constant (Kₐ = 0.044 L mg-1) reflected a 

moderate binding strength between phosphate and the TiO2-CM surface. The Freundlich 

constant (1/n = 0.505) further indicated that the adsorption process was favorable but not 

extremely strong. This result is consistent with a physical adsorption mechanism involving 

electrostatic interactions or van der Waals forces. 

Table 3-3. Adsorption isotherm constants obtained in the adsorption of PO4
3− onto the TiO2-CM.a 

Sample 
Langmuir model Freundlich model 

Qm (mg g-1) Ka (L mg-1) R2 Kf (mg L-1) 1/n R2 

TiO2-

CM 
55.1±5.2 0.044±0.009 0.989±0.008 5.36±0.92 0.505±0.056 0.958±0.024 

 a Testing conditions: pH = 6.0, adsorption time = 60 min, and T = 298 K. 
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Thus, phosphate was predominantly adsorbed via monolayer coverage on surface sites that 

were relatively uniform; however, some degree of surface heterogeneity cannot be ruled out. 

The good fit of the Langmuir model and the moderately high Kₐ value underscore the potential 

of the TiO2-CM as an effective and practical phosphate adsorbent under equilibrium conditions. 

To further evaluate the applicability of TiO2-CM for phosphorus recovery beyond 

inorganic phosphate ions, adsorption experiments were conducted using disodium 1-naphthyl 

phosphate, a representative organic phosphorus compound (Fig. 3-9). TiO2-CM exhibited an 

adsorption capacity of 7.7 mg g-1 from its aqueous solution at an initial concentration of 100 

mg L-1 under identical experimental conditions. Moreover, the adsorption capacity was 2.1 mg 

g-1 at an initial concentration of 20 mg L-1. Notably, after adjusting the pH of the solution to 6.0 

using HCl, the adsorption capacity at an initial concentration of 100 mg L-1 increased to 

9.6 mg g-1. These results demonstrate that TiO2-CM is capable of adsorbing both inorganic and 

organic phosphorus compounds, and that adsorption efficiency can be enhanced by pH 

adjustment, indicating promising potential for broader phosphorus resource recovery 

applications.  

3.3.4. Binding Specificity and Reusability 

The presence of coexisting anions may interfere with phosphate adsorption by competing 

for active sites on the TiO2-CM surface, thereby diminishing its removal efficiency. To evaluate 

this potential interference, four commonly encountered anions (Cl−, SO4
2−, HCO3

−, and F−) were 

systematically investigated.50 As illustrated in Fig. 3-10a, Cl− and SO4
2− exhibited negligible 

influences on phosphate adsorption. Moreover, the adsorption capacity remained ˃30 mg g-1 

Fig. 3-9. Adsorption results of TiO2-CM on Disodium 1-naphthyl phosphate at different 

concentrations, (a) 100 mg L-1, (b) 20 mg L-1, (c) pH 6.2, 100 mg L-1. 
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even at a 10:1 molar ratio relative to phosphate. Similarly, low concentrations of HCO3
− and F− 

had a limited impact; however, when their concentrations were increased to 7.3 mM 

(corresponding to a 10:1 molar ratio), phosphate adsorption decreased from 40.6 to 12.9 and 

23.4 mg g-1 for HCO3
- and F-, respectively. The reduced adsorption in the presence of HCO3

- 

was partially due to a pH increase to 8.9, which is unfavorable for phosphate uptake (Fig. 3-

8a). At high pH values, the TiO2 surface became more negatively charged, resulting in 

electrostatic repulsion with phosphate species. Moreover, the high electronegativity and strong 

affinity for the protonated TiO2 surface by F- likely resulted in competitive adsorption at the 

active sites.51,52  

Fig. 3-10. (a) Phosphate adsorption capacity of the TiO2-CM in the presence of competing 

anions, which were added as sodium salts. (b) Reusability of the TiO2-CM over 10 

consecutive adsorption–desorption cycles. 

Fig. 3-11. SEM images of the TiO2-CM (a, b) before adsorption and (c, d) after 10 

adsorption-desorption cycles. 
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Overall, the TiO2-CM exhibited excellent selectivity for phosphate in the presence of 

common anions such as Cl- and SO4
2-. However, high concentrations of HCO3

- and F- 

significantly impaired phosphate adsorption, primarily due to pH effects and strong competitive 

interactions. Nevertheless, the TiO2-CM maintained robust phosphate removal performance 

under typical environmental conditions. 

Beyond achieving high selectivity or specificity in adsorption, the reusability of composite 

adsorbents is a critical factor for their practical application. As demonstrated in our pH-

dependent adsorption study, phosphate uptake by the TiO2-CM adsorbent was suppressed under 

alkaline conditions,53 suggesting that desorption can be effectively triggered at high pH levels 

(pH > pHpzc, the point of zero charge). Therefore, phosphate desorption experiments were 

performed using TiO2-CM preloaded with phosphate, with a NaHCO3–NaOH buffer solution 

at pH 10.0 as the eluent. As shown in Fig. 3-10b, the adsorption capacity was relatively well 

maintained over ten consecutive adsorption–desorption cycles, although it gradually decreased 

from 43.9 mg g-1 in the first cycle to 26.7 mg g-1 in the tenth cycle. Despite this decline, over 

60% of the initial capacity was retained, demonstrating the material’s considerable reusability. 

SEM analysis revealed that the hierarchical porous structure remained largely intact after 

repeated use, with only slight compaction and surface smoothing observed (Fig. 3-11). The 

gradual reduction in performance may be attributed to the partial blockage or irreversible 

binding of active sites during repeated cycling. These results indicate that TiO2-CM maintains 

its structural integrity and functional performance under prolonged operational conditions, 

making it a promising candidate for practical water treatment applications.  

The detection sensitivities of different materials can be compared using the data in Table 

3-4.54–63 Most significantly, TiO2-CM has higher adsorption capacity and better recovery 

efficiency compared to other materials.  
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3.4. Conclusions 

A hierarchically porous TiO2-CM was fabricated using the sol–gel method, where TiO2 

was immobilized onto the surface of a CM. The pore structures were modified by adjusting key 

fabrication parameters, including the type of CM and TTIP content. The porous characteristics 

of the TiO2-CM were thoroughly analyzed using SEM and N2 adsorption–desorption 

experiments. Incorporating TiO2 into the CM significantly enhanced its specific surface area 

owing to its well-developed hierarchically porous morphology. The TiO₂-CM displayed 

excellent phosphate sequestration efficiency, with phosphate primarily interacting with the 

TiO₂-CM surface through bidentate coordination. Furthermore, the adsorption isotherms and 

kinetics data were well-fitted using the Langmuir model and pseudo-second-order kinetics. 

Thus, phosphate adsorption proceeded via monolayer coverage on a relatively homogeneous 

surface and was likely driven by a combination of chemisorption and electrostatic interactions. 

In the presence of competing anions, the TiO₂-CM demonstrated strong selectivity for 

phosphate while maintaining high adsorption efficiency under environmentally relevant 

conditions. Moreover, its excellent reusability, with approximately 98% removal efficiency 

sustained over multiple cycles, underscores its practical applicability for sustainable phosphate 

recovery and water treatment. These findings highlight the promising potential of the TiO2-CM 

for phosphate removal in applications such as environmental pollution control and industrial 

Table 3-4. Comparison of the adsorption performances of different materials for Phosphoric acid. 
 

Material 
Adsorption capacity of 

phosphoric acid (mg g-1) 
Reusability ref. 

TiO2-CM 40.6 5 This work 

ZnO/ZnFe-LDHs 

alginate hydrogels 
17.1 5 54 

soil mineral-BDOM 

complexes 
29.7 / 55 

M-IACBs 18.5 / 56 

BBC 75.3 / 57 

MBC 70.3 / 58 

COF-MCE 10.5 50 59 

OH/NH2@MBC 43.3 5 60 

La-MBC 27.5 / 61 

Tb-BTC 111.3 / 62 

MOF-808(Zr/Ce) 68.5 / 63 
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wastewater treatment. 
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Concluding Remarks 

In this thesis, cellulose-based monoliths were designed for the adsorption and separation 

of biologically relevant molecules. Through modifying citric acid, surface imprinting layer and 

TiO2 on the surface of CM, these materials have good application potential in enrichment of 

glycopeptides, shikimic acid and phosphate adsorption. 

In chapter 1, CCM was prepared through the simple surface functionalization with citric 

acid to promote the development of porous materials suitable for use as a HILIC stationary 

phase. The CCM featured a distinctive coral-like skeletal structure with continuous pores and 

a rough surface, facilitated high permeability of the mobile phase, and promoted efficient mass 

transfer. This work provides a simple, eco-friendly, and effective method for glycopeptide 

enrichment, and successfully achieved the selective purification and concentration of 

glycopeptides even under complex sample conditions, which is pivotal for advancing protein 

glycosylation research.  

In chapter 2, MIPs-CM was developed as an effective adsorption material for selective SA 

separation. By constructing a SA-specific imprinted adsorption layer through the use of boronic 

acid monomers and a molecular imprinting technique, the monolith exhibited significantly 

enhanced selectivity toward SA. This study provides valuable insights into the development of 

highly selective and reusable imprinted monoliths, offering a promising approach for the 

efficient capture of natural SA and other drug molecules in practical applications. 

In chapter 3, TiO2-CM was fabricated and applied for phosphate ion removal. 

Incorporating TiO2 into the CM significantly enhanced its specific surface area owing to its 

well-developed hierarchically porous morphology. The TiO2-CM displayed excellent 

phosphate sequestration efficiency under continuous flow conditions. These findings highlight 

the promising potential of the TiO2-CM for phosphate removal in applications such as 

environmental pollution control and industrial wastewater treatment. 

In summary, this study demonstrates a versatile and sustainable strategy for tailoring 

cellulose-based monoliths through surface functionalization and structural engineering to meet 

diverse adsorption and separation needs. By integrating citric acid functional groups, 

molecularly imprinted layers, and TiO2 nanoparticles, each monolith exhibits a distinct surface 
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chemistry and hierarchical porosity, enabling high specificity, selectivity, and adsorption 

efficiency for target molecules. These results underscore the potential of cellulose monoliths as 

customizable platforms for bioanalytical, pharmaceutical, and environmental applications. 

Future research may further explore the tunability of these systems for broader analyte ranges 

and their scalability in industrial processes. 
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