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of aqueous micropollutants. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 778, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Micropollutants are synthetic or natural organic compounds that are present in the environment at
very low concentrations. They end up in nature via industrial and domestic wastewaters, for
example, and are suspected of having adverse effects on the environment and biota. Conventional
wastewater treatment processes fail to remove them completely and therefore there is an urgent
need for new technical solutions that improve the treatment processes at wastewater treatment
plants and/or at the point source. Biobased cellulose nanomaterials provide an environmentally
friendly option for micropollutant removal from water due to their inherent properties, such as
customizability and high reactive surface area.

In this work, a urea–lithium chloride (LiCl) deep eutectic solvent (DES)-based pretreatment for
the preparation of anionic cellulose nanomaterials was developed. Moreover, three different
concepts (batch, precipitation, filtration) were developed where an investigation was made of the
suitability of charged cellulosic nanomaterials prepared with DES pretreatments for the removal
of ionizable micropollutants (pharmaceutical, dyes), either alone or in combination with natural
inorganic materials. According to the results, urea–LiCl DES acted as a non-reactive solvent that
swelled the fiber matrix and allowed carboxylation of the fiber surface with succinic anhydride.
Based on concept testing, anionic and cationic cellulosic nanomaterials were capable of binding
ionizable micropollutants to themselves. Increasing the dose of cellulosic nanomaterial improved
the removal of the micropollutant but complicated the separation of the exhausted material from
the treated water. The intensity of the interaction was mainly dependent on the pH of the solution,
which affected the charge of both the adsorbent and the micropollutant. In addition, combining the
cellulosic nanomaterial with natural inorganic particles or materials facilitated the separation of
both from the treated water and in some cases, improved the purification result.

This work provides new insights into the interaction of organic compounds and cellulose
nanoparticles in different removal concepts and demonstrates the suitability of charged cellulosic
nanomaterials and their hybrid structures for reducing ionizable micropollutants from aqueous
solutions.

Keywords: adsorption, cellulose, clay minerals, deep eutectic solvents, nanocellulose,
pollutants, wastewater treatment
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Tiivistelmä

Mikropollutantit ovat synteettisiä tai luonnollisia orgaanisia yhdisteitä, joita esiintyy ympäristös-
sä erittäin alhaisissa pitoisuuksissa. Ne päätyvät luontoon esimerkiksi teollisuuden ja kotitalouk-
sien jätevesien mukana, jossa niiden epäillään aiheuttavan haitallisia vaikutuksia ympäristöön ja
eliöstöön. Perinteiset jätevedenpuhdistusprosessit eivät sellaisenaan poista mikropollutantteja
tehokkaasti, joten uusien teknologioiden kehitys jätevesien esi- tai jatkokäsittelyä varten on tar-
peen. Biopohjaiset selluloosananomateriaalit ovat ympäristöystävällinen vaihtoehto mikropollu-
tanttien poistoon vedestä johtuen niiden luontaisista ominaisuuksista, kuten muokattavuudesta ja
suuresta reaktiivisesta pinta-alasta.

Tässä työssä kehitettiin ureasta ja litiumkloridista (LiCl) muodostuvaan syväeutektiseen liu-
ottimeen (DES) pohjautuva esikäsittely anionisten selluloosananomateriaalien valmistukseen.
Lisäksi työssä kehitettiin kolme eri konseptia (panos, saostus, suodatus), joissa tutkittiin erilais-
ten DES-esikäsittelyiden avulla valmistettujen varauksellisten selluloosananomateriaalien sovel-
tuvuutta ionisoituvien mikropollutanttien (lääkeaine, väriaineet) poistoon joko yksinään, tai
yhdistettynä luonnosta saataviin epäorgaanisiin materiaaleihin. Tulosten perusteella urea–LiCl
DES toimi ei-reaktiivisena liuottimena, joka turvotti kuitumatriisia ja mahdollisti kuidun pinnan
karboksylaation meripihkahappoanhydridillä. Konseptitestauksien perusteella anioniset ja katio-
niset selluloosananomateriaalit kykenivät sitomaan ionisoituvia mikropollutantteja itseensä. Sel-
luloosananomateriaalin määrän kasvattaminen paransi mikropollutantin poistumaa, mutta vai-
keutti materiaalin erotusta käsitellystä vedestä. Vuorovaikutuksen voimakkuus oli pääsääntöises-
ti riippuvainen liuoksen pH:sta, joka vaikutti sekä adsorbentin että mikropollutantin varaukseen.
Lisäksi havaittiin, että selluloosananomateriaalin yhdistäminen luonnosta saataviin epäorgaani-
siin partikkeleihin tai materiaaleihin edesauttoi molempien erotusta käsitellystä vedestä ja jos-
sain tapauksissa paransi puhdistustulosta.

Tämä työ tarjoaa uutta tietoa orgaanisten yhdisteiden ja selluloosananopartikkeleiden vuoro-
vaikutuksesta erilaisissa poistokonsepteissa, sekä osoittaa varauksellisten selluloosananomateri-
aalien ja niiden hybridirakenteiden soveltuvuuden ionisoituvien mikropollutanttien vähentämi-
seen vesiliuoksista.

Asiasanat: adsorptio, haitalliset aineet, jäteveden käsittely, nanoselluloosa,
savimineraalit, selluloosa, syväeutektiset liuottimet
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Abbreviations and symbols 

ACNF Anionic cellulose nanofiber 

AFM Atomic force microscopy 

AgHCl Aminoguanidine hydrochloride 

AGU Anhydroglucose unit 

BET Brunauer-Emmett-Teller 

BJH Barrett-Joyner-Halenda 

CAS Chrome azurol S 

CCNC Cationic cellulose nanocrystal 

CCNF Cationic cellulose nanofiber 

CDAC Cationized dialdehyde cellulose 

CEC Contaminant of emerging concern 

CN Cellulose nanomaterial 

CNC Cellulose nanocrystal 

CNF Cellulose nanofiber 

Cryo-SEM Cryo-scanning electron microscopy 

CTAB Hexadecyl(trimethyl)ammonium bromide, cetrimonium bromide 

DAC Dialdehyde cellulose 

DES Deep eutectic solvent 

DRIFT Diffuse reflectance infrared Fourier transform spectroscopy 

EFTEM Energy-filtered transmission electron microscopy 

EQS Environmental quality standard 

ETEM Environmental transmission electron microscopy 

EU European Union 

FESEM Field emission scanning electron microscopy 

GP Inorganic foam, geopolymer foam 

GP-AA Acid-washed inorganic foam 

GP-H-AA Heat-treated acid-washed inorganic foam 

HBA Hydrogen bond acceptor 

HBD Hydrogen bond donor 

HNT Halloysite nanotube 

IL Ionic liquid 

LS Laser diffraction 

MBR Membrane bioreactor 

MO Methyl orange 

MP Micropollutant 
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NORMAN The network of reference laboratories, research centres and 

related organisations for monitoring of emerging environmental 

substances 

PES-Na Sodium polyethylene sulfonate 

PMMA Poly (methyl methacrylate) 

Poly- 

DADMAC Poly (diallyldimethylammonium chloride) 

POP Persistent organic pollutant 

PTFE Poly (tetrafluoroethylene) 

SAL Salbutamol 

SC Succinylated cellulose 

SEM Scanning electron microscopy 

SSA Specific surface area 

TEM Transmission electron microscopy 

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy 

TGA Thermogravimetric analysis 

UV-vis Ultraviolet-visible spectroscopy 

WAXD Wide-angle X-ray diffraction 

WFD Water framework directive 

WWTP Wastewater treatment plant 

XRF X-ray fluorescence 

 

C Mass fraction of cellulose 

C0 Initial adsorbate concentration (mg L−1) 

Ce Adsorbate concentration at equilibrium (mg L−1) 

Ct Adsorbate concentration at time t (mg L−1) 

CrI Crystallinity index (%) 

DP Degree of polymerization  

qe Adsorption capacity at equilibrium (mg g−1) 

qt Adsorption capacity at time t (mg g−1) 

H Mass fraction of hemicellulose 

Iam Peak intensity of the amorphous fraction of cellulose 

I200 Peak intensity of the main crystalline plane of cellulose 

Ka Acid dissociation constant  

Kd Solid–water distribution coefficient (L kg−1) 

KF Freundlich coefficient (mg g−1)/(mg L−1)n 

KH Henry’s law constant [unitless, or (Pa m3 mol−1)] 
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Kow Octanol–water partition coefficient 

LOI Loss on ignition (%) 

λmax Wavelength of maximum absorption (nm) 

m Dry weight (g) 

n Freundlich intensity parameter 

[η] Limiting viscosity (dm3 kg–1) 

NTUR Turbidity of a sample in nephelometric turbidity units 

NTUS Turbidity of a reference sample in nephelometric turbidity units 

t Time (min) 

V Volume (L) 

wt% Consistency (%), the weight of the dry fibers (g) divided by the 

total weight of the sample (g) 

% w/v Weight of the solute (g) divided by the volume of the solution 

(mL), in percentage terms (%)  
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1 Introduction 

Cellulose is the most abundant biopolymer on earth, found in the cells of green 

plants (e.g., wood, cotton, hemp), fungi, marine tunicates, and algae [1], [2]. 

Certain bacteria also directly excrete cellulose fibrils with the purpose of creating 

an external protective network. Wood-based cellulose fibers have traditionally been 

used as a raw material for paper and cardboard. However, there is a shift towards 

the utilization of the elementary cellulose species, i.e., cellulose nanomaterials, in 

various applications because of their outstanding mechanical, physical, and 

chemical features, which originate from the defined hierarchical structuring at 

molecular level. Some of the main applications of cellulose nanomaterials are 

viscosity modifiers, food packaging, fiber-reinforced composites, electronics, 

optics and sensing, as well as drug delivery and tissue engineering [3]. The natural 

origin of cellulose nanomaterials, combined with their unique properties, also 

makes them suitable materials for environmental applications, such as wastewater 

treatment [4]. The introductory part of this thesis begins with a description of the 

structure and properties of cellulose, after which a summary is given of different 

types of cellulose nanomaterials and how they can be extracted from cellulose 

fibers. Then, chemical pretreatment methods used to facilitate the production of 

cellulose nanomaterials are reviewed. The last section introduces micropollutants 

and the challenges in their removal from aqueous environments. Finally, the 

utilization of cellulose nanomaterials alone or in combination with other materials 

for micropollutant removal is discussed. The focus throughout this thesis is on 

wood-based cellulose nanomaterials, as it is the raw material used in Papers I–IV. 

1.1 Cellulose 

Cellulose is a polysaccharide and a linear homopolymer consisting of D-

glucopyranose (glucose) molecules [1]. The repeating unit (i.e., cellobiose) is 

formed from two anhydroglucose units (AGUs) that are linked via oxygen, which 

is covalently bound to the carbon C1 of one glucose molecule and to the C4 of the 

next glucose molecule (Fig. 1). This linkage (C1→C4) is called the β-1,4 glycosidic 

bond. In addition, every second AGU ring is rotated 180° to optimize the bond 

angles of the oxygen bridges. The linear configuration of the cellulose chain is a 

result of the intrachain hydrogen bonds between the hydroxyl groups and oxygens 

(e.g., O3–H···O5) of the adjoining glucose molecules which stabilize the β-1,4 

glycosidic bonds. The cellulose chain length is expressed in the number of AGUs 
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(i.e., degree of polymerization, DP), and it depends on the cellulose origin and 

processing done on the polymer [1]. For native cellulose it is ~10000–15000 [2], 

whereas it is typically in the range of 300–1700 for wood cellulose [1]. Each of the 

AGUs carry two secondary hydroxyl (–OH) groups at positions C2 and C3, and a 

primary hydroxyl group at position C6. One end of the cellulose chain is terminated 

with the original D-glucopyranose unit containing the intact C4–OH group (i.e., the 

non-reducing end), while the other is terminated with C1–OH, which is in 

equilibrium with the aldehyde structure (i.e., the reducing end).  

 

Fig. 1. Molecular structure of cellulose (n = DP). 

Individual cellulose chains do not exist in nature. Instead, the chains are organized 

in sheets, and the sheets are stacked together, forming a crystallite. The chains in 

the sheets are held together by intramolecular (O3–H···O5 and O2–H···O6) and 

intermolecular (O6–H···O3´) hydrogen bonding [5]–[7], whereas van der Waals 

forces exist between the sheets. Crystalline cellulose exists in four polymorphs (I, 

II, III, and IV). Natural cellulose produced by plants and organisms has a cellulose 

I crystalline structure, which has two coexisting polymorphs, Iα and Iβ [2]. The 

Iα/Iβ ratio depends on the cellulose origin, but Iα dominates in algae [8] and 

bacteria [9], whereas Iβ is the dominant polymorph in higher plants (e.g., trees) and 

tunicates [10]. The cellulose chains in sheets in both cellulose Iα and Iβ run parallel, 

i.e., the 1→4 link points in the same direction [2]. Cellulose I is thermodynamically 

metastable and can be irreversibly converted to cellulose II (having antiparallel 

configuration) by mercerization (i.e., treatment with sodium hydroxide) or 
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regeneration (i.e., dissolution and recrystallization) [1]. Celluloses I and II can be 

reversibly converted to cellulose III for example by treatment with liquid ammonia 

and cellulose III can be converted to cellulose IV by subsequent thermal treatment 

[2]. However, recent research suggests that cellulose IV may not be a true 

polymorph but a disordered form of cellulose Iβ [11], [12]. 

The parallel stacking of cellulose chains results in the formation of elementary 

fibrils, which are ~2–20 nm in diameter (3–4 nm in wood), several µm long and 

have high axial stiffness owing to the inter- and intramolecular hydrogen bonding 

[1], [2]. It is noteworthy that, in native fibrils, cellulose is never totally crystalline 

but semi-crystalline, because short disordered regions coexist in the structure. The 

degree of crystallinity in native cellulose is typically in the range of 40–70%, 

depending on the origin and the method of isolation [13]. The elementary fibrils 

aggregate further into microfibrils, which are the structural element responsible for 

the reinforcement of the cell walls of green plants, fungi, marine tunicates, and 

algae [1], [2]. In wood, the majority of the cellulose microfibrils reside in the matrix 

of the secondary cell-wall layer S2 together with hemicelluloses and lignin (Fig. 2) 

[13].  

Fig. 2. Hierarchical structuring of cellulose (Reprinted [adapted], with permission, from 

[14] © 2016 University of Oulu). 



24 

1.2 Cellulose nanomaterials 

The disassembly of the wood fiber structure (Fig. 2) results in the isolation of highly 

crystalline nanorods, termed cellulose nanocrystals (CNCs), and/or longer and less 

crystalline cellulose nanofibers (or nanofibrils; CNFs), collectively referred to as 

cellulose nanomaterials [15]. The isolation of cellulose nanomaterials from wood 

starts usually with the separation of the fibers from most of the matrix materials, 

i.e., hemicelluloses, lignin, extractives, and impurities. This is achieved for instance 

during chemical pulping processes. Thus, typical raw materials in the production 

of cellulose nanomaterials are Kraft pulp and dissolving pulp, which consist of 

fibers having a diameter in the tens of µm, and a length of > 2 mm [2]. However, 

the utilization of lignin-rich raw materials (e.g., sawdust, wood chips) is also 

possible, resulting in lignin-containing nanomaterials (also referred to as 

lignocellulosic nanofibers/nanomaterials or wood nanofibers/nanomaterials) [16], 

[17]. Next, the cellulose nanomaterials are extracted from the fibers by acid 

hydrolysis, mechanical disintegration, enzymatic or chemical pretreatments, or a 

combination of different methods. Typically, CNCs are produced by removing the 

disordered segments of fibers by acid hydrolysis, whereas CNFs are a product of 

the mechanical disintegration of fibers [15]. In addition, chemical modifications 

are often performed on the fibers before mechanical disintegration to facilitate the 

fibrillation process.  

1.2.1 Cellulose nanocrystals 

CNCs are highly crystalline, short, and needle-shaped rods, typically having a 

diameter of 3–50 nm and length of 50–500 nm depending on the source and 

extraction conditions [2], [13], [18]. Production of CNCs from wood starts with 

mechanical size reduction (i.e., via milling or grinding) and is followed by 

purification (e.g., alkali treatment, bleaching), acid hydrolysis, and mechanical/ 

ultrasound treatment [18]. During acid hydrolysis, the disordered regions of the 

cellulose microfibrils are removed (i.e., hydrolyzed), leaving the crystalline regions 

mainly intact. The hydrolysis process starts by mixing the cellulose raw material 

with the acid solution under defined conditions (acid concentration, time, 

temperature). The reaction is quenched with the addition of water, after which the 

remaining acids/salts are removed during a series of washing and separation steps 

(e.g., centrifugation, filtration, dialysis). Finally, the suspension can be subjected to 

mechanical treatment or ultrasound to disintegrate the CNCs [2], [18]. The most 
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common acid used in the process is sulfuric acid (H2SO4), because it introduces 

negatively charged sulfate ester groups on the surface of the crystals, which 

facilitates the dispersibility of CNCs in water. Other acids such as hydrochloric acid 

(HCl) [19], oxalic acid [20], hydrogen bromide (HBr) [21], and phosphoric acid 

(H3PO4) [22] have also been studied for CNC production. Although popular, acid 

hydrolysis has some drawbacks such as the poor thermal stability of the CNCs, 

corrosion of the equipment used, high energy consumption, and increased risk to 

health and the environment [18]. Therefore, newer techniques have emerged that 

use solid (e.g., phosphotungstic acid; H3PW12O40) [23], [24] or gaseous acids (e.g., 

HCl) [25].  

1.2.2 Cellulose nanofibers 

CNFs are long, semi-crystalline fibers reminiscent of elementary fibrils. CNFs 

possess some unique features such as a high aspect ratio, inherent hydrophilicity 

(due to surface hydroxyl groups), and the tendency to form gels in water with 

thixotropic and shear-thinning behavior [13]. They can be liberated from wood 

fibers using mechanical disintegration processes (i.e., nanofibrillation), which 

produce high shear forces on the fibers and cause transverse cleavage along the 

longitudinal axis of the microfibrils [18]. The nanofibrillation process alone results 

in the formation of microfibrillated cellulose (MFC, 10–100 nm wide, 0.5–10 µm 

long) and/or smaller CNFs (4–20 nm wide, 0.5–2 µm long) [2]. The most common 

disintegration processes are high-pressure homogenization (using homogenizers 

and microfluidizers) [26], [27], grinding/refining [28], cryo-crushing [29], and high 

intensity ultrasonic treatments [30]. Newer techniques include steam explosion [31], 

extrusion [32], and aqueous counter collision techniques [33]. The main challenges 

associated with the mechanical disintegration process are high energy consumption 

(originating from the hierarchical and recalcitrant structure of the plant cell wall), 

and the aggregation of the fibers (originating from the inherent tendency of fibrils 

to form entangled networks) during the pumping of the slurry through the 

disintegration device [18]. In addition, many of the nanofibrillation processes 

produce aqueous CNF dispersions with a very low solids content (< 5%), which 

affects the transportation costs, storage, and applications [34]. 

To facilitate the disintegration into thinner CNFs and decrease the energy 

consumption, additional pretreatment steps are often included, such as enzymatic 

hydrolysis, chemical treatments, use of never-dried material, and partial removal 

of matrix material (i.e., hemicelluloses and lignin) [2], [18], [35]. Pretreatment 
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alters the cellulosic material, for instance by increasing the surface area, breaking 

and preventing the formation of hydrogen bonds, altering the crystallinity, 

increasing the reactivity, and preventing the collapse and aggregation of the fibrils, 

all of which contribute to the energy consumption and risk of device clogging. The 

choice of pretreatment method depends on the cellulose source and on the desired 

morphology of the cellulose nanomaterial. This thesis focuses on chemical 

pretreatment methods and therefore, they are reviewed next. 

1.2.3 Surface functionalized cellulose nanomaterials via chemical 

pretreatment 

Surface functionalized cellulose nanomaterials can result from pretreatments 

performed before nanofibrillation, or from post-production modification of CNFs 

(also CNCs). Cellulose fiber pretreatments typically aim at improving the 

nanofibrillation with the added benefit of resulting in functionalized CNFs suitable 

for further processing or direct utilization in applications [34]. Post-production 

modification of CNFs (or CNCs), on the other hand, seeks to improve their 

compatibility for applications. In general, surface modification imparts steric or 

electrostatic effects to the nanoparticles and improves the surface properties, which 

facilitates compatibility with other substances, for example, dispersibility in 

solvents and polymers [18]. It can also change the thermal stability, moisture uptake, 

and hydrophilic/hydrophobic properties of the nanoparticles. 

Cellulose fiber pretreatment to enhance nanofibrillation can be roughly divided 

into three categories: 1) enzymatic hydrolysis, 2) chemical modifications, and 3) 

other types of pretreatment methods [34]. Enzymatic pretreatment typically utilizes 

cellulases (i.e., endo- and exo-glucanases and cellobioses), which hydrolyze certain 

parts of the cellulose and thus aid nanofibrillation. However, the resulting CNFs 

are not functionalized. Chemical modifications, in turn, target the reactive positions 

of AGUs and result in the formation of surface functionalized CNFs. The other 

chemical methods include techniques whose mechanism of action is attributed to 

the swelling and weakening of the fiber structure, e.g., treatment with NaOH or 

imidazole, and the use of deep eutectic solvents (DESs). 

Cellulose AGU has three hydroxyl groups at positions C2, C3, and C6 that can 

be substituted or oxidized (Fig. 1) [18]. However, most of the hydroxyl groups 

reside within the fiber structure before nanofibrillation and cannot participate in 

surface reactions. It has been estimated that in microscopic cellulose only ~2% of 

the hydroxyl groups are accessible at the surface [36]. The accessibility of the 
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hydroxyl groups can be improved by increasing the surface area by using swelling 

agents (e.g., NaOH) [37]. The disordered and crystalline regions that reside along 

the fibers also have different reactivity. Compared with crystalline domains, the 

disordered regions have fewer and weaker hydrogen bonds among the chains, 

which makes them more accessible to reagents [18]. In addition, the hydroxyl 

groups at C2, C3, and C6 are expected to have similar reaction rates in disordered 

regions, whereas in crystalline domains the hydroxyl group at C3 is virtually 

unavailable, due to the strong intrachain hydrogen bonding to O5 [38]. Moreover, 

some celluloses can also contain carbonyl and carboxyl groups originating from 

the pulping process, for instance.  

Chemical modifications can be further divided into two groups: reactions that 

target the hydroxyl groups and reactions that open the AGU rings [34]. Chemical 

modifications of hydroxyl groups include 2,2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO) oxidation [39], carboxymethylation [40], phosphorylation [41], 

sulfoethylation [42], and quaternization [43], [44] (Fig. 3). Periodate oxidation, in 

turn, induces the ring opening reaction in the AGU [45]. Metaperiodate 

regioselectively oxidizes positions C2 and C3 of the AGU, which results in 

breakage of the C–C bond, ring opening, and the introduction of aldehyde 

functionalities in the oxidized positions [34]. Aldehyde groups are highly reactive, 

which enables consecutive reactions such as reduction into alcohols [46], oxidation 

into carboxylic acids [47], cationization [48], [49], and anionization [50], [51] (Fig. 

3). Ozone can also be used to introduce aldehyde or carboxyl groups to the cellulose 

structure, but does not cause AGU ring opening [52], [53]. 
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Fig. 3. Examples of chemical pretreatments of cellulose fibers to improve 

nanofibrillation (Modified from [34]). 

1.2.4 Deep eutectic solvents in the production of cellulose 

nanomaterials 

DESs are a novel class of chemicals that can function as solvents, reagents, or 

catalysts in various applications [54]. They generally consist of two or three 

components capable of self-association and, as a result, a eutectic mixture is formed 

with a significantly lower melting point than that of each individual component that 

it is formed of. DESs are synthetized by complexing a hydrogen bond acceptor(s) 

or HBA (typically halide salts of quaternary ammonium or phosphonium cation) 

with metal salts or a hydrogen bond donor(s) or HBD (e.g., urea, glycerol, or 

ethylene glycol) [54]. The strong hydrogen bonding between the components 
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prevents the crystallization of the precursor components and yields a liquid phase 

at moderate temperatures (i.e., < 100 °C) [55]. In practice, DESs are typically 

formulated by mixing the components at a prescribed molar ratio and heating the 

mixture at a slightly elevated temperature (often 60–100 °C) until a homogenous 

and clear liquid is formed.  

The first study reporting DES (melting point 12 °C), consisting of choline 

chloride (melting point 302 °C) and urea (melting point 133 °C) in a molar ratio of 

1:2, respectively, was published in 2003 [56]. Since then both the number of 

publications and the variety of applications have increased tremendously. DESs 

have been used in organic syntheses, in metal electrodeposition and polishing, in 

nanotechnology, and for biomass and biodiesel processing [57]. The interest in 

DESs is linked with the general trend of replacing traditional organic solvents with 

less hazardous (“greener”) alternatives. DESs are an attractive choice, because they 

can potentially be prepared from readily available, inexpensive, biodegradable, and 

low toxicity components [54]. In addition, DESs are often safe to handle due to the 

low vapor pressure [58], and the DES can be recycled in some cases [59], [60].  

DESs have been employed as fiber-swelling agents (i.e., non-reactive DES), 

reaction media (i.e., carrying other reagents), and reagents (i.e., reactive DES) 

during the pretreatment of wood-based cellulose fibers. The HBA and HBD 

forming the DES can penetrate the disordered regions of the fibers, which causes 

disruption and rearrangement in the hydrogen bond networks in the microfibrils, 

thus loosening and swelling the structure [17], [61]. Consequently, the reactive 

hydroxyl groups become more accessible for further modifications, which enables 

the use of DES as a reaction medium. A DES medium can also become a reagent if 

it contains components that can react with hydroxyl groups.  

Choline chloride–urea DES (molar ratio 1:2) has been shown to act as a non-

hydrolytic pretreatment medium enhancing the nanofibrillation of birch pulp [61], 

several cellulose board grades [62], [63], and pulped wood powder [64]. Likewise, 

DES systems composed of ammonium thiocyanate–urea (molar ratio 1:2), 

guanidine hydrochloride–urea (molar ratio 1:2) [65], and choline chloride–

imidazole (molar ratio 3:7) [64], [66] have been shown to swell the fibers and 

enhance the production of CNFs from birch Kraft pulp, hardwood Kraft pulp, and 

pulped wood powder, respectively.  

Considering the use of DES as a reaction medium, the anionization and 

cationization of ground wood and chemical pulps (preceding nanofibrillation) have 

been performed in triethylammonium chloride–imidazole (molar ratio 3:7 or 1:2) 

DES [67], [68]. DESs have been simultaneously applied as a reaction medium and 
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a reagent in the sulfation of dissolving pulp, ground wood pulp, and sawdust in 

sulfamic acid–urea (molar ratio 1:2, 1:3 or 1:4) [69], [70], and aminoguanidine 

hydrochloride–glycerol (molar ratio 1:2) DES has been used to cationize 

dialdehyde cellulose (from Kraft birch pulp) [59].  

Acidic DESs have also been studied for the isolation of CNCs from wood pulps. 

Choline chloride combined with oxalic acid (molar ratio 1:1 or 1:2) is one of the 

most studied systems, and it has been used to extract CNCs from dissolving pulp 

[71] and Kraft pulp [72]. Recently, slight modifications to the system have been 

reported with the introduction of FeCl3·6H2O [73] or p-toluene sulfonic acid [74]. 

1.3 Micropollutants 

Micropollutants (sometimes also referred to as emerging pollutants/contaminants, 

or contaminants of emerging concern) are organic compounds frequently detected 

in surface and ground waters, drinking water, and effluents at trace concentrations 

(typically ng L−1 to µg L−1) [75]–[78]. The network of reference laboratories, 

research centres and related organisations for monitoring of emerging 

environmental substances (NORMAN) defines an emerging pollutant as “a 

substance currently not included in routine environmental monitoring programs 

and which may be candidate for future legislation due to its adverse effects and/or 

persistency” [79]. They can be natural or manmade, and include pharmaceuticals, 

personal care products, hormones, industrial chemicals, pesticides, and emerging 

compounds. The main sources of micropollutants are industrial and domestic 

wastewater, hospital effluents, and runoffs from agriculture, livestock, and 

aquaculture (Fig. 4). Pharmaceuticals, for example, end up in sewage networks and 

wastewater treatment plants (WWTPs) after metabolism and excretion (i.e., in 

urine or feces), and through improper disposal of unused or expired drugs in toilet 

sinks, or as solid waste (through landfill leachates). Similarly, veterinary 

pharmaceuticals (pets, livestock, aquaculture) are excreted as parent drugs and their 

metabolites into the environment. Agriculture is also a source of micropollutants 

due to the widespread use of pesticides (herbicides and insecticides) that are used 

to protect plants and improve productivity. Industrial activities (e.g., dyeing 

processes, the pharmaceutical industry) can also be a source of micropollutants, 

especially in regions where direct discharge into surface waters is not regulated.  
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Fig. 4. Representative sources and pathways of micropollutants to the environment 

(Modified from [76], [80], [81]). 

Synthetic organic dyes have traditionally been considered micropollutants due to 

their low concentration in aquatic ecosystems [82], but they could also be 

considered as pollutants. The main difference between a pollutant and a 

micropollutant is that pollutants are (monitored) substances that are known to cause 

adverse effects on the health of humans, animals, or ecosystems when released into 

the environment [83], while micropollutants are suspected of causing these effects. 

The largest amounts of synthetic organic dyes are used in the textile and tannery 

industries, but they are also used for example in cosmetics, pharmaceuticals, and 

food products [82], [84], [85]. In addition, some of them are pharmacologically 

active and are used in veterinary and human medicine [86]. Synthetic organic dyes 

contain a wide variety of substances, some of which have been found to cause 

adverse effects on aquatic biota [87]–[89]. However, due to the wide range of 

synthetic organic dyes and continuous development of new ones, the available 

ecotoxicological data covers only a fraction of all dyes used [82]. For the sake of 

clarity, synthetic organic dyes are considered as micropollutants in this thesis. 

Effluents from WWTPs are a major pathway for micropollutants to surface 

waters [76], [80]. It has been estimated that in the Baltic Sea region alone WWTPs 

release ~1.8 thousand metric tons of pharmaceuticals into the environment per year 

[80]. Less than 8% of the pharmaceuticals studied (118 in total) was removed from 

the aqueous phase with an efficiency > 95% during the treatment processes, and for 

~50% of the compounds the removal efficiency was < 50% [80]. Conventional 
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WWTPs were originally designed for the elimination of suspended solids and 

nutrients from wastewater, and not dissolved organic compounds; therefore, 

micropollutants are often poorly removed in the process. The continuous and 

uncontrolled discharge of micropollutants, even at trace concentrations, contributes 

to their accumulation in aquatic environments. This, in turn, can cause harmful 

effects to both wildlife and humans, as some micropollutants are toxic and some 

can cause biological effects even at low concentrations (e.g., pharmaceuticals) [90], 

[91]. Moreover, multi-component mixtures (“cocktails”) can result in outcomes 

that are synergistic (i.e., the effect of the mixture is greater than the effects of the 

individual components), additive (i.e., the mixture can cause adverse effects even 

though the components are present at non-harmful concentrations), or antagonistic 

(i.e., the mixture can reduce the effects) [92]. In addition, microbial degradation, 

photolysis, and hydrolysis can cause the transformation of micropollutants during 

wastewater treatment and in the environment [93]. These transformation products 

are troublesome as they are often rather stable, can sometimes be more toxic and 

occur in higher levels than the parent compound, and can also form disinfection by-

products by reacting with disinfectants during drinking water or wastewater 

treatment [94]–[96]. 

Micropollutants can generally be categorized into i) substances that have been 

recently introduced into the environment (e.g., new industrial chemicals), ii) 

compounds that have been present in the environment for longer times, but not 

recognized as harmful (e.g., hormones), and iii) compounds that have been in the 

environment for a long time but detected only recently by modern analytical 

methods [77]. Indeed, the quantification and qualification of micropollutants from 

environmental samples is challenging, because of the complexity of the matrix, 

diversity of the compounds (structure and properties), and very low concentrations. 

The most common analytical techniques employed for the determination of 

micropollutants are liquid or gas chromatography coupled with mass spectrometry 

[97]. In addition, pre-concentration and purification are often required before 

chromatographic analysis. This is achieved, for example, by using various solid and 

liquid phase extraction techniques. 

European legislation on micropollutants 

The legislation on (micro)pollutants entering the aquatic environment has evolved 

throughout the years [77]. In the European Union (EU), the first Water Framework 

Directive (WFD) 2000/60/EC was launched in 2000 [98]. The purpose of the 
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directive was to establish a network in the field of water policy and to aim for a 

good ecological and chemical status of surface water. More importantly, it required 

the EU Commission to identify and to set EU environmental quality standards 

(EQS) for priority substances (PSs) that have the highest risk to or via the aquatic 

environment. The first list of 33 PSs that must be monitored at Community level 

were set the following year in Decision 2455/2001/EC [99]. In the same year, the 

Stockholm Convention on Persistent Organic Pollutants (POPs) was signed, which 

aimed at eliminating and/or restricting the usage and production of POPs. The 

Stockholm Convention is currently adopted in EU legislation in Regulation 

2019/1021 [100].  

The EU WFD 2000/60/EC was amended by Directive 2008/105/EC, which 

listed for the first time the EQS for 33 PSs and 8 other pollutants [101]. According 

to the directive, water bodies have good status if the concentration of PS does not 

exceed the EQS. The Directive requires that the member states monitor the PSs in 

surface water and report those for which the EQS is exceeded, and recommends the 

active reduction or phasing out of emissions, discharges, and losses of PSs. The list 

of EQS was updated five years later in Directive 2013/39/EU [102]. In this directive, 

the monitoring of 49 organic substances and 4 metals was recommended, and it 

highlighted the need for new water treatment options. The PSs listed in the directive 

included several pesticides, dioxin and dioxin-like compounds, polychlorinated 

compounds, some flame retardants, tributyltin, some phthalates, alkylphenols, 

perfluorinated compounds, polycyclic aromatic hydrocarbons, certain organic 

solvents, and chloroalkanes.  

Directive 2013/39/EU also proposed a Watch List of substances for Union-

wide monitoring. This first Watch List was published in 2015 under Commission 

Implementing Decision 2015/495/EU, and it listed 17 contaminants of emerging 

concern (CECs) (i.e., unregulated pollutants) for which monitoring data needed to 

be gathered to help their prioritization [103]. Since then, the Watch List has been 

revised two times (Commission Implementing Decisions 2018/840/EU and 

2020/1161/EU) [104], [105]. The compounds currently on the list are the antibiotics 

amoxicillin, ciprofloxacin, sulfamethoxazole and trimethoprim, the antidepressant 

venlafaxine and its metabolite O-desmethylvelafaxine, the azole pesticides imazalil, 

ipconazole, metconazole, penconazole, prochloraz, tebuconazole and tetraconazole, 

the insecticide metaflumizone, the fungicides famoxadone and dimoxystrobin, and 

the azole pharmaceuticals clotrimazole, fluconazole and miconazole. In March 

2019, the Commission published a communication setting out strategies to address 

the risks and challenges related to pharmaceutical pollution [106]. 
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1.3.1 Technical solutions for the removal of micropollutants 

The release of micropollutants into the environment can be reduced by political, 

educational, and awareness-rising measures, as well as through technical solutions 

[80]. In the case of pharmaceuticals, political and educational solutions include 

legislative changes, improved risk assessment, support for the sustainable 

consumption of pharmaceuticals by increasing the awareness of the environmental 

impacts of pharmaceuticals among consumers, doctors, and pharmacists, and 

organization of efficient take-back systems [80], [106]. Technical solutions include 

improving the current treatment processes at WWTPs and/or point sources (i.e., 

manufacturing, hospitals), conceptual changes in the current sanitary systems (e.g., 

urine separation) [107], and designing “green pharmaceuticals” (i.e., compounds 

having high metabolism and uptake by the body, low toxicity, and increased 

biodegradability) [108]. In this thesis, the focus is on technical solutions that aim 

at improving the treatment processes at WWTP and/or point source and therefore, 

they are reviewed in more detail.  

Micropollutant removal during a conventional wastewater treatment 

process 

WWTP utilize primary, secondary, and sometimes tertiary treatment processes to 

purify water. In short, primary treatment removes colloidal and suspended particles 

with the aid of coagulants (e.g., ferric chloride) and flocculants (e.g., polymers), 

whereas in secondary treatment the dissolved organics are removed aerobically by 

micro-organisms. Both steps produce sludge, which is digested anaerobically prior 

to disposal. Tertiary treatment, such as activated carbon adsorption or ozonation, 

can be implemented as a final, polishing step to improve the removal of organic 

compounds [109]. 

The fate of micropollutants during conventional wastewater treatment depends 

largely on their solubility and adsorption on suspended particles, sludge (both 

primary and secondary) and dissolved organic carbon (i.e., humic substances) (Fig. 

5) [109]. After adsorption, the removal from the aqueous phase is achieved mainly 

through coagulation-flocculation (i.e., destabilization and assisted sedimentation of 

particles that would not spontaneously sediment using coagulants and/or organic 

polymers) and biodegradation. In addition, the concentration, organic content, and 

surface charge of suspended (colloidal) particles influence the extent to which 

micropollutants are adsorbed. Moreover, the variations in the operating conditions 
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(e.g., pH, water temperature, sludge retention time, aerobic, anaerobic, anoxic) 

have an impact on the removal efficiency. 

Fig. 5.  Fate of micropollutants (MPs) in conventional WWTP (Modified from [109]). 

Adsorption is, by definition, a transfer process where substances are removed from 

fluid phases (liquids or gases) and enriched on the surface of a solid or a liquid 

[110]. The surfaces contain active, energy-rich sites that can interact with the 

species in the adjacent aqueous phase due to electronic and spatial properties. 

Adsorption is a surface process and thus, the key parameter of an adsorbent is the 

available surface area. The basic terms used in adsorption theory are presented in 

Fig. 6. An adsorbent is the solid (or a liquid) material containing an active surface, 

and adsorbate is the term used for the adsorbed species. Desorption refers to the 

situation when the adsorbate is released from the surface back to the liquid phase. 

This is typically a consequence of change in the properties of the liquid phase, e.g., 

pH, ionic strength, temperature, or concentration. 

 

Fig. 6. Basic terminology of adsorption phenomena (Modified from [110]). 
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Adsorption can be categorized as physical adsorption (i.e., physisorption) or 

chemical adsorption (i.e., chemisorption), although the boundaries are somewhat 

flexible [110]. Physisorption is governed by van der Waals forces (dipole-dipole 

interactions, dispersion forces, induction forces), hydrophobic interactions, π-π 

effects, and electrostatic interactions (ionic, hydrogen, or halogen bonding) 

between the adsorbent and the adsorbate. Chemisorption, on the other hand, is 

based on chemical reactions between the surface sites and the adsorbate [110]. The 

adsorption of micropollutants onto sludge is ruled by the hydrophobic interactions 

between the aliphatic and aromatic groups of the micropollutants and the lipids in 

the sludge, and by the electrostatic interactions between the positively charged 

groups of the micropollutants and the negatively charged micro-organisms and 

particles in the sludge [109]. 

The most important physical properties of micropollutants affecting their 

removal during wastewater treatment are water solubility, the octanol–water 

partition coefficient (Kow), solid–water distribution coefficient (Kd), acid 

dissociation constant (Ka), and Henry´s law constant (KH) [75], [109]. Kow is used 

to estimate the sorption of micropollutants onto solids, where logKow < 2.5 indicates 

low, 2.5 > logKow < 4 medium, and logKow > 4 high sorption potential [111]. Kd 

describes the partition of a compound between the water phase and the sludge, and 

for compounds having Kd < 300 L kg−1 (logKd < 2.48) the sorption onto sludge is 

negligible [112]. Typical pH values during wastewater treatment are ~6–8, which 

indicates that the majority of organic micropollutants are ionized under those 

conditions (as defined by their pKa values). pH is one of the most influential 

parameters affecting wastewater treatment processes, because changes in the 

ionization influence the solubility, mobility, adsorption, and biotransformation of 

micropollutants. Changes in the water temperature also affect the removal, as the 

solubility and other physicochemical properties of micropollutants as well as 

microbial growth are temperature dependent [109]. As a consequence, predicting 

the fate of micropollutants during a conventional wastewater treatment process is 

challenging.  

There are several factors that explain the poor removal of micropollutants 

during conventional wastewater treatment [109]. First, negatively charged 

micropollutants (e.g., acidic pharmaceuticals, anionic dyes) are poorly adsorbed on 

negatively charged sludge/colloidal particles under pH 6–8 due to electrostatic 

repulsion, which means that they remain dissolved in the water phase. In addition, 

many micropollutants contain both hydrophilic and hydrophobic moieties (e.g., 

aromatic rings and amine or carboxylic acid groups), which makes the estimation 
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of the extent of adsorption onto sludge challenging. As adsorption onto sludge and 

colloidal particles is a step that precedes the removal of micropollutants during 

coagulation, removal via coagulation-flocculation is often not very effective. In 

contrast, considering removal through biodegradation, membrane bioreactors 

(MBRs) are typically more effective than conventional activated sludge processes 

[109]. This is because an MBR combines biological treatment and membrane 

filtration, and the retention time is longer, which increases the biodiversity of the 

micro-organisms in the MBR. The molecular structure of the micropollutant also 

has an impact on how easily it is degraded. In general, compounds that are linear, 

unsaturated, or contain electron donating groups degrade easily [113]. In contrast, 

compounds that are long and highly branched, saturated, or polycyclic, or contain 

electron withdrawing, sulfate or halogen groups, are persistent [113]. Also, it 

should be noted that there can be a high variation in the removal via coagulation-

flocculation and biodegradation even in the case of the same micropollutant due to 

fluctuations in operating conditions. Regarding volatility, many micropollutants 

(e.g., pharmaceuticals, hormones) have low KH values, which indicates that their 

removal through volatilization is negligible [114]. 

Tertiary treatment methods in micropollutant removal 

Improved micropollutant removal at WWTPs can be achieved by implementing 

tertiary advanced treatment methods such as ozonation, oxidative processes (e.g., 

advanced oxidation, photocatalysis, Fenton oxidation, pulsed corona discharge), 

adsorptive methods (e.g., activated carbon), and membrane filtration (e.g., ultra- 

and nanofiltration, reverse osmosis) [75], [80], [109]. Oxidative methods aim at 

degrading the compound, filtration techniques are based on size exclusion 

(adsorption onto the membrane surface or fouling layer can also occur), and in 

adsorptive methods, the goal is to transfer the compound from one phase to another. 

Raw wastewater from point sources can also be treated using tertiary methods prior 

to discharging it to the municipal sewer. The main benefit of point-source treatment 

is that the treated water goes through the WWTP, which improves the treatment 

result. 

Tertiary treatment methods have some drawbacks that need to be taken into 

account [80]. Oxidative processes can result in the formation of transformation 

products, which can sometimes be more harmful than the parent compound and 

should therefore also be removed. During an adsorptive process the compound is 

not destroyed but transferred from the liquid phase to solid phase (e.g., sludge). 
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Therefore, the solid phase must also be treated and disposed of accordingly. 

Similarly, in filtration techniques, the compounds remain in the 

retentate/concentrate, which requires further treatment. The requirements for the 

tertiary treatment method are that it should be effective, low cost, robust, easy to 

operate, and maintain, and not cause further pollution of the water.  

Adsorption is considered as one of the most promising tertiary treatment 

methods for micropollutant removal. The general requirements for an adsorbent 

material are efficiency (i.e., high active surface area, high capacity for various 

pollutants), availability, low cost, recyclability/regeneration, and environmental 

friendliness. The most frequently used adsorbent material today is activated carbon 

(powdered or granulated) because of its good adsorption capacity and low toxicity 

[115]. However, the main issue with using activated carbon is that it is challenging 

to regenerate, usually requiring carbonization and re-activation. The general shift 

towards the utilization of sustainable processes and materials has motivated 

research on bio-based adsorbent materials, such as cellulose [116]. In addition to 

being abundant, low-cost, renewable, biodegradable, non-toxic, and having high 

uptake capacity [116], cellulose nanoparticles have additional benefits in 

adsorption applications compared with their macro-sized counterparts. These 

properties and the use of cellulose nanomaterials in micropollutant removal is 

discussed in the next section. 

1.3.2 Cellulosic nanomaterials and their hybrids for the removal of 

organic micropollutants 

Cellulose nanomaterials have established their position in wastewater treatment 

applications. CNFs, for instance, can be used to replace oil-based organic polymers 

(e.g., cationic polyacrylamides) in the flocculation of colloidal particles (e.g., 

municipal sludge and kaolin clay) [48], [49], [117]. The two most studied 

applications, however, are the use of cellulose nanomaterials as water filtration 

membranes and adsorbents for the removal of different types of water pollutants 

(e.g., microbes, heavy metal ions, dyes) [118]. Membranes can be prepared from 

cellulose nanomaterials using different techniques, such as vacuum filtration, 

coating, and impregnation. Moreover, cellulose nanomaterials can be combined 

with other materials to form composite membranes [118]. Biosynthesized bacterial 

cellulose membranes can also be utilized. The removal of the pollutant in 

membrane filtration is typically based on size exclusion (i.e., the size of the 

pollutant is larger than the porosity of the membrane), and on the attractive and 
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repulsive forces between the pollutant and the membrane/fouling layer [118]. 

Herein, the discussion is limited to cases where cellulose nanomaterial, alone or in 

combination with other materials (i.e., hybrid materials) is used in the form of 

individual particles, hydrogels, aerogels, membranes, and nanocomposites to 

remove organic compounds from aqueous solutions via adsorption. The removal of 

(heavy) metals, ions (e.g., fluoride), radioactive substances, nutrients (i.e., sulphate, 

phosphate, nitrate), oils, and microplastics is not discussed, nor are micro-sized 

cellulose materials covered.  

Cellulose nanomaterials are promising materials for water and wastewater 

treatment applications because of their inherent properties, such as a large and 

reactive surface area, high strength and stiffness, high aspect ratio, high porosity, 

and low density [119]. In addition, they are hydrophilic, biodegradable, renewable, 

and have low toxicity. Moreover, the large number of hydroxyl groups on the 

cellulose surfaces enables the production of tailored materials through chemical 

modifications (prior to/after nanofibrillation). The main benefits of using nanoscale 

cellulose materials instead of bulk cellulose are the larger surface area and higher 

porosity, which leads to better internal diffusion. However, there are also some 

disadvantages that need to be considered [119]. Cellulose nanoparticles have a high 

tendency for aggregation, which decreases the available surface area and lowers 

the pollutant removal efficiency. This is typically avoided by introducing charged 

functionalities on the nanoparticle surfaces, which induces electrostatic repulsion 

between the nanoparticles and results in stable dispersions. However, this indicates 

that chemical modification is required before the material can be exploited fully, 

which increases costs and the risk of pollution originating from the processing step. 

Another point to consider is that cellulose nanomaterials are typically stored and 

used in non-dried state as very dilute (< 1 wt%) suspensions or dispersions, because 

drying causes irreversible agglomeration of the particles (i.e., hornification). This, 

in turn, increases the storage and transportation costs. Finally, the separation of the 

exhausted adsorbent materials can be challenging, especially if nanosized particles 

are used. For this reason, cellulose nanomaterials are often combined with or bound 

to other materials. 

The adsorption of water pollutants on cellulosic adsorbents is mainly governed 

by physisorption (e.g., hydrogen bonding, ionic interactions, van der Waals etc.), 

although chemisorption can also occur [115]. In general, the adsorption on 

cellulosic adsorbent can occur through surface adsorption, surface precipitation 

(i.e., microprecipitation), complexation (including chelation and/or coordination), 

adsorption–complexation (on the pores and surfaces), or through ion exchange 
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[115]. The key variables typically examined during adsorption studies are pH, 

interaction time, pollutant concentration, and adsorbent dosage, as well as 

temperature and ionic conditions. The goal is to optimize the conditions to achieve 

the highest adsorption performance, which is quantified from the difference 

between the pollutant concentration before and after adsorption (i.e., adsorption 

capacity). By fitting the data to different kinetic, thermodynamic and isotherm 

models, information about the adsorption mechanism can be obtained. 

Cellulose nanomaterial adsorbents are typically synthetized by three main 

approaches: direct functionalization of the cellulose nanomaterial (e.g., 

anionization, cationization, before/after nanofibrillation), incorporation of another 

polymeric structure to the cellulose nanomaterial (i.e., grafting), and 

polymerization of monomers in the presence of a cellulose nanomaterial [119]. The 

purpose of these methods is to increase the adsorption capacity by incorporating a 

specific group capable of complexing the pollutant, or improving the interaction of 

the adsorbent material with the pollutant by making it more anionic, cationic, or 

hydrophobic [115], [119]. Increasing the surface area by making the material more 

porous is another way of improving the adsorption capacity. This is often achieved 

by turning cellulose nanomaterials into aerogels.  

A summary of the cellulose nanomaterial adsorbents studied for the removal 

of organic (micro)pollutants is listed in Table 1. The most common chemical 

modifications conducted on cellulose/cellulose nanomaterials are sulfuric acid 

hydrolysis, TEMPO oxidation, and periodate (-chlorite) oxidation, all of which 

introduce an anionic charge to the fiber surfaces. This is possibly because 

cationization is considered difficult, and results in low degrees of substitution with 

poorly reproducible results [34]. As a result, the majority of target pollutants were 

positively charged, such as cationic dyes (e.g., methylene blue). However, the 

number of publications concerning the removal of other types of organic 

compounds, such as pharmaceuticals, is increasing. Regarding the form of the 

adsorbent material, there is clear a shift towards hybrid materials that combine two 

or more components, one of them often being another organic polymer, or inorganic 

compound. The hybrids generally showed higher adsorption capacities compared 

with using cellulose nanomaterials as individual particles, although there is a high 

variation in the results. 
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Table 1. Removal of organic (micro)pollutants with adsorbent materials containing 

cellulose nanomaterials (CNs).  

Form Adsorbent1  

(CN charge) 

Cellulose modification1 Pollutant2  Adsorption 

capacity3 

(mg g−1) 

Ref 

Individual 

particles 

Sulfated CNCs (−) Hydrolysis (H2SO4) MnB 118, 145 [120], 

[121] 

Sulfated CNCs (−) Hydrolysis (H2SO4) DOX, TC 8 [122], 

[123] 

Carboxylated CNCs (−) TEMPO ox  MnB 217 [124] 

Carboxylated CNCs (−) Hydrolysis (H2SO4) + 

TEMPO ox 

MnB 769 [120] 

Carboxylated CNCs (−) Hydrolysis (H2SO4) + 

esterification 

CV 244 [125] 

Phosphated CNFs (−) Alkalization + 

phosphorylation 

DCF 108 [126] 

Aminated CNCs (+) Hydrolysis (H2SO4) + 

periodate ox + reductive 

amination 

ARGR 556 [127] 

Aminated CNFs (+) Quaternization by GMA AG25, CR  683*, 664* [44] 

      

Combination with synthetic organic monomers and polymers 

Hydrogel HPAM/CNCs (−) Hydrolysis (H2SO4) MnB 358 [128] 

Microgel PVAm/CNCs Hydrolysis (H2SO4) + 

periodate ox 

ARGR, 

CR4BS, RLY 

877, 1492, 

1153 

[129] 

Aerogel Triisocyanate/CNFs (+) Quaternization by GMA Anionic dyes 160–560 [130] 

Aerogel hPEI/CNCs Periodate ox BY28, CR 1865, 2107 [131] 

Aerogel HDA/CDI/CNFs (−) TEMPO ox ALA, LIN, 

ATR 

25–70** [132] 

      

Combination with biopolymers 

Hydrogel Guar gum/CNFs (−) TEMPO ox MO, TFT 134*, 430* [133] 

Hydrogel Chitosan/PAA/CNCs Hydrolysis (HCl) MnB 2074 [134] 

Aerogel Nano chitin/CNFs (−) TEMPO ox MnB 531 [135] 

Aerogel Keratin/CNCs (−) Hydrolysis (H2SO4) DR80, RB5 1111, 1250 [136] 

Aerogel HPMC/CNCs Hydrolysis (HCl/ H2SO4) EE2, MB - [137] 

Beads Alginate/CNCs (−) Periodate-chlorite ox MnB 1250* [138] 

Suspension Cyclodextrin/CNCs TEMPO ox + amination DFX - [139] 

      

Combination with inorganic carbons 

Aerogel Graphene 

nanoplates/CNFs (−) 

TEMPO ox CR, MnB 585, 1179 [140] 
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Form Adsorbent1  

(CN charge) 

Cellulose modification1 Pollutant2  Adsorption 

capacity3 

(mg g−1) 

Ref 

Membrane Graphene oxide/CNFs (−) TEMPO ox MB, MnB, 

MO, RhB, 

Rh6G, VBB 

- [141] 

Foam Reduced graphene 

oxide/CNCs (−) 

Periodate-chlorite ox DCF, EE2, 

MnB, SMX, 

TC 

129, 117, 

850, 107, 

149 

[142] 

Powder Graphene oxide/CNCs (−) Hydrolysis (H2SO4) [BMIM][Cl] 455** [143] 

Hydrogel CMC/PVA/g-C3N4/CNC (−) DES treatment MnB 233 [144] 

      

Combination with metal particles 

Powder ZnO/CNCs (−) Fischer esterification MnB, MG 47*, 50* [145] 

Powder MIP/magnetic CNCs (−) APS + citric acid OFX 46* [146] 

Beads MnO2/alginate/CNCs (−) Hydrolysis (H2SO4) MnB 137* [147] 

Spheres CuS/CNCs Hydrolysis (H2SO4) + 

amination 

CFX - [148] 

Aerobeads MOFs/CNFs (+) Amination + crosslinking DCF, MO 121*, 49* [149] 

      

Combination with inorganic minerals 

Aerogel Nanobentonite/chitosan/ 

CNCs 

Hydrolysis +  

periodate ox 

BPB, DB6 29842, 

20927 

[150] 

Powder MMT/CTAB/CNCs (−) Hydrolysis (H2SO4) DUR 69 [151] 
1 Ammonium persulfate (APS), carbodiimidazole (CDI), carboxymethylcellulose (CMC), cetrimonium 

bromide (CTAB), glycidyl trimethylammonium chloride (GMA), hexadecylamine (HDA), halloysite 

nanotube (HNT), hydrolyzed polyacrylamide (HPAM), hyperbranched polyethylene imine (hPEI), 

hydroxypropyl methylcellulose (HPMC), molecularly imprinted polymer (MIP), montmorillonite (MMT), 

metal organic frameworks (MOFs), polyacrylic acid (PAA), polyvinyl alcohol (PVA), polyvinyl amine 

(PVAm)  
2 Dyes: Acid green 25 (AG25), acid red GR (ARGR), basic yellow 28 (BY28), bromophenol blue (BPB), 

congo red (CR), congo red 4BS (CR4BS), crystal violet (CV), direct blue 6 (DB6), direct red 80 (DR80), 

malachite green (MG), methyl blue (MB), methylene blue (MnB), methyl orange (MO), reactive black 5 

(RB5), reactive light yellow K-4G (RLY), rhodamine B (RhB), rhodamine 6G (Rh6G), thioflavin T (TFT), 

Victoria blue B (VBB) 

Pharmaceuticals, antibiotics and herbicides: Alachlor (ALA), atrazine (ATR), ciprofloxacin (CFX), 

danofloxacin (DFX), diclofenac (DCF), diuron (DUR), doxorubicin (DOX), 17-α-ethinyl estradiol (EE2), 

linuron (LIN), ofloxacin (OFX), sulfamethoxazole (SMX), tetracycline (TC) 

Other: 1-butyl-3-methylimidazolium chloride ([BMIM][Cl]) 
3 Maximum adsorption capacity derived from isotherms. Adsorption capacities based on experimental 

results are marked with *. Adsorption capacities reported in µmol g−1 are marked with **. 
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The removal of organic pollutants with a cellulosic nanomaterial adsorbent is 

typically evaluated by conducting a batch adsorption experiment. Therein, a certain 

amount of adsorbent is added to the polluted solution (having a defined 

concentration) and the components are allowed to interact under constant 

conditions (pH, temperature, background electrolyte concentration etc.) for a 

predetermined time. Then, the exhausted adsorbent is separated from the solution 

and the change in pollutant concentration is quantified. As previously discussed, 

the separation of the exhausted adsorbent can be challenging, especially when the 

adsorbent is in the form of individual nanoparticles (i.e., CNFs or CNCs). The 

separation of cellulose nanoparticles from the water phase typically requires 

filtration (e.g., 0.45 µm filter) [121], [123], [126], dialysis [122], or centrifugation 

(cross-linked or precipitated adsorbents) [44], [120], [124], [127]. In contrast, the 

separation of more bulky cellulose nanomaterial hybrids is straightforward, 

including manual separation [149], sedimentation [128], [129], [131], [132], [143], 

[145], [147], [148], [151], or the use of a magnetic field [146]. Cellulose 

nanomaterial hybrids can also be packed in columns [130], [136], [137], [139], or 

used as membranes [141], allowing adsorption tests to be performed under dynamic 

conditions (i.e., continuous flow), simulating real-life conditions. 

Batch adsorption experiments can be used to determine the adsorption 

isotherms, which describe the interaction between the adsorbate and the adsorbent 

under predetermined conditions. The two most common isotherm models 

employed for cellulosic nanomaterial adsorbents are the Langmuir [152] and 

Freundlich [153] models. The Langmuir isotherm model was originally developed 

to describe the adsorption of gases on surfaces, and it assumes monolayer 

adsorption on a homogeneous surface that has identical and energetically 

equivalent adsorption sites, with no interaction between the adsorbed species. The 

Freundlich isotherm model, in turn, assumes multilayer adsorption with random 

distribution on a heterogeneous surface. In addition to the adsorption isotherm 

models, reaction kinetic models are often employed to elucidate the adsorption 

mechanisms. The pseudo-first-order model [154] implies that the adsorption occurs 

through physical mechanisms (i.e., physisorption [155]), whereas the pseudo-

second-order model [156], [157] suggests chemical mechanisms (i.e., 

chemisorption, involving covalent bonding and ion exchange [158]). From the 

adsorbents listed in Table 1, the majority were reported to follow the Langmuir 

isotherm model and the pseudo-second-order kinetic model [121], [124]–[128], 

[131], [134], [136], [140], [142]–[144]. 
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One of the most important parameters affecting the adsorption capacity is the 

initial pH of the solution, as it influences not only the degree of ionization and 

speciation of the adsorbate but also the surface charge of the adsorbent. In general, 

when the pH of the solution is higher than the isoelectric point of the adsorbent, the 

adsorption of cationic adsorbates is favored, whereas at pH levels less than the 

isoelectric point the adsorption of anionic adsorbates is enhanced [118]. The 

adsorption of cationic dye methylene blue on cellulosic nanomaterial adsorbents, 

for instance, is often most effective in highly alkaline conditions (i.e., pH 9–10) 

[120], [135], [138], because of maximized electrostatic interactions. However, 

considering municipal wastewater treatment applications, the adsorbent should be 

effective in the pH range of 6–8. It is worth noting that other type of interactions, 

such as hydrogen bonding, can play an important role in the adsorption, and 

therefore, the adsorption capacity can also be high in the non-optimal pH region 

[135]. Adsorbents can also be designed for example for use in the pretreatment of 

industrial wastewaters where extreme pH values are possible [136]. 

As can be seen from Table 1, there is little information available about the 

usage of hybrid materials that combine inorganic minerals and cellulose 

nanomaterials for micropollutant removal, despite their promising adsorption 

capacities. Therefore, it was of interest to investigate how and in which form these 

inorganic materials could be combined with cellulose nanomaterials for efficient 

removal of micropollutants from aqueous solutions, with the focus on 

pharmaceuticals and anionic dyes. In order to minimize the environmental impacts 

arising from the chemical pretreatments during the production of cellulose 

nanomaterial adsorbents, DES systems made of environmentally friendly 

chemicals were utilized (also sparingly studied in this context, see Table 1). 

1.4 Aims and objectives of the thesis 

The work described in this thesis had two main aims: first, to investigate new DES 

mediated pretreatment methods to produce surface charged cellulose nanomaterials, 

and second, to use them alone or in combination with inorganic materials for the 

removal of aqueous micropollutants. More specifically, the objective was to 

establish new information on the interaction of (charged) cellulose nanoparticles 

with charged organic compounds in water. In addition, the impact of using 

inorganic components (in particle form or as a substrate) with cellulose 

nanomaterials, i.e., hybrid structures, was evaluated. The thesis consists of Papers 

I–IV, which addressed the following research questions:  
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– Paper I: Can cellulose pulp be functionalized in urea–LiCl DES and does this 

treatment facilitate the production of anionic cellulose nanofibers? 

– Paper II: Can anionic cellulose nanofibers adsorb pharmaceutical salbutamol 

in aqueous solution and what are the factors influencing the interaction? 

– Paper III: Can sequential combination of inorganic nanoparticles (halloysite 

nanotubes) and cationic cellulose nanofibers improve the removal of an anionic 

dye (chrome azurol S) and the separation of exhausted particles from aqueous 

solutions? 

– Paper IV: Can cationic cellulose nanocrystals be used for surface modification 

of inorganic foams and does this improve the overall removal of an anionic dye 

(methyl orange) in a filtration set-up? 
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2 Materials and methods 

2.1 Materials 

Softwood dissolving pulp fibers (Domsjö Fabriker AB, Sweden) obtained as dry 

sheets were used as the raw material for the fabrication of cellulose nanomaterials 

(Papers I–IV). The pulp consisted of cellulose (96.2%), hemicelluloses (3.5%), 

lignin (< 0.5%), and extractives (0.17%). The sheets were disintegrated in water 

according to ISO 5263-1:2004 [159] before use as a raw material in cationic 

pretreatment (Papers III and IV). Prior to anionic pretreatment (Papers I and II), the 

disintegrated pulp was filtered, washed with ethanol for 30 min, and dried in an 

oven at 60 °C. 

Urea (CH4N2O; ≥ 97%, Borealis Biuron®, Austria), lithium chloride (LiCl; 

99%, Sigma-Aldrich, Germany; ≥ 99%, Merck, Germany; ≥ 99%, VWR, Belgium), 

and succinic anhydride (C4H4O3; > 95%, TCI, Japan) were used for anionic 

pretreatment (Papers I and II). Sodium metaperiodate (NaIO4; < 99.8%, 

Honeywell/Fluka, USA; ≥ 99.0%, Sigma-Aldrich, India), LiCl (Reag. Ph. Eur., 

VWR, Belgium; ≥ 99%, Sigma-Aldrich, Germany), aminoguanidine hydrochloride 

(CH6N4·HCl; > 98%, TCI, Japan), and glycerol (C3H8O3; Reag. Ph. Eur., VWR, 

Belgium; 99.5%, VWR, Belgium) were used for cationic pretreatment (Papers III 

and IV).  

Ethanol (C2H6O; 96%, VWR, France) was used after the pretreatments to stop 

the reaction and wash the fibers free of DESs (Papers I–IV). Salbutamol (SAL; 

98%, Alfa Aesar, USA), chrome azurol S (CAS; product D0241, TCI, Japan), and 

methyl orange (MO; 85%, Sigma-Aldrich, USA) were used to model the 

micropollutants (Papers II–IV). The chemical structures and key properties of these 

compounds are presented in Table 2. Kaolin (Hydramatte®, KaMin LLC, USA) 

and halloysite nanotubes (HNT, Al2Si2O5(OH)4·2H2O; Aldrich, USA, product of 

Applied Minerals, Inc.) were used as inorganic particles (Paper III). Metakaolin 

(MetaMax®; 53.0 wt% SiO2, 44.5 wt% Al2O3, BASF, Germany), sodium silicate 

solution (Extra pure, 7.5–8.5% Na2O, 25.5–28.5% SiO2, molar SiO2/Na2O = 3.5, 

water content ~64 wt%, Merck, Germany), sodium hydroxide (NaOH; 98.7%, 

VWR, Czech Republic), hydrogen peroxide (H2O2; 30%, VWR, France), and 

hexadecyl(trimethyl)ammonium bromide (CTAB C19H42BrN; ≥ 98%, Sigma-

Aldrich, India) were used in the synthesis of inorganic foams (Paper IV). 
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NaOH solution (0.5 M, FF-Chemicals Ab, Finland) and sodium chloride (NaCl; 

Reag. Ph. Eur., VWR, Belgium) were used for conductometric titrations (Papers I 

and II). Cationic poly (diallyldimethylammonium chloride) (poly-DADMAC) and 

anionic sodium polyethylene sulfonate (PES-Na) solutions (0.001 N; BTG 

Instruments GmbH, Germany) were employed as titrants during the polyelectrolyte 

titrations, and buffer solutions (0.5 M, pH 3–10; Alfa Aesar, Germany) were used 

for preparing the samples for the polyelectrolyte titrations (Papers II–IV). 

Cupriethylenediamine solution (CED; FF-Chemicals Ab, Finland) was used for 

determining the degree of polymerization (Paper I) and uranyl acetate (C4H6O6U; 

98%, Polysciences Inc., USA) for the staining of samples for electron microscopy 

(Paper IV). HCl and NaOH solutions (0.1–1 M), and buffer solutions with pH of 4, 

7, and 10 (Oy FF-Chemicals Ab, Finland) were used for pH adjustment and 

calibration of the pH meter, respectively, in all experiments. Deionized water was 

used throughout the experiments and all chemicals were used as received. 

Table 2. Properties of the model micropollutants [Papers II–IV], [160]–[162]. 

Name Molecular 

formula, CAS1 

Molar mass  

(g mol−1) 

Structure λmax
2

 

(nm) 

pKa 

Salbutamol, 

SAL  

(Paper II) 

C13H21NO3, 

18559-94-9 

239.31 

 

276 9.22, 

9.60, 

9.84, 

10.22  

Chrome 

azurol S, 

CAS 

(Paper III) 

C23H13Cl2Na3O9S, 

1667-99-8 

605.28 

 

427 −2.2, 

−1.2, 

2.25, 

4.88, 

11.75  

Methyl 

orange,  

MO  

(Paper IV) 

C14H14N3NaO3S, 

547-58-0 

327.33 

 

464 3.47  

1 Chemical Abstracts Service registry number 
2 Wavelength of maximum absorption (experimental) 
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2.2 Production of cellulose nanomaterials using deep eutectic 

solvents 

Two different DESs were synthetized and used as pretreatment media to produce 

either anionic CNFs (ACNFs, Papers I and II) or cationic CNFs (CCNFs, Paper III) 

and CNCs (CCNCs, Paper IV). The products are collectively referred to as 

cellulose nanomaterials. In both DES systems, cellulose fibers were added to the 

DES once a clear liquid had formed at a certain temperature. In the production of 

ACNFs, the DES acted as a reaction and a swelling medium, whereas in the 

production of CCNFs and CCNCs, the DES acted as a reaction medium and a 

reagent (i.e., aminoguanidine hydrochloride).  

2.2.1 Anionic cellulose nanofibers 

The anionization of cellulose was conducted through a succinylation reaction in the 

DES (Fig. 7). The reaction introduced carboxyl groups to the cellulose through the 

ring-opening esterification reaction of succinic anhydride and the cellulose 

hydroxyl groups. The DES was formed from urea and LiCl at a molar ratio of 5:1 

at 80 °C. Oven-dried pulp and succinic anhydride at a molar ratio of 1:10 were 

added to the DES under different conditions (reaction temperatures of 70, 80, 90, 

100, or 110 °C and reaction times of 2, 6, or 24 h). The mass ratio between the pulp 

and the DES was 1:100. Ethanol was added to stop the reaction, after which the 

DES-fiber mixture was filtered, and the modified fibers were washed thoroughly 

with ethanol and water. The mass yield (%) was calculated by dividing the dry 

weight of the product (g) with the dry weight of the pulp (g). 

 

Fig. 7. Succinylation of cellulose in the urea–LiCl DES (Reprinted, with permission, from 

Paper I © 2016 Wiley-VCH). 
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2.2.2 Cationic cellulose nanofibers and nanocrystals 

The cationization of cellulose was conducted using a two-step approach based on 

previously reported methods with slight modifications [59]. In the first step, 

cellulose fibers (10 g, 1 wt% in water) were oxidized to dialdehyde cellulose (DAC) 

using sodium metaperiodate (8.2 g) and LiCl (18 g). The reaction temperatures and 

reaction times were 55 °C and 3 h in the production of CCNFs (Paper III), and 

75 °C and 3 h in the production of CCNCs (Paper IV) (Fig. 8). As exceptions to the 

previously reported method, ethanol was used instead of water to wash the DAC, 

and the following drying step was excluded. The DES used in the synthesis of 

cationized dialdehyde cellulose (CDAC) was formed from aminoguanidine 

hydrochloride and glycerol at a molar ratio of 1:2 at 90 °C. DAC fibers were added 

to the DES (mass ratio between DAC and the DES was 1:20) and reacted at 80 °C 

for 10 min (Papers III and IV). Ethanol was added to stop the reaction, after which 

the DES-fiber mixture was filtered, and the modified fibers were thoroughly 

washed with ethanol and water. 

Fig. 8. Periodate oxidation of dissolving pulp followed by cationization in 

aminoguanidine hydrochloride (HCl)–glycerol DES. The first step was conducted a) at 

55 °C in the production of CCNFs, and b) at 75 °C in the production of CCNCs. The 

cationization of DAC to CDAC was conducted at 80 °C in both cases (Reprinted 

[adapted], with permission, from Paper III © 2019 Elsevier and Paper IV © 2020 American 

Chemical Society). 

2.2.3 Nanofibrillation of cellulose fibers treated with deep eutectic 

solvents 

DES-treated cellulose fibers were converted to individual nanofibers and 

nanocrystals by mechanical disintegration using a microfluidizer (Microfluidics M-

110EH-30, USA). The samples were diluted with water to a consistency of 0.5–1 

wt% prior to the microfluidization process. The succinylated fibers (Papers I and 
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II) were additionally treated with an Ultra-Turrax mixer (IKA T25, Germany) for 1 

min at 10000 rpm, and the pH of the suspension was adjusted to 8 to facilitate 

dispersion before nanofibrillation. The specifications for the nanofibrillation of 

DES-treated samples are presented in Table 3.  

In addition, a reference CNF sample (Paper II) was produced from dissolving 

pulp solely by mechanical disintegration. Before microfluidization, the pulp was 

disintegrated using an ultra-fine friction grinder (Masuko super mass collider 

MKCA6-2J, Japan) at a consistency of 1.5 wt% in water. The pulp dispersion was 

passed 3 times through −20 µm, twice through −40 µm, once through −60 µm, once 

through −80 µm, and twice through −90 µm openings, using a rotating speed of 

1500 rpm for the grinding stones. The parameters used in the microfluidization of 

the Masuko ground pulp fibers are also presented in Table 3. 

Table 3. Parameters of nanofibrillation (microfluidization) of cellulose fibers. 

DES Reaction 

conditions 

Paper Sign of 

charge 

Consistency 

(wt%) 

Chamber 

pairs (µm) 

Pressure 

(bar) 

Cycles Product 

Urea–LiCl 70 °C, 2 h I Anionic 0.5 400 × 200 1300 3 ACNF70 

Urea–LiCl 80 °C, 2 h I Anionic 0.5 400 × 200 1300 3 ACNF80 

         

Urea–LiCl 90 °C, 2 h I Anionic 0.5 400 × 200, 1300 3 ACNF90 

     400 × 100, 2000 2  

     200 × 87 2000 1  

         

Urea–LiCl 70 °C, 2 h II Anionic 0.5 400 × 200 1000 4 ACNF70 

         

Urea–LiCl 80 °C, 2 h II Anionic 0.5 400 × 200, 1000 3 ACNF80 

     400 × 100 1500 1  

         

Urea–LiCl 90 °C, 6 h II Anionic 0.5 400 × 200 1000 4 ACNF90 

AgHCl1–glycerol 80 °C, 10 min III Cationic 1 400 × 200 1000 2 CCNF 

AgHCl1–glycerol 80 °C, 10 min IV Cationic 1 400 × 200 1000 2 CCNC 

         

- Masuko ground 

pulp 

II Slightly 

anionic 

0.5 400 × 200, 1000 1 CNF 

   400 × 100, 1500 4  

   200 × 87 1500 2  

1 Aminoguanidine hydrochloride 
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2.3 Characterization of cellulose nanomaterials 

The morphology and size of ACNFs were measured using atomic force microscopy 

(AFM) (Papers I and II), whereas for cationic cellulose nanomaterials 

environmental transmission electron microscopy (ETEM) (Paper III) and energy-

filtered transmission electron microscopy (EFTEM) (Paper IV) were used. The 

crystalline structures were analyzed using wide-angle X-ray diffraction (WAXD) 

(Papers I and III). The amount of charged groups in the ACNFs was determined 

through conductometric titrations (Papers I and II), and the charge density of all 

cellulose nanomaterials was investigated using polyelectrolyte (potentiometric) 

titration (Papers II–IV). The colloidal stability of the cellulose nanomaterials was 

determined by ζ-potential measurements (Papers II and IV). The functional groups 

on the surface of cellulose fibers were analyzed using diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFT) (Papers I, III, and IV). Dissolving pulp 

and unmodified CNFs (Table 3) were used as reference materials. 

2.3.1 Morphology 

AFM 

The topography of ACNFs (Papers I and II) and unmodified CNFs (Paper II) was 

imaged using AFM (MultiMode8, Bruker, Germany) equipped with triangular Si 

probes with a tip radius of 2 nm and a nominal spring constant of 0.4 Nm−1 

(Scanasyst-Air, Bruker, USA). The microscope was operated with ScanAsystTM in 

air. The ACNFs were diluted to a consistency of 0.001 wt% in water and the 

suspension was sonicated for 1 min. The samples were prepared by drop-casting 

20 µL of the aqueous ACNF suspension onto a freshly cleaved mica surface 

(Highest Grade V1 Mica Discs 12 mm, Ted Pella Inc., USA) and, after 5 min, the 

excess suspension was removed with a filter paper. Topography images of the air-

dried samples with a scan size of 5×5 or 10×10 µm2 were acquired from 10–14 

different surface locations. Gwyddion 2.44 software (Department of 

Nanometrology, Czech Metrology Institute) was used for the image processing and 

measurement of the height profiles of 100 nanofibers from each sample. OriginPro 

software (Origin-Lab Corporation, USA) was used for the height distribution peak 

and width evaluation through Gaussian fitting. 
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TEM 

CCNFs (Paper III) were imaged using an image-corrected TITAN ETEM (FEI 

Company, USA) equipped with a monochromator and a OneView camera (Gatan 

Inc., USA) operated at 80 kV. Samples were prepared by drop-casting a diluted 

aqueous CCNF suspension onto Cu-TEM grids having a lacey carbon film and then 

allowing the sample to dry. 

CCNCs (Paper IV) were imaged using EFTEM (JEOL JEM-2200FS, Japan) 

equipped with TVIPS TemCam-F416 camera (Germany), operated at 100 kV. 

Samples were prepared by drop-casting an 0.01 wt% aqueous CCNC suspension 

on carbon-coated copper grids, after which the samples were negatively stained 

with uranyl acetate (2% w/v). The samples were dried at room temperature before 

imaging. ImageJ/FIJI software (National Institutes of Health, USA) was used for 

the measurement of the widths and lengths of 120 individual nanocrystals, and the 

length and width distributions were evaluated through Gaussian fitting (OriginPro 

software, Origin-Lab Corporation, USA). 

2.3.2 Crystallinity 

The crystallinity of cellulose pulp, ACNFs (Paper I) and CCNFs (Paper III) (along 

with their non-nanofibrillated counterparts) was investigated by WAXD, using a 

Rigaku SmartLab 9 kW rotating-anode diffractometer (Japan). The samples were 

freeze-dried and pressed into tablets with a thickness of 1 mm before analysis. For 

the ACNF, a Co Kα (40 kV, 135 mA, λ = 1.79030 nm) radiation source was used, 

and the scans were taken over a 2θ (Bragg angle) range from 5° to 50° at a scanning 

speed of 10° min−1 and a step size of 0.05–0.1° (Paper I). The peak intensities of 

the main crystalline plane (I200) and amorphous fraction of cellulose (Iam) were 

located at 26° and 21.6°, respectively. For the CCNFs, a Cu Kα (45 kV, 200 mA, λ 

= 0.1542 nm) radiation source was used, and the scans were taken over a range of 

4–45°, using a scanning speed of 1.5° min−1 and a step size of 0.05° (Paper III). 

The peak intensities of I200 and Iam were located at 22.5° and 18.5°, respectively. 

The degree of crystallinity, termed the crystallinity index (CrI), was calculated 

according to the Segal method [163] using equation 

 𝐶𝑟𝐼 100%. (1) 
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2.3.3 Charge density 

Conductometric titration 

The amount of charged groups in dissolving pulp and in the cellulose samples after 

anionic pretreatment (Papers I and II) was determined through conductometric 

titrations according to the methods described by Rattaz and Katz [164], [165].  

Polyelectrolyte titration 

The charge content of the cellulose nanomaterials (Papers II–IV) as a function of 

pH was investigated through polyelectrolyte titration using a particle charge 

detector (Mütek PCD 03, USA). The ACNFs (Paper II), unmodified CNFs (Paper 

II), CCNFs (Paper III), and CCNCs (Paper IV) were diluted to a consistency of 0.1 

wt% in water and buffer stock solutions in the pH range of 3–10 were diluted with 

water to 0.5 mM. The samples for measurement were prepared by mixing 1 mL 

cellulose nanomaterial suspension with 9 mL buffer solution in the sample cell (to 

reach the final consistency of 0.01 wt%), after which the ACNFs and unmodified 

CNFs were titrated with Poly-DADMAC (Paper II) and the CCNFs and CCNCs 

with PES-Na (Papers III and IV). The apparent charge density was calculated based 

on the titrant consumption. Each data point represents the average of three 

repetitions with sample standard deviation. 

ζ-potential 

The colloidal stability of the ACNFs (Paper II), unmodified CNFs (Paper II) and 

CCNCs (Paper IV) as a function of pH was investigated by measuring their ζ-

potentials using a Zetasizer (Malvern, UK). The samples were diluted to a 

consistency of 0.1 wt% with water, after which the pH was adjusted to the desired 

value (pH 2–11.5) with NaOH/HCl and the ζ-potential value was recorded. Each 

data point represents the average of three repetitions with sample standard deviation. 
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2.3.4 Chemical characterization 

DRIFT 

The DRIFT spectra of oven- or freeze-dried samples (Papers I, III, and IV) were 

recorded in a range of 600–4000 cm−1, using 40 scans with a resolution of 2–4 cm−1 

(Bruker Vertex 80v, USA). 

Elemental analysis 

The elemental composition of the cellulose samples after the anionic pretreatment 

(Paper I) was measured under helium atmosphere with an elemental analyzer 

(PerkinElmer CHNS/O 2400 Series II, USA). The samples were analyzed before 

and after a mild acid wash treatment (0.1 M HCl), and they were oven-dried (60 °C) 

before analysis. 

Degree of polymerization 

The average DPs of dissolving pulp and succinylated cellulose (SC) samples after 

anionic pretreatment (Paper I) were evaluated according to the limiting viscosity 

method [166]. The samples were dried (60 °C) before the analysis. DP values were 

calculated from limiting viscosities using equation 

 𝐷𝑃
. .

, (2) 

where [η] is the limiting viscosity (dm3 kg–1), and H and C are the mass fractions 

of hemicellulose and cellulose, respectively [61]. 

2.3.5 Thermogravimetric analysis 

The thermal decomposition of dissolving pulp and ACNFs (Paper I) was analyzed 

under nitrogen and air flow (60 mL min−1) in a temperature range of 25–600 °C at 

a scanning rate of 10 °C min−1 (Netzsch STA 409 PC/PG, Germany). The samples 

were freeze-dried before the analysis. 
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2.3.6 Optical transmittance 

The transmittances of aqueous suspensions of ACNFs (Paper I) were determined 

by ultraviolet-visible spectroscopy (UV-vis). The spectra were recorded at a 

wavelength of 350–800 nm, using two scans at a resolution of 1 nm (Shimadzu UV-

1800, Japan). The ACNFs were diluted to a consistency of 0.1 wt% in water before 

the measurement. 

2.4 Production of inorganic hybrid foams containing cationic 

cellulose nanocrystals 

The production of hybrid foams (Paper IV) consisted of three phases: synthesis and 

post-treatments (i.e., thermal treatment and acid wash) of inorganic foams, and the 

surface modification of the foams with CCNCs. Cationic pretreatment, comprising 

an oxidation step and subsequent cationization in aminoguanidine hydrochloride–

glycerol DES (Fig. 8), was used in the production of CCNCs. 

2.4.1 Synthesis of inorganic foams 

Inorganic foams (Paper IV) were produced through the geopolymerization reaction 

between a metakaolin powder and an alkali activator solution. The porous structure 

was obtained using a direct foaming method, wherein a chemical reaction between 

H2O2 and the highly alkaline geopolymer paste generated O2 gas bubbles in the 

matrix. Surfactant CTAB was added to stabilize the liquid–gas interface during the 

geopolymer foam formation. In the synthesis, metakaolin (63.1 g) was gradually 

added for 3 min using an overhead mixer (IKA Eurostar 60 digital, Germany) at 

1200 rpm to a premixed alkali activator solution consisting of a sodium silicate 

solution (100 g), NaOH pellets (11.8 g), and CTAB (0.1 g dissolved in 1 mL of 

water). The geopolymer paste was mixed for another 7 min, after which H2O2 (5.4 

mL) was added and the mixing was continued for 1 min. The mixture was poured 

into cylindrical poly (methyl methacrylate) (PMMA) plastic molds (height 101 mm, 

diameter 44 mm, volume 0.15 L) that were placed inside a plastic bag and cured at 

60 °C for 4 h. After curing, the samples were divided into two groups. One half was 

kept in the molds, and the top and bottom parts were treated with abrasive paper to 

reveal the pore structure for improved permeability. The other half was demolded, 

and the top and bottom parts were smoothened with abrasive paper, after which the 

samples underwent additional heat treatments, as discussed in the next section. 
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2.4.2 Post-treatment of inorganic foams 

Thermal treatment 

The demolded inorganic foams (Paper IV) were rinsed with water and treated 

hydrothermally at 121 °C and 1 bar for 1 h in an autoclave (Steralis Sterimax S18-

W1, France) to ensure that the amount of unreacted components (especially NaOH) 

was as low as possible. The autoclaved samples were rinsed with water, dried with 

pressurized air, after which the organic matter was burned away using a muffle 

furnace (Nabertherm L5/11/P320, Germany). The heating program was as follows: 

heating to 105 °C in 30 min, kept at 105 °C for 4 h, heating to 525 °C in 2.5 h and 

kept at 525 °C for 3 h. 

The heat-treated samples were fixed into PMMA plastic columns, which had 

the same dimensions as the molds. Thermal treatments had caused the samples to 

shrink slightly, and therefore, poly (tetrafluoroethylene) (PTFE) tape (Unipak 

Unitape, Denmark), Parafilm® M (Bemis Company Inc., USA), and silicone paste 

(Henkel Pattex Healthy Kitchen & Bathroom Sanitary Silicone, Sweden) were used 

to seal the samples tightly against the column walls. The samples were dried 

overnight at room temperature. 

Acid wash 

Inorganic geopolymer foams (Paper IV) selected for the surface modification 

process were washed with 0.1 M acetic acid before being combined with CCNCs. 

The foams had been either directly molded to the PMMA columns or fixed to the 

columns after the heat treatment. The columns were then attached between the top 

and bottom parts containing the liquid inlet and outlet. The acid solution was 

circulated through the columns (bottom-up direction) overnight with a flow rate of 

8.5 mL min−1 using a peristaltic pump (Abimed Gilson Minipuls 3, Germany) 

equipped with 2 mm silicone tubing. Then, water was pumped at a flow rate of 16 

mL min−1 through the columns until they reached neutrality. 

2.4.3 Surface modification of inorganic foams with cationic cellulose 

nanocrystals 

The surfaces of the acid-washed inorganic foams were modified with CCNCs 

(Paper IV). Prior to the combination, the CCNC suspension was diluted to a 
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consistency of 0.1 wt% in water, and the pH was adjusted to 7.50 with NaOH. The 

CCNC suspension was circulated (bottom-up direction) through the columns at a 

flow rate of 5 mL min−1 using a peristaltic pump with 2 mm silicone tubing for 6 

days. The amount of CCNCs attached to the surfaces was observed by titrating the 

CCNC suspension (1 mL sample mixed with 9 mL of water) with PES-Na every 1–

3 days and comparing the consumption of the titrant with the consumption obtained 

for the suspension before the combination. The stability of the system was 

monitored by measuring the pH of the CCNC suspension during sampling. 

2.5 Characterization of inorganic particles and hybrids 

Inorganic particles refer to the kaolin and HNTs that were used together with 

CCNFs (Paper III), and to the inorganic (geopolymer) foams that were pulverized 

for the X-ray fluorescence (XRF), thermogravimetric analysis (TGA), and ζ–

potential analyses (Paper IV). Before pulverization, the inorganic foams were 

crushed manually and, when applicable, washed with 0.1 M acetic acid. The 

samples were washed to neutrality with water and dried at 105 °C. Hybrids refer to 

the aggregates of HNTs/kaolin and CCNFs (Paper III), and to inorganic foams (with 

and without heat treatment) that were surface-modified with CCNCs (Paper IV). 

2.5.1 Morphology 

The morphology and size of HNTs and the morphology of kaolin (Paper III) were 

determined using transmission electron microscopy (TEM), whereas the 

morphology of HNT/kaolin–cationic cellulose nanofiber aggregates (Paper III) was 

analyzed using cryo-scanning electron microscopy (cryo-SEM), and the 

topography of inorganic foams and hybrids (Paper IV) was imaged using field 

emission scanning electron microscopy (FESEM). The particle size of kaolin 

(Paper III) and pulverized inorganic foams was analyzed by laser diffraction (LS). 

TEM 

HNTs and kaolin (Paper III) were imaged using TECNAI T20 G2 TEM (FEI 

Company, USA), equipped with a US1000 CCD camera (Gatan Inc., USA), at 200 

kV. The particles were suspended in ethanol through ultrasonication, after which 

the samples were prepared by drop-casting the suspensions onto Cu-TEM grids and 

allowing them to dry. ImageJ/Fiji software (National Institutes of Health, USA) 
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was used for analyzing the HNT size distributions (lumen width and diameter) of 

over 100 nanotubes, and OriginPro software (Origin-Lab Corporation, USA) was 

applied to evaluate the peak centers through Gaussian fitting. 

Cryo-SEM 

The aggregates of CCNFs and HNTs or kaolin (Paper III) were imaged using cryo-

SEM (Quanta 200 FEG ESEM equipped with a Quorum cryo transfer system and 

stage, USA), at 12 kV. The samples were prepared by freezing the aqueous 

aggregates in slushed liquid N2, after which they were fractured in a prep chamber 

and pre-imaged in the SEM chamber at −190 °C. After 1 h sublimation at −70 °C, 

the samples were coated with Pt and transferred back to the SEM chamber for 

imaging at −190 °C. 

FESEM 

The topographies of the inorganic foams and hybrids (Paper IV) were analyzed 

using FESEM (Zeiss Ultra Plus, Germany), at 5 kV. Pieces of foam were dried at 

105 °C, frozen in liquid N2 and dried in a freeze-dryer (LaboGene Scanvac 

CoolSafe, Denmark). The hybrids were in wet condition, and therefore, were 

directly frozen and freeze-dried. The samples were fixed on a carbon tape and 

coated with carbon before imaging. 

LS 

The particle size distributions of kaolin (Paper III) and pulverized inorganic foams 

(Paper IV) were measured by LS (Beckman Coulter LS 13 320, USA). The 

measurements were conducted from a 0.2% (w/v) water slurry that had been 

ultrasonicated (37 kHz, pulse mode, 100% power) together with overhead mixing 

for 15 min before the analysis. 

2.5.2 Charge density 

The colloidal stabilities of powdered inorganic foams (Paper IV) were investigated 

by measuring their ζ-potentials (Malvern Pananalytical, Zetasizer Nano Z, UK) as 

a function of pH. Before analysis, the sample was ground (at a speed of 1400 min−1 

for 3 min using a vibratory disc mill, Retsch RS 100, Germany), sieved (< 62 µm), 
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and mixed with water. The suspension was sedimented until a solid concentration 

of 0.1% (w/v) composed of particles < 10 µm was reached (calculated from Stokes 

Law). A sample was taken from the supernatant, the pH was adjusted to a desired 

value (pH 2–11.5) with NaOH/HCl, and the ζ-potential value was recorded. Each 

data point represents the average of three repetitions with sample standard deviation. 

2.5.3 Chemical characterization 

XRF 

The chemical composition of inorganic foams (Paper IV) was determined using a 

4-kV wavelength dispersive XRF spectrometer (Malvern Pananalytical Axios 

maAX, the Netherlands). The samples were prepared by grinding the foams into a 

fine powder and pressing into tablets. Data analysis was done using Omnian 

software (Malvern Pananalytical, The Netherlands). 

2.5.4 Thermogravimetric analysis 

The thermal decomposition of inorganic foams (Paper IV) was analyzed under air 

in a temperature range of 25–950 °C using an ash analyzer (Precisa PrepASH 340, 

Switzerland). The loss on ignition at 525 °C (LOI525, %) was calculated by dividing 

the weight loss (g) between 105–525 °C with the dry weight (g) at 105 °C. 

2.5.5 Specific surface area and pore volume 

N2 gas adsorption-desorption isotherms were used to determine the specific surface 

areas (SSAs) and pore volumes of the inorganic foams (Paper IV) (Micrometrics 

ASAP 2020, USA). The samples were dried at 70 °C for 24 h before analysis. The 

SSAs were calculated from the Brunauer-Emmett-Teller (BET) isotherm and pore 

size distributions from the desorption data using the Barrett-Joyner-Halenda (BJH) 

method. 
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2.6 Micropollutant removal with cellulose nanomaterials and their 

hybrid structures 

In this thesis three different micropollutant removal concepts are discussed that 

utilize cellulose nanomaterials obtained using a DES-mediated pretreatment (Fig. 

9). The first concept is batch adsorption (Paper II), involving anionic cellulose 

nanofibers (ACNFs) and pharmaceutical salbutamol (SAL). The second describes 

an adsorption–sedimentation concept (Paper III), wherein cationic cellulose 

nanofibers (CCNFs) were brought into contact with clay (HNT and kaolin) 

minerals for the removal of dye chrome azurol S (CAS). Finally, a reactive filtration 

concept (Paper IV) is introduced, where inorganic foam covered with cationic 

cellulose nanocrystals (CCNCs) was used for the removal of dye methyl orange 

(MO). 

Fig. 9. Summary of raw materials used, pretreatments, nanomaterials obtained, and 

their usage for micropollutant removal. 

2.6.1 Batch adsorption of salbutamol with anionic cellulose 

nanofibers 

The adsorption of SAL on ACNFs was investigated using a batch adsorption 

method (Paper II). Three ACNFs with different carboxyl contents (ACNF70, 
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ACNF80, and ACNF90 with charge densities of 0.34, 0.42, and 0.59 mmol g−1, 

respectively) were synthetized using an anionic pretreatment in urea–LiCl DES 

(Table 3). A reference CNF sample (carboxyl content 0.03 mmol g−1) was produced 

from dissolving pulp using a combination of an ultra-fine friction grinder (Masuko 

super mass collider MKCA6-2J, Japan) and a microfluidizer (Microfluidics M-

110EH-30, USA) excluding any chemical treatment. The selected adsorption 

variables were pH (4–9), contact time (0–1440 min), SAL concentration (5–200 

mg L−1), and adsorbent dose (2.5–100 mg L−1). The adsorbent used in the pH, 

contact time, and SAL concentration studies was ACNF80. The impact of the 

adsorbent dose was studied with all four CNF samples. 

The experiments were conducted in 50 mL glass beakers equipped with 

magnetic stirring bars at 100 rpm. A diluted CNF suspension (0.2 wt%, pH adjusted 

for the adsorbent dose and lowest SAL concentration experiments) was pipetted 

into a SAL solution under stirring and the mixture was stirred for a predetermined 

time. The mixture was left to settle for 30 min, after which a 10 mL sample was 

taken with a syringe from the center of the mixture and filtered using a 0.45 µm 

cellulose acetate syringe filter (VWR, USA). The amount of SAL in the filtrate was 

quantified by UV-vis spectroscopy (Shimadzu UV-1800, Japan) at 276 nm using 

quartz cuvettes. The baseline correction was done using a reference sample that 

corresponded to the actual sample in terms of CNF dose and pH. The 

spectrophotometer was calibrated for SAL at 276 nm in a concentration range of 

0–200 mg L−1 at pH 7, using deionized water for baseline correction. The amount 

of SAL adsorbed per unit mass of CNF adsorbent (mg g−1) at time t (qt) and at 

equilibrium (qe) was calculated by equations  

 𝑞 𝑉 (3) 

and 

 𝑞 𝑉, (4) 

where C0 (mg L−1) is the initial adsorbate concentration, Ct (mg L−1) is the adsorbate 

concentration at time t (min), Ce (mg L−1) is the adsorbate concentration at 

equilibrium, V is the volume of the mixture (L), and m is the dry weight of the 

adsorbent (g). The amount of SAL removed (%) was calculated by using equation 

 removal 100%. (5) 
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In addition, the retention of SAL on the filter was examined by filtering a SAL 

solution through a syringe filter (0.45 µm) and determining the absorbance of the 

solution before and after filtration. The filter was not found to retain SAL. 

Adsorption isotherm 

The adsorption isotherm was determined using an initial SAL concentration of 5–

200 mg L−1 and ACNF80 dose of 75 mg L−1. The Freundlich isotherm was 

calculated with non-linear equation [110], [153] 

 𝑞 𝐾 𝐶 , (6) 

where KF (mg g−1)/(mg L−1)n is the Freundlich coefficient, Ce (mg L−1) is the SAL 

concentration at equilibrium, and n (dimensionless) is the Freundlich intensity 

parameter. 

2.6.2 Sequential combination of halloysite nanotubes and cationic 

cellulose nanofibers for the removal of chrome azurol S 

The removal of CAS from aqueous solution was investigated by applying a concept 

that integrated adsorption of CAS onto clay minerals and sedimentation of clay-

CAS with CCNFs (Paper III). CCNFs were synthetized using a two-step method 

including periodate oxidation and cationization in aminoguanidine hydrochloride–

glycerol DES (Fig. 8). CAS was first allowed to interact with clay particles (kaolin 

or HNTs), after which the addition of CCNFs to the mixture facilitated the 

separation of CAS-loaded clay particles through aggregation and sedimentation. 

The CCNF dose (0–50 mg g−1 of clay), pH (6–8.5), and contact time (0–1440 min 

with HNTs and 1–1440 min with CCNFs) were selected as variables. The 

experiments concerning the effect of CCNF dose and pH were performed in 

triplicate and sample standard errors were calculated. 

All of the experiments were carried out using 150 mL glass beakers equipped 

with magnetic stirring bars. In a typical experiment, clay mineral (2 g L−1) was 

dispersed in water by ultrasonication (15 min), after which CAS (50 mg L−1) was 

added and the pH of the mixture was adjusted to the desired level. The mixture was 

stirred for a specified time at 200 rpm, after which the CCNF suspension was 

pipetted into the mixture and the stirring was continued. After the predetermined 

stirring time was complete, the mixture was left to settle for 30 min and a sample 

(40 mL) was taken from the center of the mixture for turbidity measurement (Hach 
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Ratio XR 43900 turbidimeter, USA). The turbidity removal (%) was calculated 

according to equation 

 Turbidity removal 100%, (7) 

where NTUS is the reading (in nephelometric turbidity units) obtained for the 

sample and NTUR is the reading obtained for a reference sample (clay 2 g L−1, CAS 

50 mg L−1, same pH). The sample used in the turbidity measurement was 

centrifuged at 6500 rpm for 20 min at 5 °C (Beckman Coulter Avanti J-26 XPI, 

USA), and the amount of CAS remaining in the supernatant was analyzed by UV-

vis (Shimadzu UV-1800, Japan) at 427 nm. The baseline correction was performed 

using a reference sample that contained only clay (2 g L−1) and had the same pH as 

the actual samples. The spectrophotometer was calibrated for CAS in a 

concentration range of 0–60 mg L−1 at pH 7 using deionized water for baseline 

correction. The amount of CAS adsorbed was calculated according to Equations 3–

5. The adsorption of CAS onto CCNFs (dose 30 mg L–1, tested without clays) at 

pH 6–8.5 was studied using a similar protocol described above, excluding the 

turbidity measurements. 

The sequential addition method was compared to a 1-step method, where a 

hybrid adsorbent was formed from HNTs and CCNFs. The hybrid was produced 

by mixing HNTs (0.2 g) and CCNFs (15 mg g−1 of clay) for 20 s using a vortex 

mixer, after which the mixture was allowed to settle for 20 min. The hybrid was 

added to the CAS solution (50 mg L−1, pH 7) and the mixture was stirred for 3 min 

or 24 h at 200 rpm. The mixture stirred for 24 h was additionally sedimented for 30 

min. The sampling and CAS concentration analysis were identical to those 

described above. However, the turbidity of the samples was not analyzed. 

2.6.3 Reactive filtration of methyl orange solution using inorganic 

foams modified with cationic cellulose nanocrystals 

Hybrid foams consisting of inorganic foams modified with CCNCs (Paper IV) were 

applied for the removal of MO. Two types of surface-modified inorganic foams 

were used: acid-washed foams, and heat-treated acid-washed foams. The reference 

samples did not contain CCNCs. In a typical experiment, 100 mL of MO solution 

(5 and 10 mg L−1, pH 7.00) was pumped at a velocity of 5 mL min−1 using a 

peristaltic pump (Abimed Gilson Minipuls 3, Germany) equipped with 2 mm 

silicone tubing on the surface of the hybrid foam. The filtrate was collected and 
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analyzed for mass, pH, and absorbance at 464 nm (Shimadzu UV-1800, Japan). The 

filtrate was passed through the hybrid foam again, and the analysis of the collected 

filtrate was repeated. The procedure of filtration and analysis was repeated five 

times in total. The amount of MO removed (%) after each pass was calculated using 

Equation 5. The spectrophotometer was calibrated for MO at a concentration range 

of 0–20 mg L−1 at pH 7 using deionized water for baseline correction. 
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3 Results and discussion 

3.1 Production and characteristics of anionic cellulose nanofibers 

The introduction of charge to the cellulose fiber surface in the production of 

cellulose nanomaterial is beneficial, as it makes the individual fibers repel each 

other and swells and loosens the fiber structure. This facilitates the nanofibrillation 

process, because fewer aggregates are formed that could potentially clog the 

chambers of the microfluidizer. In addition, the energy consumption of the 

nanofibrillation process is decreased as a result of the weakened fiber structure and 

increased charge on the cellulose surface. In the quest to develop greener and more 

sustainable production processes for cellulose nanomaterials, another point to take 

into account besides the mechanical nanofibrillation step is the pretreatment 

method. The factors to consider include the selection and consumption of chemicals, 

reaction time, temperature, and yield. In particular, the selection of chemicals is 

important, as the use of hazardous solvents and reagents can largely undo the 

benefits obtained from the usage of biobased raw material, i.e., cellulose. The 

discovery of green solvents such as DESs has promoted the sustainable production 

of cellulose nanomaterials during recent years. The use of DESs in cellulose fiber 

swelling has previously been demonstrated; however, the simultaneous 

functionalization of cellulose fibers in DESs (acting either as a reaction medium 

and a swelling agent, or as a reagent and a reaction medium) without previous 

reaction steps (e.g., oxidation) has been studied less and is worthy of detailed 

investigation. 

3.1.1 Functionalization of cellulose fibers in urea–LiCl deep eutectic 

solvent 

The possibility of functionalizing cellulose pulp in DES was investigated by 

reacting dissolving pulp with succinic anhydride in as-prepared urea–LiCl DES 

(Fig. 7) (Paper I). The results from DRIFT confirmed that the esterification reaction 

(i.e., succinylation) between succinic anhydride and the cellulose hydroxyl groups 

had occurred in DES (Fig. 10). The samples succinylated at 70–90 °C for 2 h (SC70, 

SC80, and SC90, respectively) had a distinctive band at 1730 cm−1, which is 

attributable to carbonyl (C=O) stretching in carboxylic acid (1700 cm−1) and ester 

(1740 cm−1) groups [167]. This band was not present in the unmodified dissolving 
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pulp sample. Interestingly, sample SC90 had an additional band at 1574 cm−1, 

corresponding to the antisymmetric stretching of carboxylate anions (-COO−) [168]. 

The presence of carboxylate anions in a high temperature (90 °C) product may be 

a result of the decomposition of urea (the component of DES), or the carbamation 

of cellulose, as both reactions produce ammonia (NH3). The carbamate group band 

(1713 cm−1) overlapped with the carbonyl absorptions and was not therefore 

detected in the DRIFT spectra. To further elaborate whether nitrogen was present 

in the cellulose structure as a counterion (NH4
+) or bound as a carbamate group, 

elemental analysis was performed on samples SC70–90 before and after an acid 

wash. The only sample containing a detectable amount of nitrogen was SC90, and 

the amount of nitrogen decreased from 0.4 to 0.1% as a result of the acid wash 

(detection limit for nitrogen was 0.2%). Thus, it can be concluded that the ammonia 

originated from the decomposition of urea, and was present in sample SC90 as 

NH4
+. 

Fig. 10. DRIFT spectra of a) dissolving pulp and b) SC70, c) SC80, and d) SC90 

(Reprinted, with permission, from Paper I © 2016 Wiley-VCH). 

The succinylation in urea–LiCl DES decreased the DP by less than 10% compared 

to the DP of dissolving pulp (i.e., 1816). The differences between the succinylated 
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samples were negligible. This indicated that the 2 h succinylation reaction at 70–

90 °C did not cleave the glycosidic bonds of the cellulose backbone but attacked 

the cellulose hydroxyl groups instead. 

The carboxyl content of the succinylated fibers was dependent on the reaction 

time (2–24 h) and the reaction temperature (70–110 °C). Concerning the reaction 

time, 2 h was enough to achieve a similar, or in some occasions, higher carboxyl 

content than when continuing the reaction for 6 h or 24 h at all reaction 

temperatures. The amount of carboxyl groups increased steadily from 0.57 mmol 

g−1 to 0.94 mmol g−1 as the temperature was raised from 70 °C to 90 °C (reaction 

time 2 h), which may be an outcome of the increased reactivity of cellulose at higher 

temperatures. Increasing the temperature further to 100 °C and 110 °C (reaction 

time 2 h) decreased the carboxyl content of the fibers down to 0.51 and 0.37 mmol 

g−1, respectively. This is thought to result from the competition between the 

reactivity of cellulose and the cross-linking reactions between the carboxyl groups 

and the free hydroxyl groups in the cellulose chains at temperatures > 90 °C.  

The mass yield of the reaction decreased steadily from 113.5 to 80.0% as the 

temperature was increased from 70 to 90 °C in the 2 h reaction time. The mass yield 

should in theory be above 100%, because the succinylation reaction adds succinic 

anhydride molecules to the cellulose structure. A plausible explanation for the 

observed mass yield loss is the dissolution of cellulose and hemicelluloses at higher 

temperatures. Interestingly, the mass yield increased to 100.5 and 120.4% as the 

temperature was increased to 100 and 110 °C, respectively, which is likely to be an 

outcome of increased functionalization that compensated the mass yield loss caused 

by dissolution. 

3.1.2 Crystallinity 

The cellulose crystal structures were studied by WAXD after succinylation in urea–

LiCl DES, and again after mechanical disintegration into nanofibers (Paper I). The 

functionalization in DES and the consequent mechanical treatment did not 

influence the crystalline structure of the cellulose, as all the diffractograms showed 

typical cellulose I peaks (Fig. 11). The CrIs of the succinylated samples were 68.4, 

69.0, and 69.8% for SC70, SC80, and SC90, respectively, which were slightly 

higher than the CrI of the dissolving pulp (65.4%). This can be explained by the 

dissolution of the hemicelluloses, as it was also noticed that increasing the 

temperature from 70 °C to 90 °C decreased the mass yield (section 3.1.1). 
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Fig. 11. X-ray diffractograms of dissolving pulp, SC70–90, and ACNF70–90 (Reprinted 

[adapted], with permission, from Paper I © 2016 Wiley-VCH). 

The CrIs of the samples decreased as a result of the microfluidization process to 

58.3, 57.4, and 51.5% for samples ACNF70, ACNF80, and ACNF90, respectively. 

The drop in the CrI of all the samples was a consequence of the high shear forces 

of the microfluidization process, and its magnitude reflected the number of 

microfluidization cycles (Table 3). ACNF90 was passed through the microfluidizer 

in total six times and had the largest decrease (18 percentage units), whereas 

ACNF70 and ACNF80 were passed three times and experienced a decrease of 10 

percentage units. 

3.1.3 Morphology and size 

The morphologies of the ACNFs produced through succinylation pretreatment in 

urea–LiCl DES (Paper I) (Fig. 12) and the unmodified CNFs produced from 

dissolving pulp by mechanical grinding and microfluidization (Paper II) were 

characterized from AFM topography images. All samples comprised a mixture of 

individual nanofibers and nanofiber bundles. The height distribution range of the 
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reference CNFs was between 0.5 and 8.5 nm (centered at 3.4 ± 0.9 nm), while that 

of ACNF70 and ACNF80 ranged mainly between 1.5 and 3 nm. ACNF90 had a 

large and bimodal distribution ranging between 1.5 and 7.5 nm, which indicated 

that the reaction at 90 °C resulted in a cellulose material that had a slightly different 

structure. As discussed in section 3.1.1, it is possible that the 2 h reaction time at 

90 °C resulted in the cross-linking of the cellulose chains, which in turn hampered 

the nanofibrillation process (six cycles, Table 3) and affected the dimensions of 

ACNF90. 

Fig. 12. AFM topography images of a) ACNF70, b) ACNF80, and c) ACNF90. Scale bar 1 

µm (Reprinted, with permission, from Paper I © 2016 Wiley-VCH). 

The results from the optical transmittance measurements of the nanofiber 

suspensions supported this conclusion, because ACNF90 had a lower transmittance 

compared with ACNF70 and ACNF80 (Fig. 13A). This and the higher haziness 

(detected by visual inspection) of ACNF90 indicated that the fibers had not fully 

disintegrated and that the sample also contained larger aggregates (Fig. 13B). 
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Fig. 13. (A) Optical transmittances (0.1 wt%) and (B) photographs (0.5 wt%) of aqueous 

suspensions of ACNF70–90 (Reprinted [adapted], with permission, from Paper I © 2016 

Wiley-VCH). 

3.1.4 Thermal stability 

The theory of increased cross-linking at high temperatures (> 90 °C) was supported 

by the TGA results (Fig. 14) (Paper I). The onset temperature of the dissolving pulp 
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was 335 °C under air (Fig. 14A). Samples ACNF70 and ACNF80 had an onset 

temperature of 264 °C, but for ACNF90 the onset temperature was 272 °C, which 

implied that ACNF90 had better thermal stability than ACNF70 and ACNF80. The 

thermal stabilities of the CNFs were lower compared with unmodified pulp due to 

the chemical and mechanical treatments. It was evident, however, that once ignited, 

the succinylated CNF samples decomposed slower than the dissolving pulp. The 

decomposition temperature (at 50% weight loss) was already at 340 °C (+5 °C) for 

dissolving pulp and at only 320 °C (+50 °C) for the CNF samples. The amount of 

char at 590 °C was 1% for dissolving pulp, 8% for ACNF70 and ACNF80, and 4% 

for ACNF90, which reflected the structural differences between the CNF samples. 

Similar trends were observed under N2 atmosphere (Fig. 14B) with the difference 

that the onset and decomposition temperatures of the succinylated CNFs were 

higher than those observed under air atmosphere, and more char was formed. The 

onset temperature was 336 °C for dissolving pulp, 284 °C for ACNF70 and 

ACNF80, and 299 °C for ACNF90. The decomposition temperature (at 50% weight 

loss) was 355 °C for dissolving pulp, and 325–335 °C for ACNFs. The amount of 

char at 590 °C was 10% for dissolving pulp, 32% for ACNF70 and ACNF80, and 

27% for ACNF90. 
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Fig. 14. TGA curves of dissolving pulp and ACNF70–90 under (A) air and (B) N2 

atmosphere (Reprinted [adapted], with permission, from Paper I © 2016 Wiley-VCH). 

It has been postulated that the location of the carboxyl groups in the cellulose 

structure affects the thermal stability of the polymer. In particular, the carboxylated 
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C-6 position can decrease the thermal stability of celluloses [169]. Concerning this 

point, it is possible that ACNF90, although it had the highest charge density (0.94 

mmol g−1) of the three ACNFs, had fewer “free” carboxyl groups remaining in the 

C-6 position due to cross-link formation [168]. This, together with the presence of 

larger aggregates, improved the thermal stability of ACNF90. 

3.1.5 Mechanism of urea–LiCl deep eutectic solvent interaction with 

cellulose fibers 

Aqueous urea–LiCl mixtures, molten salt hydrates of LiCl, and urea-containing 

microemulsions are all known to swell cellulose fibers as they penetrate the 

cellulose structure and break the inter- and intramolecular hydrogen bonds [170]–

[174]. In addition, the absence of water can improve the swelling of the fibers, as 

lithium cations have more free coordination sites available for the interaction with 

the cellulose hydroxyl groups. Lithium salts have also been added, e.g., to a 

periodate oxidation reaction [175] and in ionic liquid (IL) mixtures [176], because 

they disrupt the hydrogen bonding in the cellulose structure, making more hydroxyl 

groups available for the periodate (i.e., improving the oxidation efficiency) or 

increasing the solubility of cellulose in ILs, respectively. The mechanism of the 

interaction between cellulose and urea–LiCl DES (without water) has not been fully 

explored, but it is expected to follow the same principles as in aqueous urea–LiCl 

mixtures. It is noteworthy that it appears that, in the presented system, it is not the 

ions (e.g., Li+) but the DES complex (formed between urea and LiCl) that 

penetrates the fiber structure, despite its larger size compared with single ions. 

Interestingly, an acid or base catalyst is typically required in nucleophilic 

substitution at the carbonyl carbon (succinic anhydride), but in this system it was 

not needed. It is, however, possible that the NH3 produced in the decomposition of 

urea (section 3.1.1) catalyzed the reaction, because the degree of functionalization 

(and cross-linking) increased as the temperature was raised from 70 °C to 90 °C. 

The decomposition of urea has been reported to occur in DES systems at 

temperatures of below 100 °C [177]. 

3.2 Production and characteristics of cationic cellulose nanofibers 

and nanocrystals 

CCNFs and CCNCs (Papers III and IV) were synthetized according to the 

previously reported two-step method (Fig. 8) [59], and therefore, the synthesis is 
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not discussed in detail in this thesis. Briefly, dissolving pulp was always first 

oxidized to DAC using periodate, after which it was cationized in aminoguanidine 

hydrochloride–glycerol DES. Oxidation performed at 55 °C resulted in the 

formation of nanofibers (i.e., CCNFs) after nanofibrillation, whereas oxidation at 

75 °C produced nanocrystals (i.e., CCNCs), because the aldehyde content increases 

as the temperature increases (up to 75 °C) during LiCl assisted periodate oxidation 

[175]. In addition, periodate molecules prefer to react with the disordered domains 

of celluloses near previously oxidized domains [45], [178]. This results in the 

partial dissolution of the cellulose and breaking up of the fibers, which assists the 

formation of nanocrystals.  

In the DRIFT spectra (Fig. 15), the success of the oxidation of cellulose to 

DAC was verified by the presence of the absorption band at 1729 cm−1, which is 

characteristic of the aldehyde carbonyl group. The cationized celluloses (CDAC, 

CCNF) had bands at 1680 and 1642 cm−1 that were attributed to C=N bond 

vibration and N-H bond bending (Fig. 8), respectively [179], [180]. These 

vibrations were similar in both CCNFs and CCNCs. 

Fig. 15.  DRIFT spectra of dissolving pulp, DAC, CDAC, and CCNFs (Reprinted [adapted], 

with permission, from Paper III © 2019 Elsevier). 
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The average cationic charge densities of CCNFs and CCNCs at pH 7 determined 

by polyelectrolyte titration were ~1.0 and 2.7 meq g−1, respectively. The differences 

in the charge densities were a consequence of the different oxidation conditions. 

The CCNCs were oxidized to a higher aldehyde content than the CCNFs, which 

resulted in the attachment of a higher number of cationic groups in the second step 

of the synthesis (Fig. 8). 

The crystalline structure of the cellulose (Fig. 16) remained intact in both 

synthesis steps (Fig. 9), because the peaks assigned to cellulose I were visible in all 

the samples (Paper III). The CrI of DAC was 58%, which was far lower than the 

CrI of dissolving pulp (76%). It is known that periodate oxidation can decrease 

crystallinity, because it modifies the cellulose molecules inside the cellulose 

crystals [181]. The cationization of DAC did not influence the CrI (59%); however, 

nanofibrillation into CCNFs decreased it by 10 percentage units (48%), as was also 

observed in the case of anionic cellulose nanofibers (Paper I, section 3.1.2). The 

crystallinity of CCNCs (Paper IV) was not investigated. 

Fig. 16. X-ray diffractograms of dissolving pulp, DAC, CDAC, and CCNFs (Reprinted 

[adapted], with permission, from Paper III © 2019 Elsevier). 
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The CCNF sample consisted of elongated nanofibers with alternating disordered 

and crystalline regions (Paper III). The width of the nanofibers was approximately 

≤ 5 nm (Fig. 17), based on ETEM analysis. The CCNC sample, on the other hand, 

was made up of short, rod-like nanoparticles (Paper IV) (Fig. 17). The width of the 

particles was centered at 8 ± 2 nm (ranging from 5 to 17 nm), and the length was 

centered at 98 ± 24 nm (ranging from 30 to 170 nm). 

 

Fig. 17. ETEM image of CCNFs and EFTEM image of CCNCs (Reprinted [adapted], with 

permission, from Paper III © 2019 Elsevier and Paper IV © 2020 American Chemical 

Society). 

3.3 Removal of micropollutants from aqueous solutions using 

cellulose nanomaterials and their hybrid structures 

The anionic and cationic cellulose nanomaterials produced using DESs (i.e., 

ACNFs, CCNFs, and CCNCs) were applied for micropollutant removal from 

aqueous solutions (Papers II–IV). Three concepts with different working principles 

were developed, in which cellulose nanomaterials were directly applied as dilute 

suspensions (Fig. 9). The first concept applied ACNFs for the removal of SAL 

using batch adsorption (Paper II), with the focus on the interaction of ACNFs alone 

with SAL. In the second concept, CCNFs combined with HNTs were applied for 

CAS removal using the sequential combination concept (Paper III). The third 

version combined CCNCs with inorganic foams for MO removal using reactive 

filtration (Paper IV). In the last two concepts (Papers III and IV), the focus was not 
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only on the interaction of the cellulose nanomaterial with the micropollutant, but 

also the role of the inorganic material was thoroughly studied. The model 

micropollutant was different in each of the concepts (Table 2) and its selection was 

based on two factors, i.e., the charge of the cellulose nanomaterial and the 

significance of the micropollutant. The focus was on compounds that were little 

studied with cellulose nanomaterials (Table 1), i.e., pharmaceuticals (especially 

ionizable ones) and anionic dyes. 

3.3.1 Batch adsorption of salbutamol with anionic cellulose 

nanofibers 

The interaction of ACNFs with SAL was investigated in the batch adsorption 

concept (Paper II) (Fig. 18). In short, the concept was implemented by directly 

adding an ACNF suspension to a SAL solution at a defined pH. The ACNFs and 

SAL interacted for a specified time, after which the residual SAL concentration in 

the solution was quantified. Unmodified CNFs produced solely by mechanical 

disintegration (Table 3) were used as a reference adsorbent material.  

 

Fig. 18. Batch adsorption concept for the removal of SAL with ACNFs (Reprinted, with 

permission, from Paper II © 2018 Elsevier). 

Both ACNFs and SAL have ionizable functional groups, and therefore the pH of 

the solution was expected to have an impact on their interaction. Based on the 

apparent charge densities (Fig. 19A), the carboxyl groups in ACNFs were 

deprotonated (i.e., anionic) at pH 7–10 and protonated (i.e., neutral) at pH < 5. This 

was verified by visual inspection, as the samples formed stable colloidal 

suspensions at pH > 7 but aggregation occurred at pH < 7. The empirical results 
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corresponded to the literature, as the pKa of the carboxyl groups is typically between 

4 and 5. As expected, the charge density of the unmodified CNFs was close to zero 

and remained stable throughout the studied pH range. The ζ–potential results (Fig. 

19B) verified the observation that the stability of ACNF suspensions increased (i.e., 

the ζ–potential became more negative) towards the more alkaline environment. The 

stability reflected the charge of the particles, i.e., the negatively charged cellulose 

nanofibers repelled each other in the solution at pH > 7, forming a stable colloidal 

system. 

 

Fig. 19. (A) Charge densities (0.01 wt% suspension) and (B) ζ–potentials (0.1 wt% 

suspension) of unmodified CNFs and ACNF70–90 (Reprinted [adapted], with permission, 

from Paper II © 2018 Elsevier). 

SAL is present in an aqueous solution either as neutral, protonated, zwitterionic, or 

deprotonated species (Fig. 20) [160], [182], [183]. The protonated species 

dominates in neutral–acidic pH, whereas a mixture of neutral, protonated, and 

zwitterionic species is expected at pH 7–12. The deprotonated species dominates 

at pH > 11. The aim here was to investigate the extent to which the charge of the 

adsorbent (ACNF80) and adsorbate influence their interaction. The batch 

adsorption experiments were conducted in a pH range of 4–9 and the maximum 

adsorption capacity of ACNFs was recorded at pH 8.5 (101 mg g−1, 25% removal) 

(Fig. 20). This was a clear indication that the adsorption of SAL on ACNFs was 

mainly dependent on the charge of the ACNFs, and not so much on the charge of 

SAL. At pH 8.5 the fractions of protonated, zwitterionic, and neutral SAL species 

were 79, 15, and 6%, respectively. 
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Fig. 20. (A) The relative fractions of SAL species (1–4) at a given pH calculated based 

on the microscopic ionization constants pKa1
± = 9.22, pKa2

± = 10.22, pKa1
O = 9.60, and 

pKa2
O = 9.84 [160], [182], [183]. (B) The effect of pH on the adsorption of SAL on ACNFs 

(contact time 4 h, SAL concentration 30 mg L−1, ACNF80 dose 75 mg L−1). (Reprinted 

[adapted], with permission, from Paper II © 2018 Elsevier). 

Based on the AFM images (Paper II), the ACNF samples consisted of 

individualized nanofibers (at pH > 7) having a high surface area-to-volume ratio. 

This indicated that the interaction between SAL and the carboxyl groups in the 

ACNFs should be rapid, as there is no need for diffusion inside the adsorbent 

material. In addition, the ACNFs were expected to mix readily with the SAL 

solution due to the low consistency of the ACNF suspension (0.2 wt%). The results 

from the contact time investigations (Paper II) confirmed both points as the 
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adsorption of SAL on ACNFs was immediate (minimum contact time was 2 min 

due to the filtration step).  

The SAL removal increased linearly as the ACNF dose was raised from 2.5 to 

100 mg L−1 at pH 9, reaching a maximum of 27% (Fig. 21A). The unmodified CNFs 

removed 6% of SAL and no significant improvement in the removal was observed 

when the dose was increased. This confirmed the assumption that chemical 

modification is essential for the efficient adsorption of SAL on cellulose 

nanomaterials, and not only a consequence of a high surface area. It was anticipated 

that increasing the ACNF dose would result in the complete removal of SAL. 

However, it seemed that increasing the dose decreased the adsorption capacity of 

ACNFs. The highest capacity of 888 mg g−1 was obtained at the lowest ACNF dose 

and it stabilized down to ~100 mg g−1 as the ACNF dose was increased above 25 

mg L−1 (Fig. 21B). It was deduced that when the dry matter content of the ACNF 

suspension increased, more inter- and intra-chain hydrogen bonds were formed 

between/in the nanofibers, which reduced the number of available sites for SAL 

adsorption. Another factor that may have influenced the adsorption is the steric 

hindrance in both the adsorbate and the adsorbent. The cationic ammonium group 

in SAL was hindered by the adjacent tert-butyl group (Fig. 20), whereas the anionic 

succinate groups in ACNFs (Fig. 7) were freely rotating, located close to the 

cellulose backbone, and clustered on the disordered regions of the nanofibers [167]. 

 

Fig. 21. Effect of the dose of unmodified CNFs and ACNF70–90 on the adsorption of SAL 

(pH 9, contact time 10 min, SAL concentration 30 mg L−1) presented in (A) % and (B) mg 

g−1 (Reprinted [adapted], with permission, from Paper II © 2018 Elsevier). 

The experimental data fitted the Freundlich isotherm model [153], which describes 

adsorption on heterogeneous surfaces (Fig. 22). The curve was downward concave, 
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and the parameter n was below 1, denoting that the adsorption of SAL on ACNFs 

(ACNF80) was favorable. The Freundlich model can be considered appropriate for 

the system, because the succinate groups were assumed to be focused on the 

disordered regions of the cellulose fibers, thus creating a heterogeneous adsorbent 

surface together with the non-reacted hydroxyl groups. The maximum 

experimental adsorption capacity of ACNF was 196 mg g−1 (initial SAL 

concentration of 200 mg L−1), which is comparable to the results obtained with 

other anionic cellulose nanoparticles (Table 1). 

Fig. 22. Freundlich adsorption isotherm fitted to data representing the adsorption of 

SAL on ACNFs (pH 9, contact time 10 min, ACNF80 dose 75 mg L−1). Dashed lines mark 

95% confidence limits (Reprinted, with permission, from Paper II © 2018 Elsevier). 

In conclusion, the ACNF dose should be higher than anticipated to achieve full 

removal of SAL. This, in turn, would complicate the separation of exhausted 

ACNFs from the solution and increase the costs of the concept (in respect to raw 

materials, chemicals, and the separation process). To overcome these shortcomings, 

it would be more beneficial to use cellulose nanomaterials bound on a support 

material rather than in suspension. In addition, the accuracy of the adsorption 
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experiments could be improved by conducting the experiments using thermostatic 

shakers instead of magnetic stirrers. 

3.3.2 Sequential combination of halloysite nanotubes and cationic 

cellulose nanofibers for the removal of chrome azurol S 

The sequential combination concept (Paper III) (Fig. 23) was inspired by the 

conventional coagulation–flocculation process applied in wastewater treatment. In 

short, hollow HNTs were first combined with an aqueous CAS solution with the 

purpose of loading the inorganic particles with the dye molecules. After a specified 

time, a CCNF suspension was added to the HNT–CAS mixture. The nanofibers 

caused the HNT particles (loaded with CAS) to aggregate and sediment, resulting 

in a purified solution that was used for residual CAS concentration and turbidity 

quantification. Kaolin (micro-sized) was used as a reference inorganic material.  

Even though clay-based adsorbent materials have established their position in water 

purification [184], this type of concept based on the sequential combination of 

pristine clay mineral particles with cellulose nanomaterials has not been 

extensively studied in the removal of micropollutants. 

Fig. 23. Sequential combination concept for the removal of CAS with HNTs and CCNFs 

(Reprinted, with permission, from Paper III © 2019 Elsevier). 

The combination of CCNFs and HNTs had three goals: 1) to reduce the amount of 

CAS in aqueous solutions, 2) to improve the total removal of CAS using a 

combination of two adsorbent materials (i.e., CCNFs and HNTs), and 3) to facilitate 

the separation of these adsorbent materials from the water phase via aggregation. 

The main difference compared with the batch adsorption concept (Paper II) was the 

introduction of a third component to the system, i.e., inorganic HNTs. All three 
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components were ionizable, which implied that the pH of the solution would likely 

play a role in the removal of CAS. In order to fulfil the three goals, it was important 

to find a compromise between the optimum conditions for all of the components in 

respect to pH, dosing, and contact time. 

The CCNFs carried a stable cationic charge (~ 1 meq g−1) in the pH range of 

3–9 (Fig. 24). The HNTs and kaolin are both aluminosilicates with different 

morphologies and sizes. Kaolin is composed of layered micro-sized platelets, 

whereas HNTs are rigid, hollow tubes typically having an outer diameter of 50–70 

nm, a lumen diameter of 10–20 nm, and a length of 0.5–1.5 µm [185]. The walls of 

HNTs consist of ~15–20 aluminosilicate layers [185] and for that reason HNTs are 

sometimes referred to as “rolled kaolin” [186]. A peculiar property of HNTs is the 

charge difference between the tube’s outer surface and the surface of the lumen. 

The outer surfaces consist of SiO2 and have an anionic charge in the pH range 3–

11, whereas the lumen surfaces are composed of Al2O3 and have a cationic charge 

at pH 2–8 [187]. Kaolin particles and the basal surfaces (i.e., faces) of individual 

kaolin platelets are negatively charged in the pH range 3–11, while the edges carry 

a positive charge at pH < 7.2 [187], [188]. CAS has six dissociation species (Fig. 

25) [161], with the species HL3− being the prominent one in the studied pH range 

(6–8.5).  
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Fig. 24. Apparent charge density of CCNFs (0.01 wt% suspension) as function of pH 

(Reprinted [adapted], with permission, from Paper III © 2019 Elsevier). 

 

Fig. 25. Dissociation species of CAS [161]. The marked species corresponds to the 

presented chemical structure (Reprinted, with permission, from Paper III © 2019 

Elsevier). 
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Considering the charges of CCNFs, HNTs, and CAS in the pH 6–8.5 range, it was 

assumed that, given enough time, CAS (HL3−) could adsorb onto the surface of the 

positively charged lumen of HNTs. It was also envisioned that CCNFs would be 

able to attach onto the HNT surfaces via electrostatic forces, leading to the charge 

neutralization, destabilization, and eventually, sedimentation of the HNT-CAS-

CCNF aggregates (Fig. 26). 

Fig. 26. Schematic presentation of the mechanism of the sequential combination of 

CCNFs with (A) HNTs and (B) kaolin (Reprinted [adapted], with permission, from Paper 

III © 2019 Elsevier). 

It was observed that the adsorption of CAS onto HNTs decreased by 40 percentage 

units (from 64 ± 2% to 23 ± 3%) when the pH was increased from 6 to 8.5, which 

can be attributed to the loss of the cationic surface charge of the HNT lumen. A 

decreasing trend was also observed with kaolin (30 percentage units, from 29.7 ± 

1.4% to 3 ± 3%), but the removal percentages were considerably lower than with 

HNTs, which was a consequence of the lack of suitable adsorption sites (i.e., the 

edges) on kaolin. The addition of CCNFs (15 mg g−1) to the systems increased 

removal by an additional 20 percentage units irrespective of the pH or type of the 

inorganic mineral. This implied that CCNFs not only destabilized the inorganic 

particles but also adsorbed CAS, thus contributing to its total removal. The 

adsorption capacity of CCNFs towards CAS (CCNF dose 30 mg L−1, investigated 
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without HNTs) was 348–405 mg g−1 (21–24%), which was higher than the capacity 

of ACNFs (Paper II) and comparable to other cellulose nanomaterial adsorbents 

(Table 1). The differences in the adsorption efficiencies between adsorbents can be 

explained by the differences in the pollutant type, the functional groups on the 

CNFs, and the charge density. The stable increase in the CAS removal caused by 

the addition of CCNFs at pH 6–8.5 was the result of the constant charges of CCNFs 

and clay minerals in this pH region. 

The main role of CCNFs in this concept was to induce the destabilization of 

the inorganic particles and facilitate the separation of both inorganic particles and 

cellulose nanofibers from the water phase via aggregation. Indeed, almost complete 

removal of turbidity was obtained by adding 10 mg of CCNFs per gram of HNTs 

(or kaolin) at pH 7 (Fig. 27). It should be noted that the inorganic particles did not 

sediment without CCNFs (during 30 min). The removal of CAS increased steadily 

as the CCNF dose was increased, which was due to the increased portion of CAS 

adsorbed onto the CCNFs (constant dose of HNT/kaolin). Doubling the CCNF dose 

to 50 mg g−1 resulted in 97% removal of CAS. However, the samples remained 

turbid and contained floating aggregates. This indicated that CCNFs had been 

overdosed, which resulted in the charge reversal of inorganic particles and in the 

incomplete removal of CCNFs. Therefore, 10–15 mg g−1 can be considered 

sufficient to reach a good balance between turbidity and CAS reduction. In addition, 

the costs of the concept can be kept at a reasonable level when the consumption of 

the more expensive component (i.e., CCNFs) is minimized. 
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Fig. 27. Removal of turbidity (%, lines) and CAS (%, bars) as a function of CCNF dose 

using (A) HNTs and (B) kaolin (pH 7, clay 2 g L−1, CAS 50 mg L−1). Photographs of 

samples before turbidity measurement (top) and the same samples after centrifugation 

(bottom) using (C) HNTs and (D) kaolin. The numbering on the samples refers to the 

CCNF dose (Reprinted [adapted], with permission, from Paper III © 2019 Elsevier). 

The optimum contact times with CAS were different for HNTs and CCNFs. For 

HNTs, the process was diffusion-driven and thus the adsorption of CAS improved 

as a function of time (Fig. 28, spheres). Vacuum is often applied when utilizing 

HNTs, for example in drug delivery applications, to speed up the process [186]. In 

this case, no vacuum was used because it was of interest to investigate the factors 

affecting the system and avoid any complicated treatments. In contrast, the 

adsorption of CAS on CCNFs was immediate (as also observed with ACNFs and 

SAL in Paper II) and the HNT-CAS-CCNF aggregates started to form immediately 

after the addition of CCNFs. No marked benefits were obtained by prolonging the 

contact time with CCNFs to up to 24 h (Fig. 28, squares). In fact, prolonged contact 

caused the flocs to break, and in order to reach good turbidity removal, an 

additional 30 min sedimentation was introduced (Fig. 28, upward triangle). These 

results indicated that a few minutes should be enough for the second step of the 

concept.  
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Fig. 28. Removal of CAS as a function of contact time (pH 7, HNTs 2 g L−1, CAS 50 mg 

L−1, CCNFs 15 mg g–1). Spheres: HNTs (contact time 0–24 h); Squares: Sequential 

combination (contact time 1 min–24 h with CCNFs); Asterisk: HNT-CCNF hybrid (contact 

time 3 min); Downward triangle: HNT-CCNF hybrid (contact time 24 h + sedimentation); 

Upward triangle: Sequential combination (contact time 24 h with CCNFs + 

sedimentation)  (Reprinted [adapted], with permission, from Paper III © 2019 Elsevier).  

The sequential combination of HNTs and CCNFs was also compared with the use 

of a premixed HNT-CCNF hybrid. The total removal of CAS was 17 percentage 

units lower when using the hybrid (Fig. 28, asterisk) than when applying the 

concept of sequential combination with 3 min contact time. The hybrid did not 

outperform the sequential concept after 24 h either (Fig. 28, downward triangle). 

The poorer performance of the hybrid compared with the sequential combination 

concept was probably a consequence of the initial blockage of the HNTs by CCNFs 

during the production of the hybrid (HNT lumen diameter ~10–20 nm, CCNF width 

~5 nm), as the difference between the approaches became smaller with prolonged 

contact times. This can be attributed to the breakage of the flocs/hybrids, desorption 

of CCNFs from HNTs, and adsorption of CAS on both CCNFs and HNTs. It can 
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be concluded that the concept of the sequential combination of HNTs and CCNFs 

is applicable for the removal of micropollutants, and the best results are obtained 

when a prolonged contact (24 h) with HNTs is provided followed by a rapid (1–5 

min) aggregation phase with CCNFs. 

3.3.3 Reactive filtration of methyl orange solution using inorganic 

foams modified with cationic cellulose nanocrystals 

The third concept concerns the removal of methyl orange (MO) during reactive 

filtration using inorganic foams (geopolymers, GPs) covered by CCNCs (Paper IV) 

(Fig. 29). The surface charge of the inorganic foam was first altered by introducing 

CCNCs on the foam surfaces, which resulted in the formation of a novel hybrid 

foam. Then, an aqueous MO solution was filtered through the hybrid and the 

residual MO concentration in the filtrate was quantified. Inorganic foams without 

CCNCs were used as a reference. In addition, the impact of heat treatments on the 

properties and performance of the inorganic foams was investigated. Geopolymer 

foams are promising adsorbent materials for water purification due to their low cost, 

high cation exchange capacity (owing to their three-dimensional aluminosilicate 

frameworks), good water permeability and large surface area [189]. Cellulosic 

fibers have previously been used to reinforce geopolymers (i.e., to produce 

composites) [190], [191]. However, the surface modification of geopolymers with 

cellulose nanomaterials, and the use of these hybrid materials to remove 

micropollutants has not been studied before. 

  

Fig. 29. Reactive filtration concept for the removal of MO (Reprinted, with permission, 

from Paper IV © 2020 American Chemical Society). 
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A central part of the research was the modification of the inorganic foams with 

CCNCs. A straightforward combination (e.g., through sinking of the foam in a 

CCNC suspension) of these two materials was not possible for three main reasons, 

which are explained below. First, the inorganic foam was made via an alkali-

activation method [192], which involved the use of highly alkaline reagents (i.e., 

NaOH and sodium silicate solution). The synthesized foam contained unreacted 

NaOH in its structure, which gradually leached to the surface of the foam 

(efflorescence) and increased the pH of the aqueous solutions brought into contact 

with the foam. CCNCs were synthetized via a two-step method including an 

oxidation into DAC (Fig. 8). It is known that DACs are prone to degradation in 

alkaline conditions [193], and for this reason it was important to decrease the 

alkalinity of the inorganic foam before combining it with CCNCs. To overcome 

this issue, the foams were thoroughly washed with dilute acetic acid and water 

before combining them with CCNCs. Organic acid (acetic acid) was selected, 

because it was less corrosive than a mineral acid (HCl) towards the foam structure. 

The removal of unreacted NaOH was verified by XRF, which showed a decrease 

of ~40% in the amount of Na2O of the acid washed foams compared with the 

reference samples. Another indication of the NaOH removal was the increased 

surface area and decreased pore widths of the acid washed foams analyzed by BET-

BJH (Paper IV).  

Second, the density of the porous foam was very low, which caused it to float 

on aqueous solutions and suspensions. This complicated both the acid-wash process 

and the surface modification of the foam as the liquid did not penetrate efficiently 

through the material. This was solved by attaching the foams into columns, which 

enabled the pumping of the acid and CCNC solutions through the foam, thus 

improving neutralization and increasing the contact area between the CCNCs and 

the foam.  

Third, it was suspected that the cationic surfactant (CTAB, stabilizes the liquid-

air interface during foam synthesis) altered the surface properties of the foam and 

influenced its interaction with the CCNCs. To investigate this possibility, half of 

the synthetized foams were subjected to heat treatments including hydrothermal 

treatment (i.e., autoclave) and annealing at max 525 °C (i.e., furnace) before the 

acid-wash. It should be noted that the annealing step was responsible for the 

removal of organic carbon, whereas hydrothermal treatment was included to lower 

the amount of unreacted NaOH in the foams (not quantified). According to the XRF 

results, the amount of bromine in the heat-treated foams had decreased by 54% 

compared with the reference samples. In addition, the loss on ignition at 525 °C 
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(LOI525, determined by TGA) was considerably lower in the heat-treated foams 

(2.3%) compared with the reference samples (8.1%). Based on the results, it was 

concluded that the heat treatment (annealing step) was successful in reducing the 

amount of CTAB in the inorganic foams. Hereafter, the acid-washed foams are 

referred to as GP-AA and the heat-treated and acid-washed foams as GP-H-AA. 

The amount of CCNCs attached on the surface of GP-AA and GP-H-AA at pH 

7.5 did not significantly differ (11–18 mg CCNCs per 1 g of foam) (Paper IV). This 

was an indication that both foam types were able to interact electrostatically with 

CCNCs, despite undergoing different pretreatments. According to the ζ-potential 

results (Fig. 30), CCNC particles had a stable positive charge in the pH range of 3–

9.5, whereas GP-AA and GP-H-AA had a negative charge at pH > 2.5 and the 

particles reached stability at pH 6.9 and 7.7, respectively.  

Fig. 30. ζ-potentials of GP-AA (0.1% w/v), GP-H-AA (0.1% w/v), and CCNCs (0.1 wt%) as 

a function of pH (Reprinted [adapted], with permission, from Paper IV © 2020 American 

Chemical Society). 

The consistency of the CCNC selected for surface modification was 0.1 wt%. It is 

known that increasing the dry matter content of nanocellulose suspensions can 
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increase the aggregation of particles due to increased hydrogen bonding. This, in 

turn, can result in cake formation on the surface of the foam and in blockage of the 

pores, which may decrease the foam’s permeability to liquids and hinder its 

performance in removing micropollutants. The downside of using a low 

consistency is the long contact time (6 days) required to reach sufficient surface 

coverage (2.2% for GP-AA-CNC and 3.4% for GP-H-AA-CNC, theoretical 

maximum 7.2%) (Paper IV). On the other hand, the duration can be balanced by 

the lower consumption of the more expensive component, i.e., CCNCs (since the 

raw materials needed to synthetize GPs are inexpensive).  

The most probable explanation for the observed low surface coverage was size 

exclusion. The inorganic foams were mainly mesoporous (2–50 nm) and had an 

average pore width of ~11–13 nm (although based on the FESEM images, 1 mm 

pores were also present) (Paper IV). The width of the CCNCs (5–17 nm, Fig. 17 

and Paper IV) was very close to the pore size of the foams, which indicated that the 

surface modification of the smallest pores was quite unlikely. In conclusion, the 

surface coverage was low because the CCNCs were mainly able to cover the largest 

pores of the mesoporous inorganic foams. Other possible reasons for the observed 

surface coverages were the experimental setup (filtration instead of sinking) and 

insufficient surface charges on both the CCNCs and the foams. 

The individual rod-like CCNCs self-assembled into fibrous nano-scale 

networks on the foam surfaces. The two main forms were multilayer films and long 

filaments, which were found in both GP-AA and GP-H-AA samples (Fig. 31). The 

only difference between the samples was that in GP-AA, filaments appeared to 

prevail instead of films, and the filaments were slightly more aggregated than in 

GP-H-AA. One possible explanation for this may be the presence of cationic CTAB 

on the surfaces of the pores of the GP-AA, which hindered the attachment of 

CCNCs on these pores and resulted in their aggregation. 
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Fig. 31. FESEM images of (A1–A4) GP-AA-CCNC, and (B1–B4) GP-H-AA-CCNC samples 

with different magnifications. The arrows indicate the locations of the CCNCs 

(Reprinted, with permission, from Paper IV © 2020 American Chemical Society). 
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The results from the MO removal experiments (Fig. 32) revealed that CTAB indeed 

had a significant role in the overall system. The total removal of MO was greater 

with the non-heat-treated foams (GP-AA) than with the heat-treated foams (GP-H-

AA), with and without CCNCs, irrespective of the initial MO concentration (5 and 

10 mg L−1). It was also observed that the addition of CCNCs had a greater impact 

on the adsorption capacity of GP-H-AA than on that of the GP-AA. It was deduced 

that the cationic CTAB present in GP-AA was responsible for the adsorption of 

anionic MO (Fig. 33). The addition of CCNCs on GP-AA did not significantly 

improve the MO removal, because the functional groups in the CCNCs were partly 

unavailable due to the aggregation of filaments (as discussed in the previous 

paragraph). In contrast, the lower amount of CTAB in the GP-H-AA samples 

explained the poor MO removal obtained without CCNCs, and the impressive 

increase (+84%) after incorporating CCNCs. 
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Fig. 32. Amount of MO removed as a function of passes through GP-AA or GP-H-AA, 

with and without CCNCs at pH 7. The initial MO concentration was (A) 5 mg L−1 and (B) 

10 mg L−1 (Reprinted [adapted], with permission, from Paper IV © 2020 American 

Chemical Society). 
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Fig. 33. Chemical structures of (A) CTAB and (B) MO. 

GP-H-AA showed an unusual trend in MO removal (as a function of passes through 

the column) (Fig. 32). The removal efficiency decreased after the first pass, then it 

increased again, and finally stabilized. The same phenomenon was observed for the 

samples with and without CCNCs and with both MO concentrations. In contrast, 

with the GP-AA samples the removal increased after each pass, as more and more 

MO was adsorbed onto the filter. One explanation for the different behavior can be 

found from the ζ-potential values (Fig. 30). GP-H-AA reached the maximum 

negative charge only at pH 7.7, whereas the pH of the MO solution was 7. This 

implied that the surface charge of GP-H-AA was not high enough to retain the 

CCNCs effectively, which was reflected in the MO removal. GP-AA did not 

experience this problem because its ζ-potential stabilized already at pH 6.9 and 

CTAB also participated in the MO removal. 

The reactive filtration concept presented a novel and promising approach for 

micropollutant removal. It is noteworthy that the raw materials (i.e., wood-based 

cellulose pulp and metakaolin) used in the fabrication of the hybrid filter are 

completely natural, and they can also be obtained from or substituted by industrial 

side streams (e.g., agricultural waste, fly ash). However, further efforts are required 

to improve the attachment of the cellulose nanomaterials on the foam surfaces (e.g., 

covalent functionalization). In addition, the mechanical properties of the foam and 

the surface modification conditions (e.g., in respect to consistency, flow, and pH) 

should be optimized. Moreover, the addition of a surfactant or any charged 

component to the inorganic foam should be carefully considered, as it may alter the 

surface properties of the material and pose a risk to the environment through 
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leaching. Finally, a full adsorption study should be conducted to fully understand 

the potential of these novel filter materials. 

3.4 Practical feasibility of the different concepts 

Three different micropollutant removal concepts were discussed in the previous 

sections: batch adsorption of SAL with ACNFs, sequential combination of HNTs 

and CCNFs for the removal of CAS, and reactive filtration of MO solution using 

an inorganic foam–CCNC hybrid. Direct comparison of the methods is difficult, 

because of their fundamental differences (e.g., type of micropollutant, type of 

cellulose nanomaterial, selected approach, experimental conditions). For this 

reason, the comparison is limited to considerations around the practical feasibility 

of the different concepts. The selected themes cover the separation of the exhausted 

adsorbent from the aqueous phase and the reuse and recyclability of the adsorbent 

materials. 

3.4.1 Separation of exhausted adsorbent from the water phase 

In the batch adsorption concept (Paper II), an ACNF suspension was directly mixed 

with the SAL solution, forming a homogeneous and dilute suspension. The dry 

matter content of ACNFs in the final suspension was kept very low (0.00025–0.01 

wt%) to avoid the formation of a nanofiber network that could affect the adsorption 

capacity. The obvious drawback in this concept was the difficult separation of the 

exhausted ACNF adsorbent from the solution, as individual ACNFs remained as 

colloidal particles in the solution at pH ≥ 7. The separation in laboratory conditions 

required syringe filtration, which was tedious and not effective enough to 

completely retain the nanofibers (0.45 µm filter vs ~2 nm ACNFs). Complete 

separation would have required, for example, the usage of nanofiltration 

membranes (expensive and slow), high-speed centrifugation (slow and costly due 

to long duration and possible cooling), or pH adjustment to the acidic region 

(possibility for pollutant desorption). It is noteworthy that nanofiltration and pH 

adjustment can also be performed at full-scale wastewater treatment plants. For the 

abovementioned reasons it was recommended that the cellulose nanomaterials 

should preferably be fixed on a substrate before use in the adsorption applications 

(as was done later in the reactive filtration concept, Paper IV). 

The sequential combination concept (Paper III) was built around the hypothesis 

that the combination of oppositely charged nanoparticles results in charge 
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neutralization and aggregation. This, in turn, would greatly facilitate the separation 

of solids from a treated pollutant solution. The results showed that under optimal 

conditions CCNFs induced the aggregation of CAS-loaded HNTs, and the 

separation of liquid and solid phases was possible via a simple decanting process. 

ETEM images of the aggregates (i.e., flocs) revealed that individual CCNFs had 

self-assembled into larger filaments, and HNTs were aligned parallel to the 

filaments (Fig. 34). The aggregates had three-dimensional, porous, and 

honeycomb-like morphologies. Using kaolin instead of HNTs resulted in 

aggregates with layered and dense morphology, which was due to the different 

morphology and larger size of kaolin particles (< 45 µm in diameter with a mean 

of 7 ± 6 µm) compared with HNTs (outer diameter 54 ± 24 nm). Although the 

separation of the adsorbents used (HNTs and CCNFs) was straightforward, one 

drawback is the high amount of water remaining in the separated solids, which 

increases the weight and complicates reuse and recycling (discussed in the next 

section). For this reason, dewatering techniques such as centrifugation or pressing 

could be incorporated in the concept as a final step. 

 

Fig. 34. ETEM images of (A1–A3) CAS–HNT–CCNF aggregates and (B1–B3) CAS–kaolin 

clay–CCNF aggregates with different magnifications (Reprinted, with permission, from 

Paper III © 2019 Elsevier).  

In the third concept (Paper IV), the ease of separation was taken a step further, by 

fixing the cellulose nanomaterial (CCNCs) on a solid support (inorganic foam). The 
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formed hybrid then functioned as a reactive filter medium for the polluted solutions. 

Although the concept was the most practical of the three options in terms of 

adsorbent separation, a few aspects need to be considered when designing a similar 

system. First, the cellulose nanomaterial should preferably be covalently bound on 

the foam surfaces, e.g., through silane chemistry [194]–[196], to avoid its 

detachment during the filtration process (which would lead to the same situation as 

in Paper II, i.e., individual nanoparticles in a solution requiring separation). 

Depending on the selection of the raw materials for inorganic foams, their surface 

has silanol groups suitable for modification. Second, the attachment of the 

inorganic foam to a column should be done carefully to avoid any side streams 

during the combination with CCNCs. Alternatively, the columns can be used 

directly as molds in the synthesis of the foams, but in that case the tolerance of the 

column material towards the selected pretreatments (e.g., acid wash, annealing, 

autoclave) must be considered.  

3.4.2 Reuse and recyclability of adsorbent materials 

The ACNFs (Paper II) used in the batch adsorption concept are not suitable for 

reuse. This is because the separation of SAL from the nanofibers (e.g., using eluents 

such as organic solvents, or strong acids or bases [119]) is expected to be 

challenging due to the difficulty of handling nanofibers in suspension form. More 

importantly, the washing step can cause damage to the structure of ACNFs or result 

in imperfect removal of the micropollutant, both of which can have an impact on 

the adsorption capacity of the adsorbent. Regarding recyclability, ACNFs 

themselves are expected to be biodegradable. However, in exhausted form, the most 

suitable option would be incineration to destroy both the ACNFs and the 

micropollutant molecules. 

The reuse of the components used in the sequential combination concept (Paper 

III) is possible, especially in the case of inorganic HNTs. CCNFs and 

micropollutant molecules could possibly be separated from the aggregates (and 

from the HNT lumens [197]) by intensive washing, followed by filtration and/or 

centrifugation steps. However, as was discussed earlier, it is unlikely that the 

CCNFs would remain functional for reuse. Therefore, the best option for the 

aggregates is either washing with strong eluents (e.g., acids, bases), or heat 

treatment, because both options would destroy the organic matter and release the 

HNTs for reuse. It should be noted, however, that corrosive chemicals [198] and 

intensive heat treatments [199] may also alter the properties of clay minerals. When 
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HNTs can no longer be utilized in adsorption applications, they could possibly be 

utilized as a raw material in the synthesis of geopolymers (assuming that enough 

waste is generated) [200]–[202]. However, since they are likely to be inert waste, 

they could be also used for low-value applications such as earth construction. 

The inorganic foams used in the reactive filtration concept (Paper IV) could be 

reused after a heat or acid/alkaline treatment that would destroy or remove the 

CCNCs and micropollutant molecules. Alkaline treatment is preferred over acid 

wash, because the foam material is made using alkaline reagents and strong acids 

(e.g., sulfuric acids) are especially damaging towards geopolymers [203]. Another 

benefit of alkaline treatment is that it destroys the DAC backbone [193] (also 

lignocellulosic fibers in general [204]), which would enhance the removal of 

CCNCs from the foam surfaces. The foam should of course be neutralized again 

with water or mild acid before being brought into contact with CCNCs. When the 

foam is no longer usable in adsorption applications, it could find use, e.g., in 

insulation applications (acoustic [205] and thermal [206]) or as supports for 

catalysts [207], [208]. 

In summary, the reuse of cellulose nanomaterials is challenging due to their 

delicate nature. On the other hand, their separation from other components is rather 

simple, they are biodegradable, and disposal via incineration is straightforward. 

Compared with cellulose nanomaterials, the reuse and recycling of inorganic 

components is easy as they tolerate heat and chemicals better, and they can be used 

in other applications or even applied as a raw material again. 
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4 Summary and future work 

Clean water is a prerequisite for healthy life. However, the constant introduction of 

micropollutants (e.g., pharmaceuticals, industrial chemicals, insecticides, and 

personal care products) via various sources into aqueous systems and their gradual 

accumulation in the environment is an emerging issue, potentially affecting the 

health of all living creatures. Conventional wastewater treatment processes fail to 

remove micropollutants effectively and, therefore, additional measures such as 

tertiary treatment methods have been suggested. Adsorption is considered as a 

promising tertiary treatment method for micropollutant removal due to the wide 

availability of different adsorbent materials that have high uptake capacities, are 

recyclable, and safe to use. In addition, the possibility of utilizing biobased 

adsorbent materials, such as cellulose, supports the goals of global sustainability. 

Moreover, the use of nanosized cellulose particles introduces additional benefits 

such as increased adsorption capacity and fast response. The environmental impacts 

associated with the chemical treatments applied during the extraction of cellulose 

nanomaterials can be minimized by the selection of reagents and solvents. In this 

work, three types of charged cellulose nanomaterial adsorbents (ACNFs, CCNFs, 

and CCNCs) were synthetized from dissolving pulp through environmentally 

friendly DES-mediated pretreatments (Papers I–IV), after which they were applied 

for the removal of charged micropollutants from aqueous solutions using three 

different concepts (i.e., batch adsorption, sequential combination, and reactive 

filtration, Papers II–IV). 

In the batch adsorption concept (Paper II), an ACNF suspension was used for 

the removal of ionizable pharmaceutical SAL. ACNFs were capable of rapidly 

adsorbing SAL even at low doses, and the removal was found to be mainly 

dependent on the pH, which affected the amount of anionic charge in ACNFs. An 

effective ACNF dose to reach good SAL removal was, however, higher than 

theoretically calculated, because of the aggregation and hydrogen bonding of the 

nanofibers in solution, and the sterically hindered active sites in both the adsorbent 

and adsorbate. The high doses, in turn, made the separation of the exhausted 

adsorbent from the treated solution challenging due to hydrogel formation, and 

increased the total costs of the concept. Based on this work, it was clear that 

pharmaceuticals interact with ACNFs, and the properties of cellulose nanomaterials 

can be best exploited if they are bound on a support material instead of using them 

alone and as free nanoparticles. 
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The combination of cellulose nanomaterials with other materials was 

implemented in the second concept, where the sequential combination of HNTs and 

CCNFs was investigated in the removal of the anionic dye CAS (Paper III). In the 

first step of the concept, the dye molecules were diffused inside the hollow HNTs 

during 24 h, after which the loaded HNTs were rapidly (1–5 min) aggregated and 

sedimented with the aid of CCNFs. The nanofibers not only aggregated the HNTs 

but also participated in the adsorption of CAS. The total removal was mainly 

dependent on the CCNF dosage as well as pH, which affected the HNT lumen 

charge. The CCNFs, in turn, remained effective throughout the studied pH range 

(6–8.5). Although the concept presented a straightforward and efficient strategy for 

micropollutant removal, it had some drawbacks under non-optimized conditions, 

such as breakage of the flocs (too long a contact time, too high a mixing speed) and 

incomplete turbidity removal (over/underdosing of CCNFs). Thus, there is the 

possibility of increasing the level of (nanoparticle) pollution in water, instead of 

decreasing it. 

In the third concept, the inorganic-organic combination was again taken a step 

further, by modifying the surfaces of highly porous inorganic foams (geopolymers) 

with CCNCs (Paper IV). The resulting hybrid foam was then utilized as a reactive 

filter for the removal of the anionic dye MO. Based on the results, the incorporation 

of CCNCs on the foams improved the MO removal compared with the reference 

samples. It was also found that the presence of cationic surfactant on the foams had 

an impact on the orientation of the CCNCs on the surfaces, and on the overall 

removal MO. The main significance of this work was that, for the first time, it 

demonstrated a strategy for the incorporation of delicate cellulose nanoparticles on 

the surfaces of highly alkaline inorganic material. However, of the three concepts 

presented, this third concept is clearly the one that requires further development in 

respect to the CCNC immobilization and filtration set-up in order to fully realize 

its potential. 

Even though the concepts developed in this thesis achieved good results in 

respect to micropollutant removal, they all produced exhausted adsorbents rich in 

water that needed to be separated from the treated solution and disposed of suitably. 

The ease of separating the adsorbent from the aqueous phase increased as the 

complexity of the concept increased, i.e., batch adsorption << sequential 

combination < reactive filtration. Considering the reuse and recyclability of the 

adsorbents, which was beyond the scope of this study, the reuse of cellulose 

nanomaterial adsorbents is not very convenient due to the delicate nature of the 

material, which may be compromised during the regeneration protocols (e.g., acid 
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wash). In contrast, the recycling of cellulose nanomaterials is straightforward 

because they are biodegradable and can also be decomposed by incineration. The 

inorganic materials (i.e., HNTs, inorganic foams) can be recirculated back to the 

process, as the materials tolerate chemicals and heat treatments well, and they can 

also find use in other applications (e.g., as raw materials, supports) when they can 

no longer serve as adsorbents. 

To conclude, cellulose nanomaterials and their hybrid structures produced 

using environmentally friendly pretreatment methods and all-natural raw materials 

have proven their suitability in the removal of micropollutants and present a 

promising alternative to conventional adsorbent materials. In future, the research 

on cellulose nanomaterial adsorbents is expected to focus on treating specific point-

source effluents such as pharmaceutical wastewaters, because of their higher 

pollutant concentrations and lower volumes compared with municipal WWTPs for 

example, which compensates partly the costs associated with the production of the 

adsorbents. In addition, it is expected that, as the awareness and understanding of 

the environmental/health impacts of micropollutants increases, it will induce 

legislative changes that force industry to take action and look for advanced 

solutions. 
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