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ABSTRACT 

 

The transition to bioeconomy will reduce our dependency on fossil fuels as well 

as contribute to a more sustainable society. Within this framework, exploitation 

and development of renewable substitutes to petroleum-based products provides 

feasible roadmap for the material design. Here a perspective is provided to how 

the natural polysaccharides chitosan (CS) and/or cellulose (CL) could be 

elaborated and transformed to high-performance materials with the explicit aim of 

removing trace pharmaceutical contaminants from the wastewater, thus 

facilitating the sustainable development.  

In the first part of the thesis, chitosan and cellulose were converted to the carbon 

spheres (C-sphere) through a microwave-assisted hydrothermal carbonization 

process, and C-sphere was further broken down to the nanographene oxide (nGO) 

via a simple oxidation route. On this foundation, a green pathway was developed 

for fabrication of biobased materials for wastewater purification. First, 

macroporous chitosan-based composite hydrogels with controllable properties 

were developed, where chitosan-derived nGO worked as a functional property 

enhancer. Second, a further development changing from the bulky hydrogels to 

microgels consisting of CS composite particles in the microscopic size was 

achieved  by a fast one-pot spraying-drying process. The crosslinking reaction 

occurred in situ during the spray-drying. Last, the C-sphere by-itself was also 

believed to be a potential adsorbent for wastewater contaminants.  

In the next step the prepared systems were evaluated for their capacity to adsorb 

pharmaceutical contaminants. Diclofenac sodium (DCF) was utilized as the model 

drug, and the three fabricated bio-adsorbents all demonstrated effective DCF 

adsorption performance, with the adsorption efficiency varying from 65.6 to 

100%.  Moreover, the DCF adsorption kinetics, isotherms and thermodynamic 

study were also investigated to reveal the nature of the adsorption process with the 

different materials. Finally, chitosan-based microspheres were selected for the 

reusability study, with the adsorption efficiency above 70% retained after six 

adsorption-desorption cycles, thus further endowing the promising potential of the 

fabricated bio-adsorbents for commercial applications.  

Keywords: Chitosan, cellulose, nanographene oxide, carbon spheres, hydrogel, 

microsphere, adsorbent, pharmaceutical, microwave, spray-drying 

 

 



 

SAMMANFATTNING 

 
Övergången till en biobaserad ekonomi kommer i framtiden att minska vårt 

beroende av fossila bränslen och därmed bidra till ett mer hållbart samhälle. 

Utnyttjande och utveckling av förnybara ersättare till petroleumbaserade 

produkter är därmed en viktig aspekt i designen av framtidens material. I den här 

avhandlingen ges en överblick på hur de naturliga polysackariderna kitosan (CS) 

och / eller cellulosa (CL) kan utvecklas och transformeras till högpresterande 

material med det specifika målet att avlägsna spår av farmaceutiska föroreningar  

från avloppsvatten. 

I den första delen av avhandlingen omvandlades kitosan och cellulosa till kolsfärer 

(C-sfärer) genom en mikrovågsassisterad hydrotermisk karboniseringsprocess. 

Dessa C-sfärer bröts sedan vidare ned till nano-grafenoxid (nGO) via en enkel 

oxidationsprocess. Med detta som grund har en grön väg utvecklats för 

tillverkning av helt biobaserade material för rening av avloppsvatten. Först 

utvecklades makroporösa kitosanbaserade komposit-hydrogeler med 

kontrollerbara egenskaper, där kitosan-härledd nGO fungerade som en funktionell 

egenskapsförstärkare. Dessa hydrogeler omvandlades vidare till mikrogeler 

bestående av CS-kompositpartiklar i mikroskopisk skala genom en enkel och 

snabb spraytorkningsprocess. En tvärbindningsreaktion inträffade in situ under 

denna spraytorkningsprocess. Slutligen förutspåddes även C-sfären vara ett 

potentiellt adsorbent för avloppsvattenföroreningar. 

I nästa steg undersöktes de tillverkade materialens förmåga att fungera som 

bioadsorbenter för adsorption av farmaceutiska föroreningar. Diklofenaknatrium 

(DCF) användes som läkemedelsmodell och de tre framställda bioadsorbenterna 

visade alla effektiv DCF-adsorptionsförmåga, med en adsorptionseffektivitet 

varierande från 65,6 till 100%. Dessutom undersöktes  adsorptionskinetiken hos 

DCF och isotermiska studier genomfördes också för att studera 

adsorptionsprocessen i de olika bioadsorbenterna. Slutligen valdes 

kitosanbaserade mikrosfärer till en studie angående återanvändningsmöjligheten 

för denna typ av bioadsorbent. Över 70% av adsorptionseffektiviteten bibehölls 

efter sex adsorptions-desorptionscykler. Detta bidrar ytterligare till den lovande 

potentialen hos de tillverkade bioadsorbensenerna för framtida kommersiella 

tillämpningar. 

 

Nyckelord: Kitosan, cellulosa, nanografen oxid, kolsfärer, hydrogel, mikrosfär, 

adsorbent, farmaceutisk, mikrovågsugn, spraytorkning 
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ABBREVIATIONS 

C0  Initial drug concentration 

Ce  Drug concentration at equilibrium 

Ct   Drug concentration at certain time t 

DCF                                 Diclofenac sodium 

DDA                                Degree of deacetylation  

DLS                                 Dynamic light scattering 

DMMA    N,N-dimethylacrylamide 

EDS                                 Energy-dispersive X-ray spectroscopy 

FTIR                                Fourier transform infrared spectroscopy 

G’                                    Storage modulus 

G’’                                   Loss modulus 

GO    Graphene oxide 

GP                                   Genipin 

ΔG°                                 Gibbs free energy change 

HTC                                Hydrothermal carbonization 

ΔH°                                Enthalpy change 

K                                     Adsorption rate constant 

KF                                                       Freundlich constant 

KL                                    Langmuir constant 

LVR                                Linear viscoelastic region 

Mw                                               Weight-average molecular weight 

m                                     Weight of the adsorbent 

m0                                                 Weight of the hydrogel at initial state 

meq                                                     Weight of the hydrogel at swollen state 

PAA    Polyacrylic acid 

PEGDA    Polyethylene glycol dimethacrylate 

PTFE                               Polytetrafluoroethylene 

PVA    Polyvinyl alcohol 

Qeq                                                     Swelling ratio of the hydrogel at equilibrium 

qt                                                Adsorption capacity at certain time t 

qe                                    Adsorption capacity at equilibrium 

qmax                                                   Maximum adsorption capacity 

R                                     Gas constant 

R2                                    Correlation coefficient 

SEM                               Scanning electron microscope 

ΔS°                                 Entropy change 

TEM                              Transmission electron microscope 

T                                    Absolute temperature 

UV                                 Ultraviolet 

XPS                                X-ray photoelectron spectroscopy 



 

SUMMARY OF SAMPLE NAMES 

CS    

 

CL   

 

C-sphere      

 

nGO                                         

 

 

 

GP2/nGO10-H 

 

 

 

 

 

GP5/nGO10_100°C-M 

 

 

 

 

 

 

P-GP10/nGO10_100°C-M 

   

 
 

 

C-sphere/DCF                        

 

 

 

 

 

 

Example of naming the chitosan-based hydrogels. 

GP2 (2 mg/mL of GP)/ nGO10 (10 mg/mL of 

nGO)-H (hydrogel), named GP2/nGO10 in Paper I 

and II 

 

Example of naming the chitosan-based 

microspheres. GP5 (5 wt% of GP)/ nGO10 (10 

wt% of nGO)_100°C(inlet temperature of 100 °C)-

M (microsphere), named GP5/nGO10_100°C in 

Paper III 

Cellulose 

Carbon spheres, named CN in Paper I, II, III and IV 

Nanographene oxide  

Example of naming the post-heated chitosan-based 

microspheres. P (post-heated)-GP10 (10 wt% of 

GP)/ nGO10 (10 wt% of nGO)_100°C(inlet 

temperature of 100 °C)-M (microsphere), named P-

GP10/nGO10_100°C in Paper III 

Chitosan 

Example of naming the C-sphere after adsorbing 

DCF molecules, named CN/DCF in Paper IV 
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1 PURPOSE OF THE STUDY 

The natural polysaccharides, like cellulose and chitosan, have gained growing 

attention due to the advantages such as wide-availability, renewability, 

biodegradability, and biocompatibility, thus being considered as sustainable base 

for manufacturing new materials.   

The overall purpose of this thesis work is to develop strategies for valorization of 

chitosan and cellulose into a family of high-performance bio-adsorbents for the 

removal of trace pharmaceuticals in the wastewater. The specific aims of the thesis 

are to: 

I. Transform the aforesaid polysaccharides into multifunctional carbon 

spheres (C-sphere) and nanographene oxide (nGO) with the 

microwave-assisted hydrothermal carbonization technique.  

 

II. Design a green pathway to synthesize biobased chitosan/nGO 

composite hydrogels.  

 

III. Create a one-pot spray-drying process to fabricate and in-situ 

crosslink chitosan-based composite microspheres. 

  

IV. Characterize thoroughly and confirm the structures of the prepared 

materials. 

 

V. Investigate qualitatively and quantitatively the adsorption 

performances of the fabricated adsorbents towards a model drug, 

diclofenac sodium (DCF), and to get deeper insights into the nature 

of the different adsorption processes. 

 

VI. Get insight into the reusability study of the fabricated adsorbent.  

 

By accomplishing the above aims, a green and top-down strategy for the 

polysaccharide valorization will be targeted by following the streamline of 

‘‘Polysaccharide → Functional intermediate and/or enhancer → Polysaccharide-

based materials’’. Further the new polysaccharide materials for the removal of 
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trace pharmaceuticals are expected to facilitate the development of bioeconomy 

and contribute to a sustainable society.    
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2 INTRODUCTION 

2.1 TRANSITION TO BIOECONOMY  

With the challenges of fossil fuels depletion and global climate change looming 

large, the concept of ‘‘bioeconomy’’—an economy model where the basic 

building blocks for energy, chemicals and materials are derived from renewable 

biological resources has become a key focus of political and technological interest 

all over the world in recent years.1 For example, Sweden aims to break the 

dependence on oil in the transportation sector by 2030, with an ambitious 

commission Making Sweden an Oil-free Society announced in 2006.2 The 

European Union has committed itself to support the bioeconomy under the 

flagship projects Horizon 2020,3 and Roadmap 2050.4 USA has proposed the 

Billion Ton Bioeconomy Vision in 2016, with the goal to triple the size of today’s 

bioeconomy by 2030.5 And China, as the world second-largest economy, has 

addressed the top priorities of the biotechnique and agricultural innovation in the 

12th Five-year Plan.6 Although there are many obstacles during the transition to 

the bioeconomy, this concept paves path to a sustainable society.  

 

Biomass can be considered as any organisms derived from plants or animals. Due 

to the renewability, wide availability, and low cost, biomass valorization has 

become one of the important focus areas over the past decades. The concept of 

biomass valorization is related to the conversion of biomass to generate energy 

(heat or electricity), biofuels, value-added chemicals, or functional materials with 

special focus on the environmental indicator and the sustainable goal.7 The natural 

polymers (or biopolymers) including polysaccharides, lignin, proteins, natural 

rubbers and natural resin etc. are the vital components in the biomass.8 They can 

be utilized directly, decomposed to the platform chemicals or transformed into 

functional materials through physical or chemical process. 9 A typical feature of 

the polymers produced by nature is that they can be degraded and consumed by 

the environment, thus demonstrating the competitive advantages in many 

applications when compared with the synthetic polymers. Within this framework, 

one of the subclasses—polysaccharide, including cellulose and chitosan are the 

key materials utilized in this work.  
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2.2 THE POLYSACCHARIDES 

Polysaccharides are the long-chain polymeric carbohydrate molecules consisting 

of the monosaccharide units connected together by the glycosidic bonds. The 

typical number of monosaccharide repeating units is between 200 and 2500.10 The 

structure of polysaccharides varies  from linear to highly branched. Among the 

vast polysaccharide family, cellulose and chitin (with chitosan as the commercial 

derivative) represent the two most abundant polymers in nature.  

2.2.1 Cellulose 

Although cellulose is crucial to the human civilization and has been utilized for 

centuries in numerous practical applications, the systematic study about its 

chemical component, structure and morphology actually began in the early 

nineteenth century, when the French agricultural chemist Anselme Payen first 

identified cellulose as a definitive substance and corned the term cellulose.11 Since 

then, extensive research about cellulose have been carried out. It is well known 

that cellulose is the most abundant polymer in the nature, which can be derived 

from various sources, such as woods, crops, microbes and even animals. 

Statistically, the cellulose content in wood is 40-50%; 90-99% in cotton seed hairs; 

75-80% in hemp; 33-45% in bagasse; 40-55% in bamboo; and 49-54% in wheat.12  

 

Cellulose is a linear-chain polysaccharide consisting of β(1→4)linked D-glucose 

units (Figure 1).13 The absence of side chains or branching could endow cellulose 

an ordered structure. The presence of primary hydroxyl at C-6 and secondary 

hydroxyl at C-3 and C-4 imparts cellulose with hydrophilic nature; however it 

doesn’t dissolve in the water or common solvents as a result of the strong hydrogen 

bond between chains.14 In nature, cellulose is the structural component that makes 

up most of a plant's cell walls, and its Young’s modulus can reach up to 130 GPa.15 

The reason for the high mechanical performance is related to the hierarchical 

structures of cellulose fibres induced by the strong secondary intra- and 

intermolecular interactions.16  

 
 

 
Figure 1. The chemical structure of cellulose. 
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2.2.2 Chitosan 

Chitosan, a linear polysaccharide consisting of randomly arranged β(1→4) linked 

D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit), 

is commercially derived from chitin which is the second most abundant polymer 

next to cellulose, and widely distributed in the exoskeletons of crustaceans, insects 

and mollusks, as well as in the cell walls of fungi.17 In 1811, The French chemist 

Henri Braconnot first discovered chitin in the mushrooms. After that, chitosan was 

discovered in 1859 by the French chemist C. Rouget, who treated chitin in the 

sodium hydroxide solution, obtaining a new substance soluble in the organic 

acids.18 Chitosan possesses a similar chemical structure with cellulose. The 

difference lies in the substitution of hydroxy with amine or acetyl amine groups in 

the C-2 position (Figure 2), and the existence both hydroxyl and amine groups on 

chitosan can further widen the possibility of various chemical modifications such 

as esterification, etherification, oxidation, acylation, alkylation, and chelation 

etc.19 Moreover, the presence of amine groups renders chitosan with rather special 

cationic nature, as the majority of polysaccharide are normally neutral or 

negatively charged in acidic conditions. Since the pKa value of the primary amine 

groups is around 6.5, thus at lower pH, theses amine groups can be protonated and 

cause chitosan to become a soluble cationic polyelectrolyte in the dilute acidic 

solutions.20  

 

 
Figure 2. The chemical structure of chitosan. 

 

 

2.2.3 Chitosan-based hydrogels 

Hydrogels are three-dimensional (3D) polymeric networks that can swell and 

absorb up to thousands of times their dry weight in water due to the existence of 

hydrophilic groups such as hydroxyl, carboxyl, amide, and sulfonic groups (Figure 

3). Generally, these networks are either physically entangled or chemically 

crosslinked.21,22 Hydrogels have been extensively studied and widely employed in 
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various applications including contaminants (dyes, heavy metals, organic 

compounds) adsorption,23,24 drug delivery,25 contact lenses,26 tissue engineering,27 

and coatings.28 Today, polysaccharides (i.e. chitosan,29 cellulose,30 alginic acid,31 

carrageenan,32 starch,33 and hyaluronic acid34 etc.) have gained peculiar interest in 

the area of hydrogel preparation due to their competitive advantages, such as 

biodegradability, biocompatibility, non-toxicity, and low cost.35 Among them, 

chitosan is one of the most commonly-utilized polysaccharides in the development 

of hydrogels.  

 

 

 
Figure 3. Scheme of hydrogel network architecture. 

 

Chitosan-based hydrogels can be prepared either by physical or chemical 

approach. The particular merit of physically-crosslinking approach consists in the 

noninvolvement of crosslinking agents which, sometimes are toxic. Moreover, the 

physically crosslinked chitosan hydrogels possess the self-healing ability. They 

can be fabricated by hydrogen bonding, hydrophobic interaction or by association 

either with polyanions or small anionic molecules via electrostatic interactions 

(Figure 4). An example of physical hydrogel preparation method is named freeze-

thawing, where the mixed-polymers solution (i.e. chitosan/starch, PVA, or PAA, 

etc.) undergoes freezing at low temperature and thawing at room temperature for 

several cycles, finally leading to the phase separation caused by the hydrogen 

bondings.36 Chitosan modified with hydrophobic side groups such as alkyl chains, 

cholesterol and palmitoyl have been developed to form physical hydrogels via 

hydrophobic interactions.37 However, such hydrogel networks sometimes show 

the drawbacks of low water absorption and fragility.38 Physically-crosslinked 

chitosan hydrogels can also be prepared via the combination with anionic 

compounds such as phosphate-bearing molecules,39 heparin,40 sodium alginate,41 

and polyglutamic acid.42  
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Figure 4. Schematic representations of physical crosslinking by (a) hydrogen 

bonding or hydrophobic interactions; (b) electrostatic interactions with 

polyanions or (c) with small anionic molecules. 

 

 

Compared with the physical-crosslinking approach, chemical-crosslinking is 

superior in the aspects of promoting the mechanical strength and maintaining the 

properties over the time due to the formation of irreversible covalent bonds 

between the crosslinker and polymer chains.43 Another advantage of chemical-

crosslinking lies in the formation of hydrogels with uniform properties.44 In 

general, the chemical-crosslinking approaches can be classified into two 

categories: addition reaction and condensation reaction (Figure 5). For addition 

reaction, chitosan can be functionalized to have polymerizable groups introduced 

by the functionalization with compounds such as methacrylic anhydride, 

polyethylene glycol dimethacrylate (PEGDA), and N,N-dimethylacrylamide 

(DMMA) etc.45,46 Then the addition reaction starts when the modified chitosan is 

exposed to the increased temperature, UV or visible light, thus generating a cross-

linked network. The chemical crosslinking points of the hydrogels can also be 

created by the reaction between chitosan and bifunctional agents, such as 

formaldehyde,47 glutaraldehyde,48 epichlorohydrin,41 or diisocyanate.49 However, 

there are concerns over the toxicity of the aforesaid agents. Hence, for the 

biomedical applications, using the biocompatible agents like genipin (GP) is of 

necessity. GP as an extraction compound from the fruit of Gardenia jasminoides, 

can be utilized as a natural crosslinking agent to react with the primary amine 

groups on the chitosan, In comparison with the commonly-used crosslinking agent 

glutaraldehyde, GP has demonstrated better biocompatibility with 10000 times 

lower cytotoxicity50 and 5000 times higher cell proliferating rate.51 It was also 

reported that GP-crosslinked hydrogels demonstrated higher long-time stability 

than the hydrogels crosslinked with glutaraldehyde.52  
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Figure 5. Schematic representations of chemical crosslinking by (a) addition and 

(b) condensation reactions 

 
Regulating the size of hydrogels at micrometer scale provides numerous potentials 

in the application as drug delivery carriers,53 organic dye removal,54 vocal fold 

regeneration55 and cell culture substrates.56 Due to its good biocompatibility, 

bioadhesion ability, biodegradability, non-toxicity, as well as the film-forming 

property, chitosan has been considered as a promising candidate to produce 

spherical microgels via different techniques such as spray-drying,57 

emulsification/solvent evaporation,58 ionotropic gelation59 and coacervation60 etc.  

Compared with other techniques to produce chitosan microspheres, spray-drying 

technique is a fast and continuous process that can directly convert chitosan 

solutions into the dry microspheres based on the atomization with a hot gas 

medium.61–64 The spray-drying technique offers the advantages such as high yield, 

more controllable distribution of particle size, and reproducibility, which enables 

the production of microspheres in an industrially applicable way.65 To date, 

various microspheres composed of pristine chitosan66 or combination of chitosan 

with other substances such as lactose,67 poly(D,L-lactic-co-glycolic acid),68 

poly(3-hydroxybutyrate),69 or metals70 have been fabricated in the applications of 

biomedical and environmental domains.  
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2.3 TRANSFORMATION OF POLYSACCHARIDES TO 

CARBON PRODUCTS 

Transformation of polysaccharides to functional carbon products is an interesting 

subject for the biomass valorization. Using biobased carbon in the replacement of 

petro-fossil carbon can reduce the carbon footprint and dependence on fossil 

resources. To date, biobased carbon products such as carbon fibres,71 carbon 

nanotubes,72 graphene oxide,73 activated carbon,74 and carbon dots75 etc. have been 

created, showing applications in the fields of manufacture, energy storage system, 

environmental protection, biomedicine, and catalyst support.  

2.3.1 Microwave-assisted hydrothermal carbonization 

Among numerous techniques to obtain carbon products, hydrothermal 

carbonization (HTC) has become an interesting process to thermochemically 

convert the polysaccharides or other biomass wastes including cellulose, starch, 

wood sawdust, coconut shell, peanut hull, and animal manure etc. into a carbon-

rich product  ̶  hydrochar, with water used both as the reactant medium and 

reagent.76–78 Microwave is the electromagnetic wave with the frequency ranging 

from 300 MHz to 300 GHz and the wavelength ranging between 1 m to 1 mm. 

During the process of microwave heating, the reaction depends on the interaction 

between electromagnetic wave with the electric dipole of  the material molecules. 

Compared with the conventional external heating applied in the hydrothermal 

carbonization process, the microwave heating is rapid volumetric heating without 

the heat conduction process, thus leading to the superiorities such as rapid 

transformation, energy conservation and high yields. Also the carbonization 

product obtained with microwave heating shows more homogeneity in size and 

composition.79 

2.3.2 Nanographene oxide 

Graphene oxide (GO), a derivative from graphene, contains conjugated π domains 

and abundant oxygen functionalities such as hydroxyl and epoxy in the basal 

planes, and carboxyl groups at the edges. This enables the good compatibility of 

GO with various polymeric systems, and also endows GO with multi-

functionalities.80 For example, incorporation of GO into the chitosan film led to 

an increased storage modulus and better tensile strength.81 Cellulose/GO 

composite film was prepared and showed excellent UV-shielding effect.82   

Adding GO into PLA imparted the material with high bioactivity and antibacterial 

ability.83 Moreover, GO and the polymer/GO composites have demonstrated great 

potentials in the area of water purification. For example, 

Chitosan/GO/montmorillonite hydrogels were fabricated and applied as heavy 
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metal adsorbent.84 Magnetic cellulose/GO composite was demonstrated to be an 

efficient adsorbent for methylene blue.85 The nanographene oxide (nGO) is 

defined as the graphene oxide with the lateral width in the nanoscale. The ultra-

small size has offered nGO with suitable applications in cellular imaging86 and 

drug delivery.9 The common approach for nGO preparation was inspired from the 

modified Hummer’s method, and the commercial graphite was still utilized as the 

main precursor for nGO preparation, which is not renewable.87 Although some 

biobased nGO with cellulose, starch, coffee grounds, and rice straw etc. as 

precursors have been reported,88–91 to further expand the versatility and 

functionality of nGO is still desired. 

2.4 POLYSACCHARIDE-BASED MATERIALS APPLIED 

IN THE REMOVAL OF TRACE PHARMACEUTICALS 

The environmental impact of trace pharmaceuticals was first brought to light in 

the 1990s when the pharmaceutical compounds were detected not only in the 

drinking water, but also in the ground water, streams, and wastewater across 

Europe.92 The pharmaceuticals can be classified into several categories based on 

the function difference, where the non-steroidal anti-inflammatory drugs (NSAIDs) 

are one of the most-frequently detected contaminants in the real aquatic 

environment with diclofenac sodium (DCF), ibuprofen and naproxen etc. as 

typical representatives (Figure 6).93 Even though the concentration of NSAIDs in 

the water is commonly in trace level (from ng/L to μg/L), the long-term existence 

and accumulation of NSAIDs can cause problems such as the sex, metabolic, and 

morphological alterations on the aquatic species, the induction of antibiotic 

resistance in the aquatic pathogenic microorganism, and the severe aquatic 

ecotoxicity which can finally bring irreversible damage to the top creatures of the 

biological chain.94 In this context, effective and efficient removal of NSAIDs from 

water is a necessity. Among various techniques for the pharmaceutical wastewater 

purification, adsorption stands out due to its unique merits such as simplicity in 

the process design and the low operation.95 To date, various adsorbents have been 

designed for the contaminants elimination, with especial interest in the biobased 

adsorbents.96–98 In this thesis, the research focus is mainly placed on developing 

polysaccharide-based adsorbents for the removal of NSAIDs contaminants, and 

DCF is utilized as the model drug.  
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Figure 6. Chemical structures of the representative NSAIDs. 
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3 EXPERIMENTAL  

3.1 CHEMICALS 

Two types of commercial chitosan (CS) were used in this study, low molecular 

weight CS (degree of deacetylation (DDA) ca. 88 %) and medium molecular 

weight CS (DDA ca. 77 %)  purchased from Fluka Biochemika and Sigma-

Aldrich, respectively. α-Cellulose (CL) containing 3 % of pentose was supplied 

by Sigma-Aldrich. Genipin (GP, ≥ 98 %) was purchased from Linchuan Zhixin 

Bio-Tech. Diclofenac sodium (DCF, 99 %) sulfuric acid (H2SO4, 95-98 %), nitric 

acid (HNO3, 70 %), trifluoroacetic acid-d (TFA-d, ≥ 99.5 atom % D), hydrochloric 

acid (HCl, 37 %) and sodium hydroxide (NaOH, 95-98 %) were all purchased 

from Sigma-Aldrich. Acetic acid (CH3COOH, 99.5 %) was purchased from Acros 

Organics. Methanol (CH3OH, ≥ 99 %) and ethanol (CH3CH2OH, 96 %) were 

provided by VWR Chemicals. All chemicals were used as received.  

3.2 TRANSFORMATION OF THE POLYSACCHARIDES 

TO nGO 

Nanographene oxide (nGO) was synthesized via a two-step strategy including 

microwave-assisted hydrothermal carbonization and a subsequent oxidation 

process. The general synthesis route is illustrated in Figure 7.  

 

 

 

Figure 7. Schematic route starting from the polysaccharide (CS or CL) to nGO 

synthesis. 
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3.2.1 Microwave-assisted hydrothermal carbonization of the 

polysaccharides 

In the first step, the carbon spheres (C-sphere) were directly obtained through 

microwave-assisted carbonization of the assigned polysaccharides CS with 

medium molecular weight, and CL, based on a previously reported procedure used 

for cellulose,88 starch89 and coffee ground.99 Briefly, six cylinder shaped Teflon 

vessels with 2 g of polysaccharide and 20 mL of sulfuric acid solution in each was 

placed into the microwave platform (CS-derived C-sphere was prepared in the 

Milestone FlexiWAVE, and the sulfuric acid concentration is 0.1 g/mL; CL-

derived C-sphere was prepared in the Milestone UltraWAVE, and the sulfuric acid 

concentration is 0.01 g/mL). The temperature was increased to 200 or 220 °C for 

carbonization of CS, and 180 °C for carbonization of CL within a RAMP-time of 

20 min and then maintained isothermally at the set temperature for 2 h. Notably, 

due to some differences between the two types of microwave platforms, an 

external starting pressure of 40 bar was given on the carbonization of CL; whereas 

there was no external pressure applied on the CS carbonization process. The solid 

carbonaceous residues C-sphere was collected through filtration and purified by 

washing with deionized water several times. Finally, C-sphere was dried in a 

vacuum oven for 3 days at room temperature before usage. 

3.2.2 Oxidation of C-sphere to nGO 

In the second step, nGO was synthesized via further exfoliation and oxidation of 

C-sphere.100 A solution of C-sphere in HNO3 (10:1 w/v) was placed in a round-

bottom flask. The solution was first sonicated for 30 min and then heated in an oil 

bath to 90 °C for 1 h. The oxidation process was terminated by pouring 150 mL 

cold deionized water to cool down the solution. Vacuum distillation was 

implemented to remove the solvent, and finally, nGO was obtained after a freeze-

drying process.  

3.3 FABRICATION OF THE BIO-ADSORBENTS 

Sustainable and facile strategies to fabricate three different types of bio-adsorbent 

for the removal of trace pharmaceutical contaminant were demonstrated. The 

fabricated bio-adsorbents are: 

3.3.1 CS-based composite hydrogels 

A CS solution (10 mg/mL) was prepared by dissolving CS powder (medium 

molecular weight) in an acetic acid solution (2.5 % v/v). Genipin was dissolved in 
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ethanol (60 % v/v), and CS-derived nGO was dispersed in deionized water and 

thereafter sonicated for 10 min. The CS-based composite hydrogels, Table 1, were 

fabricated by continuous stirring the three components for 20 min. 8 mL of the 

solutions were poured into DUROPLAN® petri dishes (h x d = 20 x 50 mm), 

covered with parafilm and placed in an oven at 37 °C for 48 h to crosslink (Figure 

8). The prepared hydrogels with different compositions are listed in Table 1.  

 

 
Figure 8. nGO-incorporated CS-based composite hydrogels with GP as the 

crosslinking agent. 

 

 

Table 1. Composition of the fabricated CS-based hydrogels. 

Sample 

denomination 
Genipin (mg/mL) nGO (mg/mL) 

GP2/nGO0-H 2 0 

GP2/nGO2-H 2 2 

GP2/nGO5-H 2 5 

GP2/nGO10-H 2 10 

GP5/nGO0-H  5 0 

GP5/nGO2-H 5 2 

GP5/nGO5-H  5 5 

GP5/nGO10-H 5 10 

GP10/nGO0-H  10 0 

GP10/nGO2-H 10 2 

GP10/nGO5-H  10 5 

GP10/nGO10-H 10 10 

Note: The concentration of chitosan for all the samples was 10 mg/mL and the 

volume of chitosan solution was 4 mL.  
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3.3.2 CS-based composite microspheres 

 

Briefly, CS-derived nGO was mixed with a CS solution (CS of low molecular 

weight was dissolved in the acetic acid solution of 2.5 % v/v to prepare the CS 

solution of 5 mg/mL) and sonicated for 10 min to get a homogenous solution. The 

solution was thereafter filtered to remove any aggregated particles. GP was 

dissolved in 1 mL of an ethanol solution (60 % v/v) and then mixed with the 

aforesaid solution, Table 2. A Büchi® Mini Spray Dryer B-290 with a standard 0.7 

mm fluid nozzle was used to spray the prepared solution with a feeding rate of 6 

mL/min. The atomizing air flow rate was set to be 600 Nl/h and the inlet 

temperature was controlled to 100 or 200 °C. The spray-dried microspheres were 

collected and stored in a desiccator at room temperature before use. A post-heat 

treatment procedure was implemented to study its influence on the properties of 

the microspheres by dispersing 100 mg of the microspheres in 100 mL of 

methanol/water solution (50 % v/v) with continuous stirring at 37 °C for 48 h. 

After the post-heat treatment the microspheres were retrieved via centrifugation 

and dried in the vacuum oven before use (Figure 9).  

 

 

          

Figure 9. nGO-incorporated CS-based composite microspheres fabricated by a 

spray-drying process. 
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 Table 2. Composition of the fabricated CS-based microspheres. 

Note: The concentration of chitosan for all the samples was 5 mg/mL and the 

volume of chitosan solution was 100 mL. The wt % of genipin and nGO were 

obtained using chitosan weight (0.5 g) as reference. 

 

 

3.3.3 CL-derived C-sphere 

The CL-derived C-sphere was utilized directly as the adsorbent for DCF removal.  

3.4 CHARACTERIZATION METHODS 

3.4.1 Scanning electron microscope (SEM)/Energy-dispersive X-ray 

spectroscopy (EDS) 

SEM images were obtained using a field emission SEM (Hitachi S-4800, Japan). 

The samples were sputter-coated with gold layers by a Cressington 208 HR unit. 

Surface elementary information of the samples were obtained using EDS with the 

help of an 80 mm2 X-Max Large Area Silicon Drift Detector sensor (Oxford 

Instruments Nanotechnology). Aztec INCA software was used for EDS images 

evaluation. 

3.4.2 X-ray photoelectron spectroscopy (XPS) 

High-resolution XPS spectra of C-sphere and nGO were collected by a Kratos 

Axis Ultra DLD electron spectrometer with a monochromatic Al Kα source. A 

pass energy of 20 eV was applied for the individual photoelectron line and pass 

Sample denomination Genipin 

(wt%) 
  nGO  

(wt%) 

Inlet temperature 

(°C) 
Post-heat 

treatment 

GP5/nGO0_100 °C-M 5 0 100 No 

GP5/nGO2_100 °C-M 5 2 100 No 

GP5/nGO10_100 °C-M 5 10 100 No 

GP5/nGO10_200 °C-M 5 10 200 No 

GP10/nGO0_100 °C-M 10 0 100 No 

GP10/nGO10_100 °C-M 10 10 100 No 

P-GP10/nGO0_100 °C-M 10 0 100 Yes 

P-GP10/nGO10_100 °C-M 10 10 100 Yes 
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energy of 160 eV was applied for the wide spectra analysis. For referencing, for 

the C 1s line of aliphatic carbon, the binding energy scale was set to 285.0 eV. 

3.4.3 Fourier transform infrared spectroscopy (FTIR)/2D-FTIR image 

FTIR spectra were obtained by using a Perkin-Elmer Spectrum 2000 or 

PerkinElmer Spectrum 400 equipped with a attenuated total reflectance (ATR) 

crystal accessory. For each spectrum, 16 scans were applied at a resolution of be4 

cm‒ 1. The 2D-FTIR absorbance images of C-sphere and C-sphere /DCF were 

obtained with PerkinElmer Spectrum 400 equipped with an optical microscope 

(Bucks, UK).  

3.4.4 Transmission electron microscope (TEM) 

The TEM image was attained on a Hitachi HT7700 (high-contrast mode). The 

sample was dispersed in the Milli-Q water (0.1 mg/mL) and drop casted on an 

ultrathin carbon-coated copper grid.  

3.4.5 Dynamic light scattering  (DLS) and Zeta-potential  

The size of the nGO was measured with DLS analysis. Zeta-potential of the CS-

based microspheres were measured by Zetasizer Nano ZS from Malvern 

Instruments (Malvern, UK).  

3.4.6 Contact angle measurement 

The hydrogels surface wettability was evaluated using a contact angle meter CAM 

200 (KSV Instrument LTD) by depositing a sessile drop of Milli-Q water on the 

sample surface, and the contact angle was measured after 20 seconds.  

3.4.7 Rheological behavior 

The storage modulus and loss modulus of the samples were assessed by TA 

Discovery Hybrid 2 (DHR-2) rheometer equipped with an 8 mm stainless steel 

Peltier plate at room temperature. The applied strain rate was set to 1% from the 

linear viscoelastic region, and the oscillation frequency rate range was from 0.01 

to 10 Hz.  

3.4.8 Swelling behavior  

The swelling behavior at room temperature of the hydrogels was tested by 

immersing 70-80 mg of samples in deionized water for two days to reach 

equilibrium. The weights of the hydrogels in the swollen state (meq) were 

measured after gently removing the excess water from the surface. The 
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equilibrium swelling ratio Qeq according to eq. (1), where m0 is defined as the 

initial weight of the hydrogel.  

 

 

Qeq=(meq-m0)/m0                                                                         (1)    

                                                                                                               

 

3.4.9 Batch DCF adsorption study 

Diclofenac sodium (DCF) was selected as the model pharmaceutical compound to 

evaluate the adsorption performance of the fabricated bio-adsorbents. Stock DCF 

solution was prepared by dissolving 100 mg of DCF powder in the Milli-Q water, 

and then diluted to difference concentrations varying from 0.01 to 0.1 mg/mL. 

Batch adsorption experiments were performed by adding adsorbent (2 mg for both 

CS-based microspheres and CL-derived C-sphere, and 20 mg for CS-based 

hydrogels) into 4 mL of DCF solution, and the mixtures were shaken in room 

temperature. After predetermined time intervals, samples of the solutions were 

collected and filtered through PTFE syringe filters (0.45 μm). The concentration 

of the remaining DCF residue was determined by the absorbance peaks of the UV-

Vis spectra at 276 nm. The adsorption efficiency (%), adsorption capacity at a 

certain time, qt (mg/g) and at equilibrium, qe (mg/g) were calculated according to 

the eq. (2)-(4): 

 

Adsorption efficiency (%)=100 (C0-Ct)/C0                                                         (2)                                                                                               

            

qt=(C0-Ct)V/m                (3) 

         

qe=(C0-Ce)V/m                                                                                                    (4) 

                                                                                                                     

where C0, Ct, Ce are the DCF concentration (mg/L) initially, after a certain time 

and at equilibrium, respectively. V is the volume (L) of the solution and m is the 

weight (g) of the absorbent. Moreover, the adsorption kinetics, isotherms and 

reusability study were carried out to reach further insights into the DCF adsorption 

process. For the thermodynamic study DCF adsorption on C-sphere, the 

temperature was set in between 298 to 333 K. In the reusability study, the CS-

based microspheres were regenerated by first soaking in 0.1 M NaOH solution for 

10 min. After that, 0.1 M HCl and 20 mL of deionized water was added to 

neutralize the pH value. The regenerated samples were dried in a vacuum oven 

before subsequent experiments.  
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4 RESULTS AND DISCUSSION 

Starting from the natural polysaccharides chitosan (CS) and cellulose (CL), 

sustainable and facile strategies were developed to fabricate bio-based adsorbents 

to treat pharmaceutical contaminants, with diclofenac sodium (DCF) as the model 

drug compound. The aforesaid polysaccharides were transformed to carbon 

spheres (C-sphere) via a microwave-assisted hydrothermal carbonization 

approach, and then C-spheres were further oxidized to the nanographene oxide 

(nGO). In the study, the CS-derived nGO was utilized as the functional additive 

in the CS-based hydrogels (Paper I and Paper II) and CS-based microspheres 

(Paper III); whereas the CL-derived C-sphere was investigated directly for its 

adsorption ability towards DCF (Paper IV).  

4.1 TRANSFORMATION OF THE POLYSACCHARIDES 

TO nGO 

In the first step, a microwave-assisted hydrothermal carbonization process was 

developed to transform the polysaccharides to the nGO precursor, C-sphere. As 

illustrated by the photos and SEM images (Figure 10a and Figure 10b), the C-

sphere was black in colour and observed as clusters of spherical particles with 

smooth surface. The particle sizes of the C-sphere were distributed 

heterogeneously, mostly at the nanoscale, with a minority of micron sized 

particles. After further exfoliation and oxidation under the oxygen-rich acidic 

condition, the C-spheres were broken down into nGO dots, with all dimensions 

scaling in the nano-meter range. The conventional two-dimensional GO sheets 

have been confirmed to naturally associate into macroscopic materials with 

hierarchical structures due to the conjugated carbon skeleton and the residual 

oxygen functionalities.101–103 In accordance, the created nGO dots, as unique 

‘‘nano-building’’ blocks could self-assemble into cauliflower-like clusters, and 

further form the crumpled GO sheets which was confirmed by the obtained SEM 

images (Figure 10b). Compared with the black C-sphere, the nGO portrayed 

orange-brown colour, which should be an indication of the higher amount of 

oxygen-containing groups created during the oxidation process (Figure 10a).104 
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Figure 10. Morphological and chemical changes during carbonization of the 

polysaccharides to C-sphere, and further oxidation to nGO. (a) Photos showing 

the appearance of the polysaccharides, carbonized products C-sphere, and nGO; 

(b) FE-SEM images of CS-derived C-sphere, CL-derived C-sphere, and CS-

derived nGO with two different scales. (c) FTIR spectra of the aforesaid 

samples. 
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Chemical changes going from polysaccharides to the intermediate C-sphere, and 

finally to the nGO, were verified by the FTIR spectra (Figure 10c). CS and CL 

were both represented by their characteristic hydroxyl O-H stretching bands in the 

3500-3000 cm‒1 region, alkyl C-H stretching around 2900-2800 cm‒1 and etheric 

C-O stretching at 1023 cm‒1. For CS, the primary amine group was indicated by 

the presence of two peaks at 3354 cm‒1 and 3288 cm‒1, corresponding to the 

asymmetric and symmetric N-H stretching, respectively.105 The microwave-

assisted carbonization reaction led to the successful formation of C-sphere, 

evidenced by the appearance of aromatic C=C stretching in the range of 1600-

1500 cm‒1 (1583 cm‒1 for CS-derived C-sphere, and 1597 cm‒1 for CL-derived C-

sphere). Carboxylic units were also generated on both C-sphere types with 

confirmation from the carboxyl C=O stretching (1691 cm‒1 for CS-derived C-

sphere, and 1692 cm‒1 for CL-derived C-sphere), and the carboxyl O-H stretching 

with a broader and weaker peak in the range of 3500-3000 cm‒1. As depicted in 

Figure 11, the underlying mechanism of C-sphere formation proposed that the 

aforesaid polysaccharides first disintegrate into oligosaccharides, and then further 

hydrolyse into monomers (glucosamine or glucose). Under the high temperature 

and pressure in the microwave, the generated saccharide monomers undergo a 

series of reactions including dehydration (5-hydroxymethylfurfural (5-HMF) is 

produced), and polymerization. The particle nucleation and growth is induced by 

the polymerization of 5-HMF. Eventually the spherical carbonaceous products are 

created after aromatization of the polymerized 5-HMF.76 As shown in the EDS 

spectra (Figure 12a), there is some reduction in the relative amount of N atoms 

after carbonization of CS. This could be due to the partial conversion of 

glucosamine to glucose via replacing the -NH2 groups with the hydroxide ions in 

an acid environment and water participating as catalyst.106 Further oxidation of 

CS-derived C-sphere led to the formation of CS-derived nGO, which contained a 

larger amount of oxygen functionalities which can be seen by the stronger peaks 

at 1716 cm‒1 and 1217 cm‒1, representing C=O and C-O stretching, respectively in 

the FTIR spectra (Figure 10c). Supporting evidence to prove the increased oxygen 

amount in the nGO was also confirmed by the EDS spectra (Figure 12a). 

Meanwhile, the CS-derived nGO retained the conjugated carbon skeleton as 

indicated by the sp2 C=C stretching at 1546 cm‒1 (Figure 10c). The following 

discussions will be mainly focused on CS-derived nGO due to CL-derived nGO 

possessed similar properties as CS-derived nGO (Figure 10c and Paper I).  
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Figure 11. Suggested mechanism of the polysaccharides carbonization to C-

sphere. 

 

 

 

The surface elemental information about the C-sphere and the nGO were evaluated 

by the XPS analysis (Figure 12b and 12c). C 1s spectra of both CS-derived C-

sphere and nGO exhibited components of C-C, C=C, C-OH, carboxyl COOH, C-

O-C, carbonyl C=O, and ester O=C-O with different percentages and intensities. 

Notably, there was an apparent intensity increase for the carboxylic COOH after 

CS-derived C-sphere was oxidized to nGO, which is in agreement with the FTIR 

spectra. At 291.2 eV, a π- π* shake-up satellite peak was displayed on the surface 

of CS-derived C-sphere, indicating the delocalized π conjugation structures. The 

calculated C/O ratio decreased from 5.1 to 3.2 as comparing the CS-derived C-

sphere with CS-derived nGO. CL-derived C-sphere was richer in oxygen 

functionalities than CS-derived C-sphere as shown by the smaller C/O ratio of 4.3.  
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Figure 12. Elemental composition analysis performed with (a) EDS spectra and 

(b) high-resolution XPS deconvoluted C 1s spectra; (c) Table showing the 

calculated C/O ratio of C-sphere and CS-derived nGO indicated from XPS 

spectra. 

 

 

The particle dimension is of crucial importance to affect certain material properties, 

especially in the nanoscopic level.107 The size of created CS-derived nGO was 

determined by a combination of several techniques including TEM, SEM (at least 

500 particles were counted) and DLS. From TEM and SEM, the average particle 

diameter was in the range of 80-90 nm; whereas from DLS, a Z-average 

hydrodynamic diameter of approximately100 nm was obtained for the CS-derived 

nGO (Figure 13). It is reasonable to achieve a larger size value from DLS than 

from TEM or SEM due to the aqueous state of the particles.108 Moreover, 

agglomeration of nGO could occur due to the various secondary interactions, 

which could influence the size measurements.  

 

Figure 13. (a) TEM image and (b) DLS measurement to determine the size of 

CS-derived nGO. 
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4.2 FABRICATION OF THE BIO-ADSORBENTS 

4.2.1 CS-based composite hydrogels 

The CS-based composite hydrogels with variations in the compositions (CS-

derived nGO and crosslinker) were fabricated. Genipin (GP), as an extraction 

compound from the fruit of Gardenia jasminoides, was utilized as a natural 

crosslinking agent to react with the primary amine groups on the chitosan, with 

the postulated crosslinking mechanism shown in Figure 14.  

 

Figure 14. Mechanism of genipin-crosslinking reaction with chitosan. 

 
As shown in Figure 15, increasing the nGO concentration from 0 to 10 mg/mL in 

the original solution led to an apparent colour change from colourless to orange. 

The orange colour should be attributed to the nGO, since the solution containing 

CS and GP was colourless. After incubation in an oven at 37 °C for 48 h, all the 

sample turned into hydrogels with a blue colour. The formation of blue colour 

inherently indicated the successful crosslinking reaction between the amine groups 

on CS with GP, which was in agreement with the previous studies.109,110 The blue 

colour of the formed hydrogels became deeper with increasing amount of nGO, 

and this could be associated with the nGO promoting the GP-crosslinking reaction 

induced by the presence of oxygen radicals.111 On the basis of this mechanism, it 

is hypothesized that the abundance of oxygen containing functional groups on the 

nGO could help to catalyse the crosslinking reaction via transformation into 

peroxides in the acidic environment, which was also visually supported by the 

improved homogeneity of the blue colour along the depth of the test tubes with the 

promotion of nGO concentration. In accordance, a previous study also proved that 

the 2D GO sheets could enhance the degree of GP-crosslinking reaction evidenced 

by the increased absorption intensity at 605 nm in the UV-Vis spectrum, which 

has correlation with the formation of a blue pigment.112,113 Similarity, increasing 
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the concentration of GP from 2 to 10 mg/mL is believed to benefit the crosslinking 

process, indicated by the deepened blue colour.  

 

 

Figure 15. Photos of CS-based hydrogels prepared both in petri dishes and test 

tubes. Hydrogels GP2 series were selected to show the initial solution at 0 h, and 

the formed gels after 48 h. The effect of crosslinker was evaluated by comparing 

the hydrogels of GP2/nGO0-H, GP5/nGO0-H, and GP10/nGO0-H. 

The cross section of the lyophilized hydrogels were examined by the FE-SEM 

(Figure 16), showing the 3D honeycomb networks consisting of anisotropic macro 

pores. Interestingly, by increasing the concentration of nGO, plentiful pore 

structures with smaller size and denser pore distribution were generated, which 

could provide the hydrogels with improved surface area and favourable 
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permeability for the adsorbate molecules. To observe the surface topography of 

the pore walls, the SEM images of the hydrogel cross section were further 

magnified to 10k. The hydrogel without nGO incorporation exhibited a smooth 

surface; whereas increasing the nGO concentration led to the increased surface 

roughness with the appearance of densely-distributed protuberances. These nano-

sized protuberances could be explained by the attachment of nGO dots on the CS 

matrix via secondary interactions.  

 

 

 
 

Figure 16. FE-SEM images (×100 magnification and ×10k magnification) 

obtained from the cross section of CS-based hydrogels. Hydrogels GP2 series 

were selected as examples. 

 

 

 

Insight into the hydrogels surface wettability is important as it reflects the 

chemical composition and topography at the outmost surface of materials.114 As 

evaluated by the contact angle measurement, the hydrogel surface wettability 

demonstrated certain dependence on GO and GP compositions. As shown in 

Figure 17, the hydrogels without nGO incorporation demonstrated hydrophilic 

surfaces, with the contact angle value ranging from 63.1 to 70.2°, which is in good 

consistency with the previous study.115–118 Increasing the nGO concentration to 2 

mg/mL increased the surface wettability, which might be due to the hydrophilic 

nature of oxygen functionalities on the nGO; however, further increasing the nGO 

concentration to 5 or 10 mg/mL, on the contrary, reduced the surface wettability, 

which is most likely related to the increased surface roughness as shown in the 

SEM images. The nature of crosslinking agent also affected the wettability of the 

surface. Increased surface hydrophilicity with increased GP amount from 2 to 10 

mg/mL should be correlated with the hydrophilic character of GP,119 and this trend 

is in agreement with previous studies.115,120 
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Figure 17. Surface wettability of the hydrogels investigated from the water 

contact angle measurements. 

 

 

 

 

The water absorptivity of the hydrogels was measured by the swelling tests. As 

expected, all the hydrogel samples demonstrated certain ability to absorb water, 

evidenced from the positive values of swelling ratio (Figure 18). This should be 

due to the hydrophilic functionalities of the hydrogel networks and the generated 

interconnected cavities.121 Moreover, using deionized water as the aqueous 

medium (pH~5.85) could bring the protonation of the amine groups on the CS 

chains (pKa~6.5),122 thus favouring the expansion of hydrogel networks. Notably, 

the swelling behavior of the hydrogels are both nGO and GP-dependent. The 

enhancement of GP concentration generally led to a decreased swelling ratio, 

which should be due to the increased degree of crosslinking. Incorporation of nGO 

also lowered the swelling ratio, explained by its crosslinking-catalyzing function. 
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Additionally, the secondary interactions between the nGO and CS matrix such as 

hydrogen bonding and electrostatic attraction could strengthen the network 

stability, thus producing certain resistance for the water molecules to penetrate.  

 
 

 
 

Figure 18. Swelling ratios of the CS-based composite hydrogels. 

 

 
 

Rheological properties are the indispensable parameters to evaluate the 

mechanical stability of hydrogel network structures, hence frequency-sweep 

oscillation tests were utilized to obtain moduli information for the hydrogels. The 

linear viscoelastic region (LVR) was predetermined by the oscillatory strain-

sweep test and a strain of 1% was finally selected. As shown in Figure 19, all the 

samples showed typical gel behavior and stable crosslinked networks, as indicated 

by the storage modulus (G’) always being larger than the loss modulus (G’’), and 

the independency of the aforesaid moduli over the swept frequency range.123 Tan 

(delta) defined as G’’/G’, provides information about the viscous portion to the 

elastic portion. From the results it is believed that the elastic portion dominates in 

all the fabricated hydrogels because the range of calculated tan (delta) is in 

between 0 and 0.5 (far below 1, since 1 is the critical point where G’’=G’). It is 

clearly observed that through increasing the GP or nGO concentration, hydrogels 

with higher network stability could be fabricated, and this observation is consistent 

with some previous studies.124–126 
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Figure 19. Rheological properties of the CS-based hydrogels evaluated through 

the frequency-sweep oscillation test. 

 

 

 

4.2.2 Chitosan-based composite microspheres 

Inspired by the successful fabrication of CS-based composite hydrogels and 

insights into the property-regulating functions of nGO and/or GP, we further 

sought for a fast and scalable technique to obtain spherical shape and microscopic 

size CS-based adsorbent. CS-based composite microspheres were fabricated via a 

one-pot spray-drying process, allowing the in-situ crosslinking by GP and 

simultaneous incorporation of nGO. Influences of GP, nGO and two process 

variables (the inlet temperature and post-heat treatment process) on the 

morphology and properties were elaborated.  
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Figure 20. FE-SEM images of the CS-based microspheres obtained from the 

spray-drying process. The arrows indicate the morphological changes with 

selected parameter variations. Photos shows the color changes after applying 

post-heat treatment on the microspheres GP10/nGO0_100°C-M and 

GP10/nGO0_100°C-M. 

 
From an overall perspective, the spray-dried samples were yellowish in color and 

exhibited good spherical morphology with heterogeneous size distribution in the 

micron scale (Figure 20). However, notable diversity in the microsphere surface 

structure could be observed with variations in the aforementioned parameters. The 

sample GP5/nGO0_100°C-M without nGO incorporation demonstrated a ‘‘brain-

like’’ structure with a wrinkled surface, which should be ascribed to the rapid 

shrinkage followed by the formation of the solid crust.127 Through increasing the 

GP amount from 5 to 10 wt% (guided by red arrows), the surface smoothness 

improved, which should be attributed to the enhanced degree of crosslinking 

leading to a more rigid surface.128 Likewise, increasing the nGO content to 2 wt% 

(GP5/nGO2_100°C-M) resulted in a smooth surface (guided by the pink arrow), 

which is due to the crosslinking-catalyzing effect of nGO and the secondary 

intermolecular interactions generated between nGO and CS matrix, which could 

strengthen the spherical structure to resist crust shrinkage during the solvent 

evaporation process. However, further increasing the nGO content to 10 wt% 

caused the collapse of the crusted surface structure, a result which has been 

reported in previous studies.129,130 
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Controlling the surface morphology via regulating the spray-drying condition such 

as the inlet temperature, can be an easier method compared with the adjustment of 

their composition. In comparison with the microsphere GP5/nGO10_100°C-M 

fabricated at 100 °C, the microsphere GP5/nGO10_200°C-M fabricated at 200 °C 

demonstrated a smoother surface (guided by the pink arrow), which should be 

related with a faster drying and/ or atomization rate resulting in the prompt 

formation of the smooth crust surface with little time to generate folds.131–133  

 

The effect of post-heat treatment on the surface morphology was investigated by 

further dispersing the spray-dried samples GP10/nGO0_100°C-M and 

GP10/nGO10_100°C-M in the water/methanol solution of 37 °C for 48 h to get 

the samples P-GP10/nGO0_100°C-M and P-GP10/nGO10_100°C-M. As 

illustrated in the photo (Figure 20), the dispersed microspheres changed color from 

yellowish to the dark blue as a result of the intensified GP-induced crosslinking 

reaction,39 which was also verified by the FTIR spectra (Figure 21). In the spectra 

of the spray-dried microspheres GP10/nGO0_100°C-M and 

GP10/nGO10_100°C-M, peaks at 1551 cm‒1 and 1640 cm‒1 represented the N-H 

bending and the secondary amide C=O stretching vibration. After post-heat 

treatment, an apparent intensity increase at 1640 cm‒1 was observed for the 

microspheres P-GP10/nGO0_100°C-M and P-GP10/nGO10_100°C-M, which 

could be attributed to the newly introduced secondary amide groups between CS 

and GP due to the nucleophilic substitution of the ester group on GP by the -NH2 

group on CS.111 Additionally, it is highly likely that the smoother surface of the 

post-heated microspheres demonstrated in SEM images was correlated with the 

increased degree of crosslinking (guided by yellow arrows).128   

 
Figure 21. FTIR spectra showing the chemical change before and after post-heat 

treatment of the microspheres GP10/nGO0_100°C-M and GP10/nGO10_100°C-

M. 
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All the spray-dried microspheres showed some heterogeneity in their size, with 

the range varying between 1 to 9 μm (Figure 22). As shown in Figure 22, the mean 

diameters were concentrated in between 1.4 to 2.4 μm. Although the mean 

diameter difference between each sample was small, some trends were observed. 

As described above, increasing the GP content from 5 to 10 wt% resulted in a 

higher degree of crosslinking which could in turn constrain the network structure, 

hence it is reasonable to observe a slightly smaller size for the microspheres with 

the increased GP content. Likewise, post-heat treatment should have decreased the 

microsphere size due to the longer crosslinking reaction; however, larger sizes 

were obtained after post-heat treatment, possibly caused by the inevitable swelling 

of the spheres in the water/methanol solution during the post-heat treatment. The  

influence of the inlet temperature on the size was reflected by increased diameter 

with the higher inlet temperature at 200 °C, which should correlate to a reduced 

bulk density of the atomized droplet.134,135 

 

 
 

Figure 22. Mean diameters of the CS-based microspheres determined statistically 

from FE-SEM images. For each sample, at least 300 microspheres were 

measured. 

 

The zeta-potentials of the microspheres were measured using a dynamic light 

scattering technique and were expected to influence the subsequent drug 

adsorption performance. The prevalence of protonated -NH2 groups on the surface 

of all the samples was proved by the positive zeta-potential values (Figure 23). 

Increasing GP content or applying the post-heat treatment gave lower zeta-
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potential values as a result of the reduction of -NH2 groups with higher degree of 

crosslinking. The incorporation of nGO also impaired the positive charge on the 

sphere surface, which could be attributed to the crosslinking-catalyzing function 

and the abundance of negatively-charged oxygen-containing groups. 

 

 

 

 

 
 

Figure 23. Zeta-potential of the CS-based microspheres. 

 

 

 

4.2.3 CL-derived C-sphere 

In the above studies, C-sphere was converted to nGO, which worked as the 

functional additive to control the structure and properties of the fabricated CS-

based hydrogels and microspheres. Considering its unique morphology and 

chemical components including the abundance of sp2 conjugated aromatic 

structures and oxygen functionalities, C-sphere could be a promising candidate for 

the removal of DCF. Here, CL-derived C-sphere was selected as the adsorbent 

model.  
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Figure 24. The qualitative evidences showing the adsorption of DCF on C-sphere 

from (a) FE-SEM images, (b) FTIR spectra, and (c) 2D FTIR-imaging patterns at 

748 cm−1. 

 

To preliminarily evaluate the adsorption potential of C-sphere towards DCF, 

changes in the C-sphere surface before and after DCF adsorption were analyzed 

by SEM (Figure 24a). The pristine C-sphere exhibited a spherical morphology 

with smooth surface. After adsorption, DCF molecules were observed to be 

adsorbed on the surface of C-sphere, as indicated by the irregular-shaped crystal 

flakes attached on the C-sphere surface. To further prove the successful DCF 

attachment and to investigate the interactions between the C-sphere and DCF, 

FTIR spectra of pristine C-sphere, DCF and C-sphere/DCF were recorded (Figure 

24b). The pristine DCF showed its typical peaks at 3386 cm−1, 1573 cm−1, and 748 

cm−1, which were assigned to N-H stretching, aromatic C=C stretching and C-Cl 

stretching, respectively.136 In the FTIR spectrum of C-sphere/DCF, the attachment 

of DCF on C-sphere was proved by the presence of the peaks representing N-H 

stretching and C-Cl stretching separately at 3347 cm−1 and 748 cm−1. The abundant 
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delocalized π electrons on C-sphere could interact with the benzene rings of DCF 

via the π-π interaction,137 with evidence by the shifted sp2 C=C stretching peak 

from 1597 cm−1 on the pristine C-sphere to 1587 cm−1 on the C-sphere/DCF. The 

generation of hydrogen bonding between C-sphere and DCF was also revealed 

from the shift of N-H stretching peak from 3386 cm−1 on the pristine DCF to 3347 

cm−1 on the C-sphere /DCF, and the shift of C=O stretching from 1692 cm-1 on the 

pristine DCF to 1683 cm−1 on the C-sphere /DCF, which was in agreement with 

previous studies.97,138 The typical C-Cl stretching of DCF located at 748 cm−1 in 

the 2D-FTIR spectrum was used to trace the DCF distribution on the C-sphere 

surface. As shown in Figure 24c, the DCF molecule was unevenly distributed in 

the specific scanning area of 50 μm × 50 μm. The bright yellow/red color on the 

image of C-sphere /DCF indicated higher amount of DCF was attached in this 

region. 

 

4.3 APPLICATION OF THE BIO-ADSORBENTS IN THE 

DCF ADSORPTION STUDY 

DCF, a typical representative of pharmaceutical contaminants, was utilized as a 

model drug to evaluate the application potential of the fabricated bio-adsorbents 

in the pharmaceutical wastewater purification.  

4.3.1 Investigation on the DCF adsorption kinetics 

The fabricated bio-adsorbents demonstrated effective adsorption performances 

towards DCF, with the adsorption efficiency (%) varying from 65.6 to 100%. 

(Figure 25). The DCF adsorption kinetics data of the fabricated bio-adsorbents all 

fitted well with the pseudo-second-order kinetics model  eq. (5)139 with correlation 

coefficients (R2) close to 1.  

 

𝑡

𝑞𝑡
=

1

𝐾 𝑞𝑒
   2 +

1

𝑞𝑒
𝑡                                                                                              (5)  

 

qe (mg/g) and qt (mg/g) represent the adsorption capacities at equilibrium and after 

a specified time t, respectively. K (g mg‒1 min‒1) is the adsorption rate constant, 

and a larger K value could infer a faster adsorption process. The calculated K 

values of the adsorbents followed the order of CS-based microspheres  > CS-based 

hydrogels > CL-derived C-sphere  (Figure 25c, Figure 25b, and Figure 25d),  

which indicated that the shortest time to achieve adsorption equilibrium was by 

the CS-based microspheres, and this was supported by the correlated DCF 
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adsorption kinetics (Figure 25a) showing that the fastest adsorption rate was 

possessed by the CS-based microspheres. The adsorption capacities (qe) of the 

fabricated bio-adsorbents and some other reported bio-based adsorbents were 

summarized in Table 3. Compared with the CS-based hydrogels which has a qe 

value of 1.9 mg/g, the great improvement of qe value in the CS-based microspheres 

to 20.0 mg/g should be attributed to the variation in the size and morphology from 

the macroscopic bulky hydrogels to the microscopic powdery spheres, thus 

leading to an increased specific surface area. CS-based microspheres also 

demonstrated larger qe value than CL-derived C-sphere, which could be explained 

by the dominant contribution from the electrostatic attractions between the CS-

based microspheres with DCF. Among all the studied adsorbents, the CS-based 

microspheres demonstrated the highest adsorption capacity. 

 

Figure 25. DCF adsorption kinetics study. (a) A comparison of the adsorption 

efficiency (%) as a function of time for the fabricated bio-adsorbents. (The 

sample demonstrating the optimal adsorption performance was selected from 

each type of adsorbent, namely the CS-based hydrogel GP10/nGO10-H, CS-

based microsphere GP10/nGO10_100°C-M, and CL-derived C-sphere with 0.5 

mg/mL), and (b, c and d) Pseudo-second-order plots of the fabricated bio-
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adsorbents with the experimental data from the aforesaid samples. The test 

condition was set at pH=5.85, and T=25 °C 

 

 
 
Table 3. A comparison of the adsorption capacity at equilibrium for different 

adsorbents. 

 

4.3.2 Investigation on the DCF adsorption isotherms 

The relationship between the adsorbed DCF on the adsorbent (qe, mg/g) and the 

concentration of DCF residues in the aqueous phase (Ce, mg/L) at equilibrium was 

built with the adsorption isotherms study. Freundlich eq. (6) and Langmuir models 

eq. (7): were used for the experimental data simulation.   

𝑞𝑒 = 𝐾𝐹 ∙ 𝐶𝑒

  
1

𝑛                                                                                                   (6) 

 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                                  (7) 

 
where  KF ((mg g−1) (L mg−1)1/n) and KL(L mg−1) are the Freundlich and Langmuir 

constants; qmax (mg/g) is the maximum adsorption capacity and n is a parameter 

related to the adsorption intensity and the system heterogeneity. CS-based 

microspheres and CL-derived C-sphere were chosen for the adsorption isotherms 

study.  

The experimental data of the CS-based microspheres fitted well with the 

Freundlich model (Figure 26), indicating a heterogenous surface for the 

microsphere with different adsorption sites.142 Since the 1/n was 1.366 (above 1), 

Adsorbent qe (mg/g)             Ref 

CS-based hydrogel 1.9          Paper II 

CS-based microsphere 20.0          Paper III 

CL-derived C-sphere 13.1          Paper IV 

Grape bagasse 11.1           140
 

Olive waste-based 

activated carbon 

13.8           141
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a multilayer adsorption process could be implied.143 The experimental data of the 

CL-derived C-sphere fitted well with Langmuir model (Figure 26), which implied 

that C-sphere demonstrated a homogenous surface with all the adsorption sites 

having the equal DCF affinity. Based on the fundamental assumption of Langmuir 

model, a monolayer adsorption process was proposed.144  

 

 
Figure 26. DCF adsorption study with the Freundlich and Langmuir isotherm 

model applied on the CS-based microspheres and CL-derived C-sphere. 

4.3.3 Insight into the adsorption performance of the individual adsorbent 

 

From the macro aspect, the differences in the adsorption process and adsorption 

performance of the three fabricated bio-adsorbents have been compared and 

discussed. From the micro aspect, the deep exploration into the individual 

adsorbent with some interesting tendencies being revealed is also desirable.  

For the CS-based hydrogels, all the selected samples demonstrated relatively large 

DCF adsorption efficiencies, varying from 91 (for GP2/nGO0-H) to 100% (all the 

other samples). The main change with the increase of the nGO and/or GP amount 

was reflected by the promoted adsorption rate. As shown in the Figure 27a, the 

sample GP10/nGO10-H exhibited the highest adsorption rate indicated from the 

greatest slope in the adsorption stage. The good DCF adsorption ability of the 

hydrogels should be attributed to the combination of several intermolecular 

interactions, including the electrostatic attraction between the protonated NH3
+ on 

CS with the ionized COO- on the DCF, hydrogen bonding between the free 

hydroxyl and amine groups on CS and the oxygen functionalities on nGO with 
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DCF, and the π- π interactions between the delocalized π electrons on nGO with 

the benzene rings of DCF. Incorporation of GP improved the degree of 

crosslinking, which in turn could disrupt the hydrogen bonding between adjacent 

CS chains, leading to the partially impaired CS crystalline structure and the release 

of more free hydrogels groups, thus facilitating the DCF adsorption.145  

For the CS-based microspheres, all the samples demonstrated DCF adsorption 

abilities with indispensable correlation with the positive zeta potential values. 

Variation of the parameters (nGO, GP, inlet temperature and post-heat treatment) 

led to a relatively large DCF adsorption efficiency (%) difference, ranging from 

67.9 to 100% (Figure 27b) and some trends were as follow: 1) For the non-post-

heated microspheres, the positive zeta-potential values were weakened after 

increasing nGO and/or GP amount (Figure 23), whereas the adsorption 

efficiencies (%) on the contrary were increased, inferring the interactions between 

nGO and/or GP with DCF (similar mechanism as discussed in the CS-based 

hydrogels) could offset some side effects from the impaired electrostatic 

interactions. Also, the decrease of the microsphere diameter after GP addition 

could increase the surface area, thus providing more adsorption sites to entrap the 

DCF molecules. 2) Increasing the inlet temperature from 100 to 200 °C impaired 

the adsorption efficiency (%), which can be related with the decreased surface area 

of the microspheres caused by the smoother surface and larger size (Compare 

GP5/nGO10_100°C-M with GP5/nGO10_200-M°C Figure 20 and Figure 22). 3) 

The microspheres after post-heat treatment exhibited lower adsorption efficiencies 

than non-heated microsphere, and this can be explained by the weakened 

electrostatic attractions evidenced by the decreased zeta-potential values as well 

as the decreased surface area supported by the smoother surface and increased 

sphere size (Figure 23, Figure 20, and Figure 22). Also, the post-heat treatment 

could cause excessive degree of crosslinking, resulting in the formation of stronger 

network and more rigid crust of the microsphere, and as a result, impeding the 

diffusion of DCF molecules inside the adsorbent (Figure 20, and Figure 21). 4) the 

nGO addition in the microspheres with post-heat treatment reduced the adsorption 

efficiency (%), which should be also related with the excessive degree of 

crosslinking induced by the crosslinking-catalyzing function of nGO, and the 

intensified blue color with nGO incorporation strongly support this argument 

(Figure 20).  

For the CL-derived C-sphere, increasing pH values from 4.10 to 10.01 led to the 

improved negative zeta potential values (pH=4.10: -45.7 mV, pH=5.85: -47.1 mV, 

pH=10.01: -57.7 mV) (Figure 27c), which is related with the increased 

deprotonation process of oxygen functionalities.146 Since the pKa value DCF is 

4.2, the adsorption efficiency (%) as predicted should become lower with the 
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increased pH, with supports by several similar studies concerning oxidized 

compounds.138,147–149 However, in our study, it is interesting to observe the 

opposite trend that the increase of the pH value actually facilitated the DCF 

adsorption efficiency (%). The increased pH led to higher zeta potential, which 

could benefit the C-sphere stability and dispersity, thus in turn introducing larger 

surface area to favour the adsorption process. 

 
Figure 27. The DCF adsorption study on (a) CS-based hydrogels, (b) CS-based 

microspheres and (c) CL-derived C-sphere (the test for CL-derived C-sphere was 

carried out for 1 h).  All the tests were carried out at room temperature and the 

concentration of the initial DCF solution was 0.01 mg/mL. 

 

 

For the CL-derived C-sphere, another meaningful exploration is to evaluate the 

spontaneity of the DCF adsorption process via its thermodynamic study. The 

thermodynamic parameters including entropy change (ΔS°), enthalpy change 

(ΔH°) and Gibbs free energy change (ΔG°) can be determined with the eq. (7) to 

(9):   



RESULTS AND DISCUSSION 

41 

𝐷 =
𝑞𝑒

𝑐𝑒
                                                                                             (7) 

𝑙𝑛𝐷 =
∆𝑆°

𝑅
−

∆𝐻°

𝑅𝑇
                                                                               (8) 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°                                                                         (9) 

 
where D is the equilibrium constant, ΔS° represents the entropy change (J mol ‒1 

K ‒1), ΔH° represents the enthalpy change (kJ mol ‒1), and ΔG° represents the 

Gibbs free energy change (kJ mol ‒1). R is the gas constant (8.314 J mol ‒1 K ‒1), 

and T is the temperature (K).  The values of ΔH° and ΔS° can be determined by 

plotting lnD versus 1/T (Figure 28).   

 

 
Figure 28.  Plot of lnD versus 1/T for the estimation of thermodynamic 

parameters for DCF adsorption on C-sphere. The temperature was selected 

between 298 K to 333 K. 

 

Table 4. Thermodynamic parameters for the adsorption of DCF by C-sphere. 

T (K) Adsorption 

efficiency (%) 

ΔG° (kJ mol ‒1) ΔH° (kJ mol ‒1) ΔS° (J mol ‒1 K 
‒1) 

298    65.6 -4.46 37.01 139.18 

310    86.9 -6.13   

329    90.7 -8.78   

333    94.4 -9.33   

 

As seen from the thermodynamic parameters (Table 4), the negative values of ΔG° 

obtained at the predetermined temperatures indicated spontaneous adsorption 

process. The adsorption process is inferred to be endothermic and dominant by the 

physisorption based on the positive value of ΔH° (37.01 kJ mol ‒1) and the absolute 

value of ΔH° is below 40. Moreover, the positive value of ΔS° indicated the DCF 

adsorption by C-sphere is an process of entropy increment, where the randomness 
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increased at the solid-solution interface. These tendencies are in consistent with 

some previous studies.150,151   

4.3.4 Reusability of the bio-adsorbents 

 

Adsorbent reusability is of vital importance to make the adsorption process 

environmentally sustainable and economically feasible. This indicates that the 

adsorbents can be used over several cyclic adsorption and desorption cycles 

without showing considerable decline in the adsorption performance.  

As a proof of concept, the CS-based composite microspheres with 

GP10/nGO0_100°C-M  and GP10/nGO10_100°C-M were selected for the 

reusability study. Figure 29 illustrated the DCF adsorption efficiency (%) versus 

the number of the cycles. Both microspheres demonstrated appreciable adsorption 

efficiencies (%) during the six-time cyclic process. Although the adsorption 

performance somewhat declined with increasing number of cycles, an adsorption 

efficiency (%) above 70% could be maintained for both microsphere samples. The 

incorporation of nGO promoted the reusability of the microspheres reflected by 

the higher adsorption efficiency (%) compared to the microspheres without nGO.  

 

 
Figure 29. Reusability of the fabricated adsorbent. CS-based microspheres 

GP10/nGO0_100°C-M and GP10/nGO10_100°C-M were selected as examples. 

The DCF adsorption efficiency (%) was investigated during six cycles of 

adsorption and desorption process. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/adsorbent
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5 CONCLUSIONS 

In this thesis, a sustainable and top-down strategy for the valorization of the 

polysaccharides including chitosan and cellulose through a streamline of 

‘‘Polysaccharide → Functional intermediate and/or enhancer → Polysaccharide-

based materials’’ was demonstrated. And the fabricated polysaccharide-based 

materials were finally dedicated to the removal of trace pharmaceuticals in the 

wastewater. The following efforts are believed to promote the development of a 

sustainable environment for the future: 

 

(I) ‘‘Polysaccharide →  Functional intermediate and/or enhancer’’ was 

achieved through a two-step process including an efficient and energy-

saving microwave-assisted hydrothermal degradation of the 

polysaccharides to the carbonaceous intermediate C-sphere, and further 

oxidation of the C-sphere to nGO under the oxygen-rich acidic condition. 

The nGO was orange-brown in colour, indicating the abundance of 

oxygen functionalities . For CS-derived nGO, C/O ratio was around 3.2 

and the mean diameter was around 80 to 100 nm.  

 

(II) ‘‘Functional intermediate and/or enhancer →  Polysaccharide-based 

materials’’ was achieved via the successful fabrication of three types of 

bio-based adsorbents, namely CS-based composite hydrogels, CS-based 

composite microspheres, and CL-derived C-sphere.  

 

• The CS-based composite hydrogels with honeycomb networks were 

fabricated by using GP as a natural crosslinker and the CS-derived 

nGO as the functional enhancer. Through the adjustment of nGO 

and/or GP concentration, the microstructure and physicochemical 

properties could be altered accordingly. nGO was proved to catalyse 

the GP-induced crosslinking reaction, and the secondary interactions 

between nGO and the CS matrix could also contribute to the intensified 

network structure.  
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• On the basis of the fabrication of CS-based hydrogels with 

macroscopic shape, a step forward was made via changing the size and 

morphology to the spherical particles in micro-size. The CS-based 

composite microspheres were in-situ crosslinked through a fast one-

pot spray-drying technique. The surface morphology, size, and zeta-

potential could be tuned via simple regulation of the variables 

including the feed ratios of GP or nGO, inlet temperature and post-heat 

treatment.  

• CL-derived C-sphere demonstrated spherical shape with smooth 

surface, and the size distribution was mostly at nanoscale. CL-derived 

C-sphere possessed the conjugated carbon skeleton with the presence 

of some oxygen functionalities on the surface, thus inducing the 

interactions with the DCF molecules, which was qualitatively proved 

by the combination of  SEM, FTIR, and 2D-FTIR.  

 

(III) The aforesaid bio-adsorbents demonstrated effective adsorption 

performances towards DCF, with the adsorption efficiency (%) 

varying from 65.6 to 100%. Secondary intermolecular interactions 

including  the electrostatic attraction, hydrogen bonding, and π- π 

interactions between the adsorbents and DCF were proposed as the 

dominant adsorption mechanisms. The adsorption kinetics of the three 

adsorbents were well described by the pseudo-second-order model 

where the rate constant K values were inferred. The CS-based 

microsphere was superior to the other two adsorbents as implied by the 

largest adsorption capacity and the fastest adsorption kinetics. 

Freundlich and Langmuir models were used respectively to illustrate 

the isothermal adsorption process of CS-based microspheres and CL-

derived C-sphere, indicating that the DCF adsorption by the above two 

adsorbents were multilayer and monolayer process separately. Besides, 

the DCF adsorption process on C-sphere was proved to be spontaneous 

and endothermic, reflected by the negative ΔG° and positive ΔH°. 

Moreover, the influences of different parameters on the adsorption 

performance were investigated for the individual adsorbents, which 

should be correlated with the interior network, morphology, size or the 

surface zeta potential. Finally as a proof of concept, the CS-based 

microspheres were selected to perform the reusability study. Results 

revealed an adsorption efficiency (%) above 70% could be maintained 

after six cycles and the incorporation of nGO could improve the 

reusability.  
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6 FUTURE WORK 

• We have demonstrated a method to transform the pure polysaccharides 

CS and CL into the multifunctional carbon products C-sphere and nGO 

through the microwave-assisted hydrothermal carbonization technique, 

thus accomplishing the concept of biomass upgrade. The attempt at 

utilizing CS or CL-rich raw biomass (i.e. wood, grass, shrimp or crab 

shells) as starting materials are also worthwhile for the industrial 

application.  

 

• Nitric acid of high concentration participated in the process of nGO 

synthesis. Reducing its concentration or seeking greener alternatives to 

replace nitric acid could fit better for the sustainable goal.  

 

• The bio-adsorbents with potential application in the pharmaceutical 

wastewater purification have been fabricated, and DCF adsorption study 

was performed in the ideal condition by using deionized water as the 

model water. However, in the realistic condition, the wastewater might 

have large amount of competitive ions and organic compounds etc. Also 

the difference of pH value is expected to affect the mechanical stability 

of adsorbents and their adsorption performance. Hence, it can be 

interesting to evaluate the mechanical stability and the adsorption 

selectivity of the fabricated adsorbents in the targeted wastewater.  

 

• Property optimization of the aforesaid adsorbents is still of significance 

for the future application, which can include 1) improving the mechanical 

strength of the CS-based hydrogel and microspheres to adapt to the 

relatively harsh wastewater condition; 2) increasing the specific surface 

area of CL-derived C-sphere to improve its adsorption capacity via pore 

generation; 3) investigating the eco-friendly strategy for the adsorbent 

(CL-derived C-sphere and CS-based hydrogel) recovery; 4) exploring 

economical and facile approach for the adsorbents collectivity.  
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