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Abstract

Water sources are contaminated by a large variety of pollutants including heavy metal ions
from various sources, such as mining, industry, and agricultural activities. The increasing
amount of these metal ions in water has been one of the growing environmental concerns, as
they are exceedingly damaging to the environment and aquatic life as well as to animal and
human health even at very low concentrations. Because of its wide range of industrial, medical,
and technical applications, copper is one of the most frequently detected metal contaminants
in the environment, particularly in water. Moreover, numerous industries, including mining,
paper, petroleum, and metallurgy, discharge huge amounts of effluents containing Cu(ll) ions
into the environment. Among the water treatment methods, such as ion exchange,
sedimentation and precipitation, adsorption, preferably with biobased adsorbents, is
considered as the most effective approach to purify water, particularly to remove heavy metal
ions, due to its high technical applicability, selective uptake and cost efficiency, especially for
low-level heavy metal treatment in water. Biomaterials, such as cellulose are attracting
increasing interest as efficient adsorbent and filter materials for water treatment, as they can
be derived from various biomasses. In addition, they are cost effective due to their high
abundance and renewability. Nanocellulose, i.e. nano-scale cellulose (CNF), can be tailored
for selective and improved interactions through a variety of chemical maodifications, such as
carboxylation using 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), thanks to its high number of
surface hydroxyl groups. TEMPO-CNF coated nanocellulose filters exhibit a high number of
negatively charged carboxylic (COO~) functional groups, which are beneficial for the
adsorption of positively charged heavy metal ions, for instance Cu(ll) ions.

The purpose of this study was to determine the efficiency of flat filters carrying TEMPO-CNF
as functional adsorption agent for the removal of heavy metal ions fabricated by coating and
drying foamed (referred to as foam coating) and non-foamed (referred to as cast coating)
TEMPO-CNF suspensions. The second major focus was to investigate efficient conditions for
the regeneration of TEMPO-CNF filters and to analyse their reabsorption capacity. The
performance of TEMPO-CNF filters was evaluated in terms of water permeance as well as
adsorption of Cu(ll) ions. It was found that the efficiency of TEMPO-CNF filters, namely
adsorption and mechanical properties, was related to their coat weight. Cast coated filters
exhibited a higher areic adsorption of up to 280 mg/m? for Cu(ll) compared to foam coated
filters (25 to 128 mg/m?) due to their higher coat weight, however, foam coated filters
particularly with low coat weights exhibited higher adsorption capacities of up to 52 mg/g. In
addition, both types of TEMPO-CNF filters exhibited appropriate adsorption for Ca(ll) ions,
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allowing the filters to reduce water hardness, which is an essential factor for the quality of
water. The permeance of foam and cast coated TEMPO-CNF filters was kept at about 330000
to 430000 L / m? h MPa and 100000 to 380000 L / m? h MPa at 0.2 bar, respectively.
Furthermore, up to 99 % of Cu (ll) was recovered from the TEMPO-CNF filters by using
optimised regeneration conditions utilizing HCI. A high amount of re-adsorption of more than
70% remained for the regenerated foam and cast coated TEMPO-CNF filters demonstrating

cyclability of these filters.
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Kurzfassung

Wasser ist einer der wichtigsten Rohststoffe und Grundlage fur Leben auf der Erde. Aufgrund
der Klimakrise, der industriellen Entwicklung und dem Bevdlkerungswachstum nimmt die
Belastung des Wassers und der Umwelt durch verschiedene Schadstoffe wie z.B. Schwer-
metalle zu. Sie werden hauptsachlich aus dem Bergbau, Abgasemissionen, Energie-
erzeugungsanlagen, Metallbeschichtungen und verschiedenen Industrien in Wasserlaufe
freigesetzt. Die Verschmutzung von Trinkwasserquellen mit Schwermetall-lonen stellt eine
ernsthafte Bedrohung fur die Versorgungssicherheit mit Trinkwasser dar und ist eine
Hauptursache fiir zunehmende Wasserknappheit, die immer mehr Lander Dbetrifft.
Schwermetalle konnen sich im Grundwasser sammeln, anreichern und schlussendlich Giber
die Nahrungskette in den menschlichen Koérper gelangen, wo sie Schaden an den Nieren, dem
zentralen Nervensystem, und dem Immunsystem verursachen kdnnen. Die Entfernung von
Schwermetallen aus Wasser stellt daher aufgrund ihrer gefahrlichen Auswirkungen auf die
menschliche Gesundheit und die Umwelt eine grol3e Herausforderung fir die Gesellschaft dar.
Als Beispiel und Modell fir die Belastung mit Schwermetallionen dient Kupfer. Kupfer wird
wegen seiner hervorragenden Eigenschaften wie zum Beispiel der elektrischen und
thermischen Leitfahigkeit, sowie der hohen Duktilitat in vielen verschiedenen Industrien, ein-
schlieRlich Bergbau, bei der Kupfer-Messing-Beschichtung, zur Papierherstellung und in der
Farberei, eingesetzt, wobei Kupferionen-haltige Abwasser entstehen, wodurch Kupfer in die
Umwelt eingebracht wird. Die Verwendung von Kupfer als Pflanzenschutzmittel in der Land-
wirtschaft ist eine der haufigsten Ursachen fir erhohte Kupferwerte in Grundwasser-
vorkommen. Es ist besonders fur Mikroorganismen wie Bakterien, Pilze und Algen sehr giftig,
weil es in der Natur nicht zersetzt wird und daher in Pflanzen und Tieren angereichert wird.
Daher ist es immer noch eine sehr wichtige und herausfordernde Aufgabe, unerwinschte
Metallionen effektiv und tiefgreifend aus dem Wassersystem zu entfernen, um in Zukunft
sauberes Trinkwasser und reinere Oberflichengewésser zu gewahrleisten. Gegenwartig sind
zahlreiche physikalische und chemische Methoden zur effizienten Entfernung von Schwer-
metallen aus Wasser in Entwicklung und Einsatz, einschlie3lich chemischer Féllung, lonen-
austausch, Adsorption und elektrochemische Technologien. Diese Methoden besitzen
verschiedene positive Attribute aber auch Nachteile wie hohe Kosten, niedrige Nachweis-
grenzen und Effektivitat. Laut kirzlich veroffentlicheten Untersuchungen stellen Nanofilter
(NF) aus leicht verfiigbaren und kostenginstigen Rohstoffen, wie z.B. Cellulose, ein vielver-
sprechendes Verfahren fur die effektive Entfernung organischer und anorganischer Schad-

stoffe aus Wasser dar. Diese Nanocellulose-basierten Filter stellen ein energieeffizientes,
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billiges, biologisch abbaubares, ungiftiges und umweltfreundliches Medium fiir die Wasserauf-
bereitung dar. Cellulose kann vielseitig chemisch modifiziert und dadurch in ihren Eigen-
schaften verandert werden. AuRerdem kann Cellulose durch mechanische oder chemische
Behandlung in Cellulose-Nanofasern (CNFs) umgewandelt werden, die hervorragende
Eigenschaftung fir den Einsatz in der Wasserreinigung besitzen. Um die Adsorptionskapazitat
von unmodifizierter Nanocellulose zu erh6éhen, kann eine Vielzahl von funktionellen Gruppen
durch chemische oder enzymatische Modifikationen auf die Oberflache von Nanocellulose
aufgebracht werden, beispielsweise mittels Carboxylierung, Sulfonierung, Oxidation,
Phosphorylierung und Veresterung. Die Einfiihrung von Carboxylgruppen in Nanocellulose
bewirkt eine hohe Adsorptionskapazitat fur die Entfernung von Schwermetall-lonen wie z.B.
Kupfer-lonen aus Wasser. So kénnen z.B. C6-OH Gruppen selektiv 2,2,6,6-Tetramethyl-
piperidin-1-oxyl (TEMPO)-katalysiert oxidiert werden ohne dabei die urspringliche Struktur

und Kristallinitdt zu verandern.

Hauptziel dieser Arbeit war es, in pre-industriellem (Pilot-) Mal3stab hergestellte Filter mit
TEMPO-CNF als aktivem Adsorbent zur Entfernung von Kupfer-lonen aus wassrigen
Lésungen zu untersuchen. Die Beschichtung von Viscose Vliesen mit TEMPO-CNF erfolgte
mittels Guss- oder Schaumaufbringung. Einflussgréf3en wie die Grammatur (grammage) der
Adsorptionsschicht auf Absorptionskapazitat, Permeabilitat, und mechanische Eigenschaften
sollten dabei untersucht werden. Ein wichtiger Aspekt war dabei die Wiederverwendung der
eingesetzten TEMPO-CNF Filter. Es wurde festgestellt, dass die Effizienz von TEMPO-CNF
Filter, insbesonders die Absorptionsfahigkeit und mechanische Eigenschaften, mit der
Grammatur der Beschichtung zusammenhéngen. Gussbeschichtete Filter haben aufgrund
ihres hoheren Beschichtungsgewichts eine hdhere Absorption von bis zu 280 mg/m? fur Cu(ll)
im Vergleich zu schaumbeschichteten Filtern (25 bis 128 mg/m?). Andererseits war die
Adsorptionskapazitat (bis zum 52 mg/g) von schaumbeschichteten Filtern mit geringem
Beschichtungsgewicht hdher. Bis zu 99 % Cu(ll) konnten aus den TEMPO-CNF Filtern durch
die Verwendung optimierter Regenerationsbedingungen mit Hilfe von HCI zuriickgewonnen
werden. Die regenerierten Schaum- und gussbeschichteten TEMPO-CNF Filter zeigten dabei
eine hohe Reabsorption von mehr als 70 % der urspringlichen Adsorptionskapazitat. Zudem
haben beide Arten Filter eine grol3e Absorptionsfahigkeit fiir Ca(ll) gezeigt. Das bedeutet, dass
TEMPO-CNF Filter Wasserhérte reduzieren konnen. Die Wasserdurchlassigkeit von
geschaumten und gussbeschichteten TEMPO-CNF-Filter war etwa 330.000 bis 430.000 I/m?
h MPa und 100.000 bis 380.000 I/m? h MPa bei 0,2 bar, wodurch ein hoher Wasserdurchsatz

fur effiziente Wasserreinigung erzielt werden kann.
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1. Introduction

Fresh water constitutes a tiny portion of the overall amount of water on earth. Although water
covers approximately 70 % of the globe, a mere 2.5 % of it is fresh water including 1.75-2 %
of frozen water in glaciers, ice and snow. Only 0.5-0.75 % of the total water constitutes fresh
groundwater and soil moisture. The rest (97.5 %) corresponds to oceans, seas and saline
groundwater [1]. This small amount of freshwater is being depleted day by day due to
pollution, thus increasing the amount of contaminated water. This poses a major threat to
human life and ecosystems because polluted water contains various pollutants, including
heavy metals, toxic textile dyes, pesticides and oil, as well as agricultural wastes, detrimental
to (human) health [2]. The majority of water pollution is caused by human activities, such as
industrialisation, population growth, urbanisation, climate change and agricultural operations.
Nowadays, about one billion people do not have access to safe drinking water and basic
sanitation and approximately 800 000 people die every year from drinking contaminated water
[3]. About 80 per cent of all wastewater is discharged into the environment without adequate
treatment. As a result, it has a detrimental effect on human health, the quality of ambient
freshwater resources and the ecosystem [4]. Water sources are contaminated by a large
variety of pollutants, for instance heavy metal ions, which are released into the environment
from mining and industrial or agricultural activities. High concentrations of heavy metals can
be dangerous to animals and humans, causing severe health problems and even death in
extreme cases. Therefore, purification of both potable water and wastewater, particularly the
removal of heavy metal ions from water, is urgently needed in order to ensure supply of safe
drinking water and decrease in global water pollution. Various approaches, including ion
exchange, chemical adsorption, flocculation and biological growth are available to remove
heavy metals from water, but each has its own set of disadvantages, including high energy
requirements, their synthetic material content, and the generation of toxic sludge [5]. Thus, an
advanced, inexpensive and environmentally friendly technology needs to be developed to
address these major water treatment issues [6]. Adsorption based on natural and renewable
materials is one of the most cutting-edge approaches for water purification due to its
convenience, ease of use, and simplicity of construction [7].

Among the biomaterials, nanocelluloses (NC) have been shown to be potential absorbent
materials appearing to be advantageous over other conventional materials and technologies
for pollutant removal from water due to their excellent mechanical properties, high specific
surface area and environmentally friendly production [5]. Another big advantage of NC is that
it can be extracted from a variety of biomasses such as trees, plants, weeds and also
agricultural side streams [8]. NC contain a multitude of hydroxyl groups (-OH) on their surface,
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which can be chemically modified, for instance into carboxylic groups (-COOH), to increase
the affinity towards metal ions. Carboxylic groups exhibit strong affinity towards various
(heavy) metal ions, such as copper ions. 2,2,6,6-Tetramethylpiperidin-1-oxyl (TEMPO)
mediated oxidation is applied as an effective method to selectively convert hydroxyl groups
located at cellulose's C6 position into carboxylate groups on the surface of cellulose fibers.
Nanofibrils generated therefrom are commonly denominated as TEMPO-CNF [9]. TEMPO-
CNF have potential applications as environmentally friendly and bio-based nanomaterial in a
variety of fields, including water treatment [10].

2. Theoretical background
2.1. Water contamination by heavy metal ions

Nowadays, the increasing amount of heavy metal ions in water has been one of the growing
environmental concerns because of their high persistence and toxicity. Thus, heavy metals
are one of the most dangerous contaminants in water. Heavy metals are defined as metallic
chemical elements having a density of more than 5 g/cm3. These include for instance nickel,
copper, arsenic, mercury and cadmium, which are highly harmful to the environment and
aquatic life as well as human health even at very low concentrations [11]. Heavy metals
emerge into the environment by natural and anthropogenic processes. Natural sources of
heavy metals include volcanic eruption, forest fires, rock weathering and wind-borne soil
particles. Anthropogenic activities, such as industrial production, mining and agriculture, are a
major source of heavy metal ions released into water bodies, leading to a severe
environmental problem. Heavy metal pollution usually follows a cycle: industry, environment,
soil, water, foods and humans (Figure 1) [12].
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Figure 1: Sources of heavy metals and their cycle in the environment [11].

Heavy metals can enter human bodies through food, drinking water or air and accumulate
therein leading to health threats. Heavy metal toxicity in humans and other living organisms
may cause brain damage or a decrease in mental functions and central nervous system, as
well as damage to the liver, lungs and other vital organs [4, 6]. Copper is among the most
commonly found heavy metal contaminants in the environment, especially in water because
many industries, including mining, paper, petroleum and metallurgy, release large amounts of
effluents containing Cu(ll) ions into the environment [13]. Copper, as a trace element, is
essential in maintaining crucial processes in human function and metabolism, nevertheless, it
is toxic at higher concentrations [14]. Copper removal from water, in particular industrial
effluents, is important not only because of its harmful effects on the environment, but also
worthwhile in order to recover and reuse copper in a variety of industrial applications. Cu(ll)
ions are removed from wastewater using physical, chemical and biological methods prior to
being released into the environment. Among these treatment techniques, adsorption is

regarded as one of the most efficient, cost-effective and environmentally sustainable methods
[15].
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2.2. Water treatment

2.2.1. Removal of heavy metal ions by adsorption

Several methods, including ion exchange, electrochemical treatment, sedimentation,
precipitation and cationic surfactants, have been recently investigated for the development of
productive technologies to reduce the amount of heavy metal ions in water and to increase the
quality of water [16]. However, their application is limited, because the majority of them require
a significant financial investment [17]. Therefore, there is pressing demand for innovative
technologies, which are low cost, energy efficient and require little maintenance [18]. Among
the water treatment methods mentioned, adsorption is considered as the most effective
approach to purify water, particularly to remove heavy metal ions, due to its high technical
applicability, selective uptake and cost efficiency, especially for low-level heavy metal
treatment in water [19]. The adsorption process works by mass transfer from the liquid phase
to the solid phase, which is referred to as the adsorbent. The sorption of the contaminants
onto an adsorbent consists of three main stages: (I) the diffusion of the contaminants in the
solution to the surface of the adsorbent; (Il) the adsorption of the contaminants on the
adsorbent surface; and (lll) contaminants diffusion on the structure of adsorbent [20]. In
addition, the removal of metal ions by adsorption has the great advantage that the process
can run in reversible mode and the adsorbents can be reused after regeneration using a
suitable desorption process. Currently, the most commonly used adsorbents are synthetic
polymers or inorganic materials, such as ion-exchange resins, activated carbon and zeolites,
which have disadvantages such as high manufacturing costs and non-renewability and the
potential for secondary damage of water bodies due to material leaching [21]. This is one of
the reasons to develop more efficient, inexpensive and environmentally friendly absorbent
materials for water treatment. The adsorption capabilities of a number of low-cost adsorbents,
such as biomaterials, have been determined for the removal of heavy metals from water,
demonstrating that cellulose and its derivative materials show good adsorption capacity
towards heavy metal ions [15].

2.2.2. Use of biosorbents in the removal of heavy metal ions

Biomaterials are attracting increasing interest as efficient adsorbent and filter materials for
water treatment, as they can be derived from various biomasses. Biopolymers, such as
cellulose, are cost effective due to their high abundance and renewability [22]. Cellulose, one
of the most abundant natural biopolymers, is an excellent raw material for the production of
biosorbent materials [23]. Cellulose is a linear homo-polysaccharide composed of $-1,4-linked

10
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anhydro-D-glucose units with the repeating unit cellobiose containing six hydroxyl groups,
which form strong inter and intramolecular hydrogen bonds. The hydrogen bonding networks
in the crystalline sections of cellulose are strong and densely packed, resulting in a durable,
fibrous, highly resistant and water-insoluble cellulose fiber. In addition, a great number of
available OH-groups allow cellulose to be modified into a material with greater functionality
[24]. Cellulosic materials with specified nano-scale structural dimensions are referred to as
nanocellulose, which is a natural nanomaterial that is non-toxic, biodegradable and
biocompatible with no harmful effects on human health and the environment. There are three
major types of nanocellulose: cellulose nanofibrils (CNF), cellulose nanocrystals (CNC) and
bacterial nanocellulose (BNC) [25]. These nanocelluloses can be extracted from renewable
and abundant resources, such as any cellulose containing biomass by using top-down
approaches or bottom-up methods utilizing bacteria. CNF and CNC are usually obtained from
plant sources, such as wood pulp, crop or agricultural waste streams, via the top-down
approach, which include chemical, mechanical and/or enzymatic processes (Figure 2). BNC
is generated using a bottom-up method that involves cellulose-producing bacteria fermenting
low molecular weight sugar. For the isolation of CNC, chemical treatments such as acid
hydrolysis is performed, by which the disordered/amorphous regions of the cellulose fibres are

hydrolysed, while the crystalline sections are maintained [26].

Cellulosic fibers

Biomass/cellulose source

(CNC)
5-30nm | — Microfibrillated cellulose
100-.500 nm
Amorphous |
Crysaline

(CNF) oM o oM -

o MO, -Q Mo, J
IO-IOOnmI 3 omh v /\o/ ono\/?.o /\o/

oH oM

n
> | ym
I nen Cellulose chemical structure

Figure 2: Schematic representation of the extraction of CNF and CNC from cellulosic

biomass [27].
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The specific surface area, crystallinity as well as number of surface hydroxyl groups increase
tremendously when cellulose is converted into nanocellulose [15]. Nanocellulose can be
tailored for selective and improved interactions through a variety of chemical modifications
thanks to its high number of surface hydroxyl groups. Besides, these groups act as active sites
for the fabrication of functional adsorbents with high capacity [28]. Nanocellulose is appealing
for applications in a variety of fields, including nanocomposite materials, surface modified
materials, papermaking, food packaging, coating additives and textiles. The surface
modification processes of nanocellulose expand their potential applications as functional
adsorbents in the environmental sector, including water purification and pollutants removal
[29].

2.3. Nanocellulose in water treatment

The number of potential applications of sustainable and environmentally friendly products from
natural resources has increased in various fields in recent years as they show enormous
potential for reducing cost and increasing efficiency in pollution treatment and clean-up [22].
In particular, biodegradable and non-toxic materials including cellulose-based materials have
received widespread attention [17]. Nanocellulose is commonly used as an excellent natural
biomaterial adsorbent for environmental remediation technologies due to its natural
abundance, non-toxicity, renewability, sustainability and the possibility of surface modification
[30]. In addition, properties of nanocellulose, including high mechanical strength and rigidity,
are favourable for high-pressure water treatment [31]. In nanocellulose-based adsorbents,
surface functionalisation is an important step in order to promote pollutant adsorption and
increasing adsorption capacity. Surface modified nanocellulose by different strategies can
remove numerous water contaminants, such as dyes, oils and metal ions, from water [32].
Nanocellulose based filters have two principle mechanisms for the separation of pollutants:
separation by retaining particles larger than their pore size and adsorption of charged
contaminants via electrostatic interaction on the surface of the filter [2]. Nanofiltration
membranes can remove basically all types of viruses as well as many inorganic and organic

molecules including divalent ions due to a small pore size of less than 2 nm [33].

12
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2.3.1. Surface modification of nanocellulose

The surface of nanocellulose can be easily modified through chemical modifications because
of its large surface area and abundance of hydroxyl groups. Chemical modification improves
certain properties of nanocellulose, such as selective adsorption capacity for contaminants, by
enhancing the number of active bonding sites and creating new functional groups that support
the absorption of certain classes of compounds [34]. Carboxylation, sulfonation, oxidation,
phosphorylation, esterification, etherification and amidation are some of the techniques used
to attach functional groups or molecules on the nanocellulose surface. Figure 3 illustrates
several possible approaches for the chemical functionalisation of nanocellulose structures.
Introduction of functional groups on the surface of nanocellulose allows to change its (surface)
properties required for various applications [35].

(RO)4SI{CH4) R’

PO(OH), {NH),,

i e
PO | Cellulose-OH COOR

L\

-COR

CONH; -{COOH),,

NR,*

Figure 3: Main routes of surface functionalisation of nanocellulose for the adsorption
of pollutants [9].

Among the these functionalisation methods, the introduction of carboxylate groups to CNF
surfaces is one of the most studied methods as they exhibit high adsorption efficiency, stability
and regeneration capability for the removal of hazardous pollutants in particular multivalent
metal ions, including Cu(ll) ions [36]. For the carboxylation of CNF, two general strategies
have been developed: (1) direct chemical modification by oxidation or etherification. These
methods usually involve complicated modification procedures and the use of hazardous
organic solvents and (2) introducing carboxylate groups on the surface of CNF using 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO). This approach is a promising method for the preparation
of CNF with a high number of carboxyl groups due to its ability to transform hydroxyl into
carboxyl groups. TEMPO-CNF exhibit a high number of negatively charged carboxylic (COO")
functional groups, which are beneficial for the adsorption of positively charged heavy metal
ions, for instance copper (ll) ions [37].

13
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2.3.2. TEMPO-oxidation of cellulose

TEMPO is widely used as oxidising agent for cellulose due to its reversible redox behaviour
and high catalytic efficiency. In addition, TEMPO is a stable nitroxyl radical, which is water-
soluble and commercially available [38]. The primary C6-OH groups of cellulose are selectively
oxidised into carboxylic groups using catalytic oxidation with TEMPO without changes to the
original crystallinity. Figure 4 shows the oxidation mechanism of cellulose by TEMPO. The C6-
OH group (CH20H of (1)) of cellulose is selectively converted into carboxylate groups (COOH
of (3)) via an aldehyde intermediate (CHO of (2)), consuming NaClO and NaOH. Aldehyde
groups in the oxidation products have an impact on the separation and stability of oxidised
cellulose. Therefore, the TEMPO/NaCl/NaOH-oxidation system avoids the presence of
aldehyde groups in the final product by immediately oxidising then into carboxylate groups by
NaClO [39]. Furthermore, alkaline conditions promote the dissociation of the primary hydroxyl
groups, resulting in a faster production of covalent bonds than at neutral or acidic conditions
[40]. The reaction mixture is typically maintained at basic conditions (pH = 10), which transform
the carboxylic acid moiety into the carboxylic acid sodium salt moiety (COONa of (4)) [41].
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Figure 4. Scheme of the selective oxidation of the primary C6-OH group of cellulose to
carboxylate groups by TEMPO/NaClO/NaClO,oxidation in water at pH 10 - 11 [37].

The oxidation process can be controlled by adding NaOH to the reaction mixture to keep the
pH at 10 during the reaction. Furthermore, NaCIlO plays an important role in the oxidation
process as the amount of carboxylate groups converted from the primary OH groups of
cellulose can be controlled by varying the amount of NaClO added. TEMPO mediated
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oxidation is highly efficient generating high amounts of anionic carboxylate groups, which are
introduced as functional groups on the cellulose surfaces [42]. After TEMPO oxidation, low
energy blending is sufficient in order to disintegrate cellulose fibers into nanocellulose. Due to
the COOHgroups and their repulsion, very low fibril diameters can be obtained at lower energy
input. Films produced from TEMPO oxidised cellulose nanofibrils (TEMPO-CNF) exhibit high
light transmittances, high mechanical strengths and very low oxygen permeabilities under dry
conditions [40]. In addition, TEMPO-CNF could be of interest to applications for water
purification because of its low energy consumption, high yield and uniform morphology [43].

2.3.3. Adsorption mechanism of heavy metal ions on TEMPO-CNF

Adsorption of metal ions on TEMPO-CNF is achieved by complexation or electrostatic
attraction between CNF and metal ions. The carboxyl groups on the surface of TEMPO-CNF
act as active sites for the removal of metal ions. Cu(ll) ions diffuse to the surface of TEMPO-
CNF during the removal process where they are electrostatically attracted (1) by the negatively
charged carboxylate groups. Then, Na* and H* ions are replaced by Cu(ll) ions by ion
exchange (2), while Cu(ll) ions are partly also captured by two carboxylate groups via

complexation (3) (Figure 5) [43].
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Figure 5: Mechanistic model of Cu (ll) adsorption by TEMPO-CNF filters. The light
orange shadow refersto electric static interaction [43].

The carboxylate content of TEMPO-CNF is an important factor that affects the adsorption of
heavy metal ions, such as Cu(ll) ions, using TEMPO-CNF filters [14]. Apart from heavy metal
ions, TEMPO-CNF filters potentially also adsorb earth alkaline metal ions, e.g. calcium and

magnesium, thus exhibiting high potential for the reduction of water hardness [44]. A significant
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benefit of TEMPO-CNF filters is that they can be regenerated using appropriate chemical
methods. This is a critical parameter to determine the applicability of these materials from an
economic point of view. A variety of methods has been suggested and tested, depending on
the adsorbed species, to regenerate nanocellulose-based filters. Frequently, filters saturated
with heavy metal ions are treated using an acidic or alkaline solution [20], facilitating the
desorption of metal ions from TEMPO-CNF filters such that the filter can be reused [45].
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3. Aims and objectives

The aim of this work was to establish the utility of pilot-scale flat filters containing TEMPO-CNF
as functional adsorption agent for the removal of heavy metal ions produced by coating and
drying foamed (referred to as foam coating) and non-foamed (referred to as cast coating)
TEMPO-CNF suspensions. In order to facilitate highly efficient filters with high permeance a
coating method was needed that allows application of small amounts of nanocellulose in thin
layers. To achieve this aim, the following objectives were defined with the coating process
operated at pilot-scale. Two coating methods should be applied in order to control the coat
weight, which was hypothesised to influence the heavy metal ions removal of the resultant
filters. The performance of the filters should be characterised by water permeance and removal
of Cu(ll) ions, as model for heavy metal ions, by adsorption experiments. The influence of the
pH on the heavy metal ions adsorption and the reusability of the filters are also to be
investigated. Furthermore, the morphology and mechanical properties of the TEMPO-CNF
coated filters should be assessed.

17



Charged nanocellulose filters for water treatment

4. Experimental section

4.1. Materials and methods

TEMPO-CNF suspension (1.1 mmol/g of carboxyl groups) was produced and supplied by
Swiss Federal Laboratories for Materials Science and Technology (EMPA). Hotstapur SAS 30
(Secondary alkane sulfonate CHs — (CH2)m — CH-(SOsNa) — (CHz)n — CHs) was purchased
from Clariant. Viscose fabric was supplied by Acondaqua (Spain). All reagents were of
analytical grade. CuClz (97 %), ammonium chloride (97.5%), Murexide, HCI (37 %) and NaOH
were purchased from Sigma-Aldrich. Ethylenediaminetetraacetic acid (EDTA) was purchased
from W.Neuber’'s Enkel (Vienna, Austria). All chemicals were used as received without further
purification and ultra-pure water (0.05 uS/cm, Elga Pure lab, High Wycombe, UK) was used

for all procedures.

4.2. Preparation of foam and cast coated TEMPO-CNF filters

Foam and cast coated TEMPO-CNF filters were produced at VTT Technical Research Centre
of Finland. Surface coating of the viscose fabric was carried out by two methods, foam and
castcoating. All coatings were made on the Surface Treatment Concept (SUTCO) pilot coating
machine located at VTT (Espoo, Finland). For foam coating, the TEMPO-CNF suspensionwith
1.7 wt % solid content (dry TEMPO-CNF) was mixed with 1.5 wt % SAS 30 as foaming agent.
The mixing was done gently to avoid any air entrapping before foaming. The homogenous
dispersion was then fed to a foam generator (Hansa Top-Mix, Hansa Industry Mixer GmbH).
Compressed air was injected into the foam generator and the suspension frothed under shear
created by a rotor-stator assembly. The airflow rate was automatically controlled by the flow
rate of the liquid suspension and the predefined foam density. The produced foam was then
pumped to the coating station of the pilot machine where it was applied on the moving web
through a slot-die. The die had a width of 250 mm and the slot-web gap (SWG) was fixed at 1
mm. A schematic of the foam coating process is shown in Figure 6. After foam deposition, the
web was run over a vacuum box (under pressure 4-5 kPa) to enhance the penetration of the
foam into the bulk of the substrate. The coated wet web subsequently entered the drying
section, which was composed of three separate infrared drying units (12-14 kW each) and five
convection drying units (140 kW each). The water in the foam was evaporated, hence the foam
collapsed and dry TEMPO-CNF was deposited on the substrate. The line speed was varied

between 2.5 and 4 m/min for the foam coating process to control the coat weight.
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Figure 6: Schematic of the roll-to-roll foam coating process on the SutCo pilot line
[Source: VTT].

Cast coating was used to apply higher coat weights of CNF on the substrate as compared to
foam coating. The CNF suspension containing up to 1.7 % solid content was fed into the
coating feed (Figure 7) and the bottom of the reservoir was opened towards the machine
direction. The opening size, denoted as the casting gap, was measured as the vertical distance
between the bottom surface of the casting bar and the web. The coat weight during casting
depends on both the line speed and the casting gap. The coating width was kept constant at
300 mm and the line speed was fixed at 1 m/min. Hence, the theoretical coat weight depended
only on the casting gap and the solids content of the CNF suspension. Cast coating was
followed directly by drying the web, the vacuum box was not used as the high amount of
coating was observed to cause penetration of the CNF suspension to the backside of the web
and exiting it. The cast coated substrates were dried in batch method. Due to the high coat
weight and thus high water content, the web was kept in the IR drying section for 30 min to
evaporate all the water.

Coating feed

N

Figure 7: Casting station (left) and drying section (right) of the SutCo pilot line.
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4.3. Characterisation of foam and cast coated TEMPO-CNF filters
4.3.1. Coatweight, shrinkage and thickness of filters

Discs with a diameter of 0.24 m were cut from the foam and cast coated TEMPO-CNF filters.
The filters were weighed and the filter area was determined by ImageJ (Fiji). The grammage

[G] of the filter was calculated with Equation 1.

—| = (D

G[ g ] _ Mass of the filter [g]
Area of the filter [m?]

m?2

The foam coated TEMPO-CNF filters shrunk during the drying process and the shrinkage was

calculated with Equation 2.

Width of coating [m]

S=1 0.25 [m] @)

The actual width of the foam coated portion of the filters was measured at five different spots
with a ruler. The set width of the coated filters was 0.25 m. After calculating the shrinkage, the

real coat weight (Grew) of foam coated TEMPO-CNF filters was calculated with Equation 3.

Set coat weight

1 — shrinkage )

g
Grew [ﬁ] =

The grammage of uncoated and cast coated TEMPO-CNF filters was also calculated with

Equation 1. The real coat weight of cast coated filters was then calculated with Equation (4).
Real coat weight [é] = (grammage of cast coated filter) — (grammage of uncoated filter) (4)

The thickness of each test specimen of foam and cast coated TEMPO-CNF was measured at
3 different spots using a digital micrometre (electronic outside micrometre 0-25 mm, accuracy
0.001 mm).

4.3.2. Morphology of filters by scanning electron microscopy

The morphology of uncoated as well as foam and cast coated TEMPO-CNF viscosefilters was
assessed by scanning electron microscopy (SEM, JCM-6000, JEOL, Germany). Prior to
imaging, the samples were fixed onto SEM stubs using carbon tabs and gold coated for 1 min
at 30 mA using a sputter coater (JEOL Fine coater JF-1200, Germany).
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4.3.3. Pure water permeance of filters

The permeance of pure water through the filters was measured using a dead-end cell
(Sterlitech HP4750 stirred Cell) at a backpressure of 0.2, 0.5 and 1 bar nitrogen at room
temperature (21°C). Filters with a diameter of 49 mm were fixed on a porous stainless steel
plate, which was then placed on top of the bottom part of the dead-end cell. Afterwards, the
plate and cell bottom were clamped with the cell body. 200 mL of deionised water were filled
into the cell body, which was sealed by the cell lid connected to Nz. At the desired
backpressure deionised water was forced through the filter. The permeate water was collected
in a measuring cylinder and the permeance time measured for each 50 mL of permeate. The
permeance P was calculated using Equation 5:

Pl = 5
m2-h - MPal A-t-p ()

V is the volume of the permeate solutions collected, t is the time permeate was collected, A is
the effective filtration area of the filter (1460 mm?) and p is the backpressure forcing water
through the filter. This permeance test was repeated three times for each of the three different

pressures for each sample (Figure 8).

Figure 8: a. Cutting of discs from filters, b. filter discs with a diameter of 49 mm for the
pure water permeance and c. Sterlitech HP4750 dead-end cell.

4.3.4. Adsorption of metal ions on filters

Two discs of the filters with a diameter of 0.24 m were placed in a Bichner-Funnel (Figure 9a
and b). The funnel was fixed on a filter flask, which was connected to a water-jet pump. 200
mL test solution containing 2.5 mM CuClz were filtered through the TEMPO-CNF coated filter
under reduced pressure (Fig 9b) and the filtered solution was collected. Fresh test solutions
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were filtered through the filters multiple times (usually 5 times) to reach saturation of the filters,
i.e. the Cu concentration in the feed and filter solutions were identical within error. The
concentrations of the feed and filtrate solutions were determined by titration. 50 mL of the
permeate were pipetted into a 250 mL Erlenmeyer flask and mixed with 50 mL pure water.
The pH was setto 10 by adding 5 mg of NH+Cl and 2 mL of 30% NHs. Murexide was dissolved
in the solution as colour indicator. A yellowish/greenish solution was obtained and titrated with
0.11 M EDTA until the transition point (colour change from yellow/orange to pink Figure 9c).
The final concentration of Cu(ll) ions in the filtered solution was calculated by Equation 6.

mmol] _ Oll[mol ' L_l] 'VEDTA [mL]

C 2+[ (6)
1L Vritration[mL] - 1000

Veota [mL] is the volume of EDTA, which was used to titrate the permeate solution. Vritation
[mL] is the volume of solution that was titrated (50 mL). To calculate the amount of Cu(ll)

adsorbed from a certain filtration fraction, Equation 7 was used.
Mcy [mg] = (Cfeed - Cpermeate) [mmOI' L_l] - 63.456 [mg' mmOI_l] ’ Vpermeate [L] (7)

Creed is the concentration of the feed solution and Cpermeate IS the concentration of the permeate
solution. 63.546 mg/mmolis the atomic weight of copper. Vpermeate is the volume of solution that
was filtered through TEMPO-CNF membrane filters. The mass of adsorbed copper ions [mg]

per unit filter area [m?], the areic adsorption capacity ga, was derived by Equation 8.

a0 [%] _ mass of the adsorbed copper ions [mg]

(®)

m? area of the filter [m?]

The adsorption capacity ge [mg/g], the mass of adsorbed copper ions [mg] per total mass of
active adsorption agent [g], was then calculated by dividing ga[mg/m?] by the coat weight [g/m?]

(Equation 9).

0 [%g] __ qa[mg-m~?] ©

coat weight [g - m~?2]
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Figure 9: a. Cutting of TEMPO-CNFfilters, b. Bichner-Funnel and c. filtered copper

chloride solution before and after the titration.

To evaluate the influence of the pH value of aqueous solution on the adsorption capacity of
heavy metal ions the filters were soaked in aqueous solution containing NaOH (pH = 10) or
HCI (pH = 3), respectively, for 3 h. After soaking the filters were washed with deionised water
to pH = 7 and dried at room temperature. Afterwards, the areic adsorption [mg/m?] of CuClz of
the filters was assessed using the method described above.

To determine Ca(ll) ions absorption onto the foam coated TEMPO-CNF filters, an adsorption
study was performed with an aqueous solution of 2.5 mM CaClz. The experiment was carried
out using the same method as for Cu(ll) described above and the adsorption was calculated

using the same equations but with the atomic weight of Ca (40.08 g/mol).

4.3.5. Regeneration of filters

After the adsorption test, two discs of the filters with a diameter of 0.24 m with adsorbed Cu(ll)
were soaked in 200 mL of 0.01 M HCl for 2 h. During this process, the pH value of the soaking
solution was checked with pH indicator paper every 30 min. The acidic solution was then
collected in a measuring cylinder. The concentration of Cu(ll) ions was analysed by titration
as described above and the mass of Cu(ll) removed from the filter was determined. The
regenerated TEMPO-CNF filter was rinsed several times with deionised water to pH = 7 and
dried at room temperature. Afterwards, adsorption tests were conducted as described above
to evaluate the regenerated TEMPO-CNF filters.
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4.3.6. Leaching of surfactant or substrate from coated filters

Six pieces of 20x20 mm filters were cut from the coated TEMPO-CNF filters and samples 3,
6, 11 and 13 (Tables 1 and 2) were selected for this experiment for their high coat weight.
Each three of those pieces were put into the tubes containing 10 mL deionised water or 0.01
M HCI, respectively. The tubes containing the pieces and leaching solutions were hand-
shaken for 1 min then the pieces of filters were soaked therein for three h at room temperature
(Figure 10 a and b). The soaked pieces of the filters were taken out from the solutions and
visually inspected.
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Figure 10: Pieces of filters soaking in 10mL a. H,O and b. HCI.

4.3.7. Mechanical properties of filters

Tensile tests were performed using a universal test frame (Model 5969 Dual Column Universal
Testing System, Instron, Darmstadt, Germany) equipped with a 1 kN load cell. Dogbone
shaped specimens with shapes according to ISO 527 type 5 were cut from each filter; the fiber
direction of the filters was longitudinal to the specimens. The thickness of each test specimen
was measured at 3 different spots using a digital calliper. To determine the mechanical
properties of wet filters, specimens were soaked for 30 min in deionised water prior to the
tests. Black dots were marked on the white coloured specimens along the longitudinal
direction. The dry and wet specimens were clamped between two clamps with a distance of
25 mm. The specimens were stretched at a speed of 1 mm/min. The force during the tensile
tests was recorded by the machine. A video extensometer (Blackfly-Gige-PoE) was installed
around 1.5 min front of the sample to evaluate the strain of the specimens. The gauge length
was set to 20 mm and the deformation of the specimens during the tests was recorded from
the dotted marks. Stress was calculated as the force per area (N'm? = Pa) and plotted as
function of the strain. From the stress-strain curves, the mechanical properties, such as the
ultimate tensile strength and the elongation at break, of the filters were obtained. The Young’s

modulus was calculated as the slope of the linear section of the stress-strain curves.
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5. Results and discussion
5.1. Foam coated TEMPO-CNF filters

Foam coated TEMPO-CNF filters were designed for the removal of heavy metal ions from
water. TEMPO-CNF was the active adsorbent on the viscosefilter surface due to the presence
of COOH groups, which facilitate capture of various heavy metal ions, such as Cu(ll), from
water. In order to maintain a high flux and a reasonable adsorption capacity, the amount of
TEMPO-CNF coating needed to be controlled. Furthermore, TEMPO-CNF is quite expensive,
hence, the first approach was filters with low coat weight. Ideally, viscose was coated in a way
that individual viscose fibers are coated with a thin layer of TEMPO-CNF. However, using a
TEMPO-CNF suspension directly as the starting material would lead to a prolonged drying
procedure after coating of TEMPO-CNF considering the difficulty to remove water from the
TEMPO-CNF network. Thus, a foamed TEMPO-CNF suspension was used as starting
material for the coating. The foamed TEMPO-CNF was used to facilitate even coating layers
desired at low coat weight.

The TEMPO-CNF suspension was foamed by mechanical whipping the suspension and
injecting air in a rotor-stator mixer. The foam was stabilised by an anionic surfactant. The dry
coat weight of TEMPO-CNF on viscose filters was set between 1.2 and 5.1 g/m2. During foam
coating and the subsequent drying process, the viscose filters were under tension in machine
direction, retaining the dimension of the filters. However, in the transverse direction the filters
were not under tension resulting in shrinkage upon drying. The extent of shrinkage was
calculated using equation (2), reflecting the real coat weight. The real coat weight was between
1.3 and 6.8 g/m? (Table 1). For most samples, the shrinkage was about 20 %, with the
shrinkage increasing with the set coat weight. Higher coat weight is connected to higher water
content during drying and evaporating high amounts of water causing high stress in the
transverse fiber direction, thus resulting in significant shrinkage. For all coat weights, but in
particular for low coat weights, a reasonable agreement between set and real coat weight was

found.
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Table 1: Set and real coat weights as well as shrinkage of foam coated filters.

Substrate

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

0.0

1.2

1.2

15

2.5

5.0

51

0.14

0.20

0.18

0.0

0.22

0.25

0.0

13

14

18

25

6.4

6.8

In Figure 11 the thickness of foam TEMPO-CNF coated filters is plotted vs. their real coat

weight. A linear relationship between the coat weight and the thickness of filters was observed,

as anticipated.
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Figure 11: Relationship between thickness and coat weight of foam coated filters.
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5.1.1. Morphology of foam coated filters

The surface and fiber morphologies of uncoated substrates and foam coated filters with
different coat weights are displayed in Figure 12. Uncoated substrates consisted of non-woven
fibers with a fiber diameter of 10-19 um. Samples 1-5 with low and moderate coat weights had
a similar surface morphology as the uncoated substrate. This was explained by the coat
weights being too low in order to yield a dense surface layer of TEMPO-CNF. Sample 6
exhibited a dense but not continuous layer, caused by the highest coat weight of 6.8 g/m? as
compared to samples 1-5. Nevertheless, the dense coating layer did not fully cover the top
surface of the viscose substrate, leaving several holes. Furthermore, the bottom surface of
Sample 6 showed loosely packed viscose fibers identical to other foam coated filters, indicating
that the foam did penetrate through the filter to some extent.

Sample: coat Top surface Bottom surface
weight
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Figure 12: SEM images of foam coated filters.
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TEMPO-CNF was present as a very thin film between fibers or coated on individual fibers

(red arrows), respectively, as shown in Figure 13 displaying the surface of sample 1.

20 pm

Higﬁ-vaé. SEl PC-std. 15kV x 1000 01.06.2020. 000119

Figure 13: SEM image of the surface of foam coated TEMPO-CNF filter/sample 1 at
1000x magnification. Red arrows indicate the presence of TEMPO-CNF.

5.1.2. Pure water permeance of filters

The water permeance of uncoated and foam coated filters was measured using a dead-end
cell at different pressures. Both uncoated and foam coated filters had similar water permeance
ranging from 330000 to 430000 L / m2 h MPa at 0.2 bar, indicating very fast water passage
(Figure 14).
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Figure 14: Water permeance at different pressures
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Furthermore, the permeance slightly decreased with increasing coat weight (Figure 15). The
high water flux was possible because of the high porosity and pore size of the viscose
substrate hardly resisting water passage that was only slightly increased by the NC coating as
no dense layer coating was formed, which functions as a barrier to hinder water to pass. For
sample 6, which indeed had a dense but not continuous NC layer the permeance was lowest.
Furthermore, the water permeance was reduced with increased pressure. This was explained
by the compaction of the filters at higher pressure, resulting in a denser filter, whose water
permeance was reduced. All filters thus permitted for high flux required in water filtration

application.
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Figure 15: Relationship between water permeance and coat weight of foam coated

filters.

5.1.3. Adsorption capacity for Cu(ll) ions

2.5 mM CuCl: solutions, equivalent to 159 mg/L of Cu(ll), corresponding to strongly copper
contaminated water, was used as feed solution to investigate the adsorption capacity of the
foam coated filters. The filtered solution was collected and the Cu(ll) concentrations in the feed
and filtered solutions were determined. The adsorption process of foam coated filters is
summarised in Figure 16, which shows the volume-dependent adsorption of Cu(ll) ions for all
foam coated filters. It was determined that within 1000 mL (5 cycles of filtering), the filters

reached saturation, i.e. the feed and filtered solutions had the same Cu(ll) concentration.
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Figure 16: Cu(ll) adsorption of foam coated TEMPO-CNF filters.

After the filtration, the foam coated TEMPO-CNF filters were coloured blue, indicating the
adsorption of Cu(ll) ions onto the filter surface. The adsorption of the foam coated TEMPO-
CNF filters per unit filtration area are shown in Figure 17. The adsorption per unit area
represents the areic adsorption of the filters when being used to adsorb heavy metals. With
increasing coat weights to 6.8 g/cm?, the adsorption per unit area increased from 25 to 128
mg/m?. This was explained by the higher number of the carboxyl groups (COO ) attached to
the filter. The available COO~groups allowed for the adsorption of Cu(ll) ions [44, 45].
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Figure 17: Adsorption of copper ions [mg] per unit filter area [m?].
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The adsorption capacity for various coat weights is shown in Figure 18. The adsorption
capacity represents the adsorption per mass of TEMPO-CNF coating, allowing for
consideration of cost efficiency. The adsorption capacity increased from 19 to 52 mg/g with
decreasing coat weight, indicating that the adsorption efficiency was improved at lower coat
weight. This was explained by establishing thicker TEMPO-CNF coating layers with increasing
coat weight; considering that adsorption primarily occurs at the surface of TEMPO-CNF,
increasing the coat weight, i.e. coating layer thickness, does not provide a higher number of
COO~ sites on or near the surface but rather buries them in the bulk of the coating. Thus, the
adsorption capacity and coat weight were indirectly proportional. Comparison with the
literature indicates that TEMPO-CNF showed an adsorption for Cu(ll) of 75 mg/g [46] up to
135 mg/g [47], in the case of static adsorption on individualised fibers. Thus, adsorption
capacities close to the one of individualised fibrils in static adsorption experiments were

achieved but with the advantage of a continuous process.
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Figure 18: Adsorption capacity, the amount of copper [mg] per mass active adsorption

agent [g] as function of the real coat weight.

It was anticipated that the pH of the aqueous these solution has a significant impact on the
adsorption of heavy metal ions [44], because varying the pH value can change the state of
functional groups on the surface of TEMPO-CNF and of metal ions in agueous solution. Thus,
in order to evaluate the influence of pH value on the adsorption of heavy metal ions from
agueous solution, the filters were soaked in alkaline (NaOH, pH = 10) or acidic solution (HCI,

pH = 3), respectively. The areic adsorption for copper ions was then measured as in their
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native state, showing that it was strongly reduced after soaking in alkaline or acidic solution
(Figure 19). After soaking with NaOH and HCI, respectively, the adsorption capacity decreased
from 75 mg/m? to 28.3 mg/m?and 31.6 mg/m?as well as from 128 mg/m?to 97.4 mg/m?and
to 71.1 mg/m2for samples 3 and 6, respectively. The reduction of the areic adsorption under
alkaline and acidic condition, respectively, might be explained by the protonation and
deprotonation process of the carboxyl groups on the surface of filters and replacement of H*
with Na*, respectively. The carboxyl groups are protonated by an acid and deprotonated by a
strong base [13]. In other words, the large numbers of charged H* or Na* ions, respectively,
can reduce the attraction of surface COO~groups of the foam coated TEMPO-CNF towards
adsorption of metal ions. In addition, those ions, in particular Na*, are competing with Cu(ll)
ions to adsorb on the surface of the filter, thus reducing the interaction of the absorbent with

the heavy metal ions [1].
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Figure 19: Effect of pH on the adsorption.

5.1.4. Regeneration and reuse of foam coated filters

Recyclability of filters is an important feature in practical applications and can benefit the
economical value and the environment [48], as the active material of the filters is expensive
and the amount of waste is reduced. After adsorption of Cu(ll) ions filters were washed in HCI
solution, which was proven before to be an efficient method to clean filters saturated with Cu(ll)
ions [49]. The washing process was optimal when soaking the filters in HCl at pH = 2 for 2 h.
Figure 20 shows the amount of recovered Cu(ll) ions from filters: 97 % of Cu(ll) was recovered
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from the filters. After a second washing procedure, the quantity of Cu(ll) ions desorbed was
basically zero, indicating that copper ions were majorly desorbed from the foam coated
TEMPO-CNF filters already after the first washing step.
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Figure 20: Recoveryof Cu(ll) ions from foam coated TEMPO-CNF filters (Sample 6).

After desorption of Cu(ll) ions, TEMPO-CNF coated filters were subjected to a second filtration
test. Re-adsorption capacities of 94 mg/m?and 54 mg/m2, corresponding to 73 and 72 % of
the original adsorption capacity for samples 6 and 3 regenerated filters, respectively, were
observed (Figure 21).
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Figure 21: Desorption and adsorption performance of (regenerated) foam coated
TEMPO-CNFfilters.

5.1.5. Leaching of surfactant from foam coated filters

Leaching of matter into a water resource from the filters during practical application is required
to be avoided to prevent secondary contamination. Leaching experiments were carried out to
investigate whether the surfactants used for foaming of TEMPO-CNF leach from the filter. After
soaking and shaking filters in HCI and water, respectively, liquid foam was observed to be
present on top of the washing solutions, in particular for filter sample 6 with the highest coat
weight (Figure 22). This indicated leaching of the surfactant, which acted as a foaming agent.
Higher amounts of liquid foam were found for sample 6 compared to sample 3, which means
a higher amount of surfactant having been present in the filter capable of leaching.
Furthermore, fiber fragments of the viscose substrates were found in the liquid phase, which
was because of the loose fiber network from which some fibers had escaped the filters during
shaking. Thus, for application in real filtration applications, appropriate removal of surfactant
would have to be carried out and the filter substrate consolidated, e.g. by sufficient amounts

of CNF to bind the non-woven fibres, for instance by double-sided coating.
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Figure 22: Sample 3 washed in 10 mL a. H,O and b. HCI.
Sample 6 washed in 10 mL c. H,O and d. HCI.

5.1.6. Adsorption capacity for Ca(ll) ions

Ca(ll) ions commonly present in fresh water sources are also attracted by carboxylic acid
groups. On one hand, this constitutes competition to heavy metal ions adsorption, which in
case of TEMPO-CNF filters is usually limited [49], but also opens up the opportunity to address
another issue in drinking water quality: water hardness. The adsorption capacity of TEMPO-
CNF filters for Ca(ll) ions from aqueous solution was investigated by filtration experiments
using a test solution of 2.5 mmol/L CaClz (Figure 23).
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Figure 23: Progression of continuous adsorption of Ca(ll) ions.
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Similar to copper ions, more Ca(ll) ions were adsorbed (63.6 mg/m?) by sample 6 with a coat
weight of 6.8 g/m?2 compared to sample 3 with 1.8 g/m? (54.1 mg/m?) (Figure 24). Adsorption
capacities of 8.8 and 30 mg/g were thus determined for sample 3 and sample 6, respectively.
It was observed that the adsorption capacity increased with decreasing coat weight. The
adsorption per area of samples 3 and 6 for Cu(ll) ions were 75 and 128 mg/m?, respectively,
which was much higher adsorption compared to Ca(ll) ions. Thus, hardly any negative impact
by competitive adsorption of Ca(ll) is expected for Cu(ll) adsorption. Still, TEMPO-CNF filters
exhibited appropriate adsorption capacity for Ca(ll) ions, enabling the filters to reduce water
hardness, which is an important factor for the quality of water. In comparision, pure TEMPO-
oxidised phosphorylated nanopapers displayed an adsorption capacity of 91 mg/g and 70
mg/g for Ca(ll) and Mg(ll), respectively [50], which was higher but with the disadvantage of

tremendously lower water permeance.
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Figure 24: Adsorption of Ca(ll) ions [mg] per unit filter area[m?].

5.1.7. Mechanical properties of foam coated filters

The mechanical properties of foam coated TEMPO-CNF filters were analysed in wet and dry
conditions. Stress-strain curves of the foam coated filters in both conditions are displayed in
Figure 25. The strength, elastic modulus and strain to failure of each filter were determined
from these stress-strain curves. The highest point of the stress-strain curve is the maximum
tensile strength. It is a measure for the load a material can withstand before failure. The
stiffness, or more precise the resistance to deformation, of a material is given by the Young'’s
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moduli, which were calculated from the slope of the first linear region in the stress-strain
curves. The elongation at break is the strain at maximum stress.
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Figure 25: Stress-strain curves of foam coated filtersin dry (a) and wet (b) condition.

The stress-strain curves exhibited an initial linear region, corresponding to the elastic
deformation region of the foam coated TEMPO-CNF filters. Then the curves started to level
off, indicating local plastic deformation, such as the pull-out or break of cellulose fibers in
viscose filters. After the maximum tensile strength was passed, the stress was reduced
continuously with prolonged elongation. This was due to the break of the TEMPO-CNF layer
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on top or within the filters but the viscose fibers in the substrate still being loosely bond.
Furthermore, coating with TEMPO-CNF, which behaves brittle, did reduce the tensile strain
from 12 to 6 % in dry condition (Figure 25 a). Yet, the strain at maximum stress was influenced
by the amount of TEMPO-CNF coated only to a minor extend. The Young’s moduli and tensile
strengths of foam coated TEMPO-CNF filters in dry condition increased from 40 MPa for the
pure substrate to about 500 MPa for coated samples and from 7 to more than 12 MPa,
respectively, (Figure 26). This indicates the reinforcement effect of the dry TEMPO-CNF on
the viscose filters.
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Figure 26: E-modulus and tensile strength in dry condition vs. the coat weight of foam
coated filters.
The Young’s moduli and tensile strengths of the wet substrate (21 and 4.4 MPa, respectively)
and coated viscose filters (20.3 and 3.4, respectively) were identical within error (Figure 27).
The TEMPO-CNF adsorbed water and became softer hence its reinforcement effect to the
viscose filters vanished and the stiffness of the wet filters was controlled predominately by the
viscose substrate. Still, in order to function as filter material these mechanical properties are
considered sufficient, in the light that the coated filters had similar mechanical properties

compared to the filter substrate.

39



Charged nanocellulose filters for water treatment

B E-modulus in wet condition
A Tensile strength in wet condition

_ 45 16
© T
o
E40— ,14‘02_"
c c
S 354
] 35 L12 -2
5 =
S 30- =
) 10 8
@ 25- 5
— c
s 20- i i <
2 R
3 15- #{ " g
£ % 4 3
B (7]
> z
S 5- -2 2
>C_> ~
0 T T T T T T T T T T T T 0

0 1 2 3 4 5 6 7
Real coat weigth of the filter [g/m?]

Figure 27: E-modulus and tensile strength in wet condition vs. the coat weight of foam

coated filters.

5.2. Cast coated TEMPO-CNF filters

While the adsorption capacity of foam coated TEMPO-CNF filters was higher for lower coat
weight, their areic adsorption was higher at higher coat weight. However, for foam coating the
maximum coat weight is inherently limited by the volume of foam that can be applied on the
substrate and collapsed. Thus, in order to increase the coat weight and hence the areic
adsorption, TEMPO-CNF was also cast coated directly on the viscose substrate. By adjusting
the thickness of the coating, the coat weight was controlled between 2.3 and 15.8 g/m?, limited
by the amount of water that could be removed during drying. Because of the high water content
in the suspension, drying of the TEMPO-CNF coating could not be realised in continuous mode
and the coated fabrics had to be kept in the drying zone for 20 min. During drying, the coated
fabrics were fixed in the transverse direction to reduce the shrinkage. This impacted several
parameters, such as the penetration and spreading of the suspension into the viscose fabric
as well as the transverse shrinkage and stretching of the fabrics. Furthermore, the maximum

coat weight was thus limited albeit significantly higher than for foam coating.
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Table 2: Coat weight and shrinkage of cast coated filters.

Sample 7 13 0.07 2.3
Sample 8 2.7 0.10 5.7
Sample 9 2.7 0.10 7.8
Sample 10 5.8 0.10 5.2
Sample 11 8.5 0.08 14.0
Sample 12 8.5 0.02 14.6
Sample 13 10 0.13 15.8

As for foam coated filters a linear relationship between the coat weight and thickness of the
filters was established, but with very small slope and an almost constant thickness of 200 to
250 um (Figure 28) with a tendency to higher thicknesses at higher coat weight. This could be
explained by TEMPO-CNF penetrating into the viscose substrates filling the pores rather than

just being applied to the surface of the filters.
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Figure 28: Relationship between thickness and coat weight of cast coated filters.
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5.2.1. Morphology of cast coated filters

Figure 29 shows the surface and fiber morphologies of uncoated and cast coated filters with
different coat weight. Non-woven fibers were visible on the surface of uncoated substrates.
Compared to uncoated filters, the cast coated filters exhibited a thicker, denser and glossier
top surface, especially for the filters with high coat weight. They showed a more compact,
continuous and homogeneous surface structure. In particular sample 13 exhibited a denser
and smoother surface as compared to samples 7-12, due to a high coat weight of 15.8 g/m?2.
Furthermore, all cast coated filters exhibited a similar bottom surface as the uncoated
substrate, indicating that also during cast coating TEMPO-CNF did not fully penetrate
throughout the filter albeit thickness data suggest that it penetrated into the substrate to a
certain extent.
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Figure 29: SEM images of cast coated TEMPO-CNFfilters.

43



Charged nanocellulose filters for water treatment

Cast coated TEMPO-CNF filters (Samples 13 and 7) are displayed in more detail in Figure 30.
TEMPO-CNF was present as a very thin layer between fibers or coated on individual fibers
(Figure 30a). However, occasional holes can be still observed in the coating layer, especially

for samples with low coat weight (Figure 30b).

High-vac. SEI PC-std

Figure 30: SEM images of the surface of cast coated TEMPO-CNF filters at 1000x
magnification, a. Sample 13 (15.8 g/m?) and b. Sample 7 (2.3 g/m?). Red arrows indicate
the surface of cast coated TEMPO-CNFfilters.

5.2.2. Pure water permeance

Compared to the uncoated substrates that exhibited a permeance of 420000 L / m? h MPa (at
0.2 bar), the cast coated filters had reduced permeances of 380000 to 100000 L / m? h MPa
(at 0.2 bar). The permeance significantly decreased as the coat weight increased (Figure 31).
Furthermore, the cast coated filters exhibited substantially lower permeance than foam coated
filters (Figure 32). This can be explained by higher coat weights of cast coated filters and the
resulting denser layer on top of the substrate, which functions as a barrier resisting the water

to pass through.
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Figure 31: Water permeance vs. real coat weight of cast coated filters.

The permeance of most of the filters decreased as backpressure increased, which can be
explained by filter compaction caused by the backpressure (Figure 32). However, at high coat
weights and due to the denser layer this effect was reversed for 0.2 bar were apparently too
little to effectively push the water through the filters. Still, permeances of more than 100 000 L

/ m2 h MPa are considered sufficient for water filtration applications.
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Figure 32: Water permeance vs. backpressure.
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5.2.3. Adsorption capacity for Cu(ll) ions

Cu(ll) adsorption of cast coated filters was analysed using the same method as for foam
coated filters described above. It was noted that the feed solutions passed through the cast
coated filters much slower (1 to 2 min) compared to foam coated filters because of the higher
coat weight and their dense layer on top of the filters. Furthermore, for some filters saturation
was reached after a higher number of test cycles, i.e. volume of the feed solution filtered
(Figure 33) indicating a high absolute number a Cu(ll) ions having been adsorbed compared
to foam coated filters.
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Figure 33: Concentration of Cu(ll)ions in permeate solution vs. permeate volume for
cast coated TEMPO-CNFfilters.

After filtration, the cast coated TEMPO-CNF filters were coloured blue, indicating the
adsorption of Cu (Il) ions onto the filter surface. The values of the areic adsorption and
adsorption capacities of the foam and cast coated filters with various coat weights are shown
in Figures 34 and 35. Compared to the substrate and foam coated filters, the castcoated filters
exhibited higher areic adsorption of up to 280 mg/m?, due to the larger surface area formed by

the deeper penetration of the coating (Figure 34).
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Figure 34: Adsorption per unit filter area [m?].

Similar to foam coated filters there was a linear relationship between areic adsorption and coat
weight up to 15.8 g/m? with TEMPO-CNF filters with a higher amount of carboxyl groups
exhibiting higher Cu(ll) adsorption [13]. Increasing the number of free carboxyl groups on the
surface of the cellulose chains improves the retention of divalent ions from aqueous solution
[1]. On the other hand, adsorption capacity per coat weight decreased with increasing coat
weight (Figure 35), indicating that the adsorption preferentially took place at the surface of the
filters. Higher adsorption at same coat weights for castcoated filters comparedto foam coated
filters could be ascribed to longer residence and contact times of Cu(ll) ions caused by the

lower permeance.
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Figure 35: Adsorption as function of coat weight for foam and cast coated TEMPO-
CNFfilters.
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5.2.4. Regeneration and reuse of cast coated filters

Figure 36 shows the results of regeneration and reuse experiments with cast coated TEMPO-
CNF filters. The optimised regeneration process was applied and filters soaked in HCI at pH
= 2 for 2 h. More than 90% of Cu(ll) were recovered from the filters during the first washing
cycle. The amount desorbed by a second washing cycle was almost zero, further confirming
that the copper ions were already mostly removed from the cast coated TEMPO-CNF filters
during the optimised regeneration procedure. Furthermore, a high amount of Cu(ll) ions could
be re-adsorbed (186 mg/m? and 202 mg/m?), corresponding to 76 % and 74 % of the original
amount adsorbed for the regenerated cast coated filters samples 11 and 13, respectively
(Figure 36). Similar to foam coated filters this result shows that the cast coated filters could be
regenerated with HCI treatment and applied as absorbents with high reusability. Lower
desorption from cast coated filters compared to foam coated filters could be explained by a
denser structure of the coating from which desorption is slightly more hindered.
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Figure 36: Desorption and adsorption performance of (regenerated) cast coated
TEMPO-CNFfilters.
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5.2.5. Leaching of fiber fragments

Leaching of substrate fiber fragments from the cast coated filters was investigated. After
shaking filters with HCI or H20, respectively, the filters were removed from solutions. Opposed
to foam coated filters, no foam was observed on top of the washing solutions, due to the
absence of surfactant in the formulations of the cast coated filters. However, the solution
became cloudy, indicating that fibre fragments might be released from the filter during shaking
(Figure 37).

Figure 37: Sample 11 in 10 mL a. H,O and b. HCI,
Sample 13in 10mL c. H,O and d. HCI.

5.2.6. Mechanical properties of cast coated filters

Mechanical properties of the cast coated TEMPO-CNF filters were analysed both in wet and
dry conditions. The stress-strain curves of the average of seven tensile tests are shown in
Figure 38. The stress-strain curves had a linear region within a strain range from 0 to 0.01 in
dry and 0 to 0.1 in wet conditions, respectively, corresponding to the elastic deformation region
of the cast coated TEMPO-CNF filters. After that, the curves began to flatten, indicating local
plastic deformation, such as the pull-out or breaking of cellulose fibers in filters. This plastic
deformation continued until the stress reached maximum, indicating maximum tensile stress.
The uncoated sample showed a much higher yield point of 15 and 24 %, respectively,
compared to castcoated TEMPO-CNF filters in both dry and wet conditions, respectively. This
could be explained by TEMPO-CNF coating hindering the elongation of the viscose fiber
network. A higher elongation at yield point was detected for all samples in wet condition than

in dry condition.
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Figure 38: Stress-strain curves of cast coated filtersin dry (a) and wet (b) condition.

Young’s moduli and tensile strengths of uncoated and cast coated filters in dry conditions are
shown in Figure 39. The coating increased both Young’s moduli and tensile strengths from 7
to 10 and 500 to 1000 MPa, respectively. The Young's moduli of cast coated TEMPO-CNF
filters in dry condition were between 40 and 1000 MPa. This means that the
stiffness/resistance to deformation of the filter was improved by cast coating, but the strength

was on the same level.
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Figure 39: E-modulus and tensile strength of cast coated filters in dry condition.

The Young’'s moduli and tensile strengths of wet uncoated and coated viscose filters were
identical within error (Figure 40), which was already observed for dry foam coated filters.
Furthermore, all foam and cast coated samples had tensile strengths of more than 4 MPa in
wet conditions, which was basically equivalent to the uncoated sample (4.4 MPa).This could
be explained by the TEMPO-CNF layer absorbing water and thus softening. Hence, there was
hardly any reinforcing effect by the coating.
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Figure 40: E-modulus and tensile strength of cast coated filters in wet condition.

51



Charged nanocellulose filters for water treatment

6. Conclusions

This study demonstrates the potential of foam and cast coated TEMPO-CNF filters produced
in pilot scale for the removal of metal ions, such as Cu(ll), from aqueous solution. TEMPO-
CNF were coated on viscose filters by using two different coating approaches, foam and cast
coating, to manufacture a flat filter containing TEMPO with different coat weights. The real
coat weight of foam coated filters was between 1.3 and 6.8 g/m?whereas it was between 2.3
and 15.8 g/m?for cast coated filters. SEM images confirmed the presence of TEMPO-CNF on
the surface of the viscose substrate. The TEMPO-CNF coating was shown as thin layers on
the surface of single cellulose fibers or between fibers. A dense coating layer was found for
the TEMPO-CNF filters with high coat weights. The performance of TEMPO-CNF filters was
evaluated in terms of their water permeance as well as adsorption of Cu(ll) ions. It was found
that the efficiency of TEMPO-CNF filters was related to their coat weight. Cast coated filters
showed a higher areic adsorption of up to 280 mg/m?for Cu(ll) comparedto foam coated filters
(25 to 128 mg/m?) due to their higher coat weight. However, foam coated filters had a higher
adsorption capacity of 19 to 52 mg/g than cast coated filters (10 to 35 mg/qg), indicating higher
efficiencies of the adsorption process. Furthermore, both types of TEMPO-CNF filters
exhibited much higher absorption capacity for Cu(ll) as well as Ca(ll) ions compared to the
uncoated substrate. This was explained by the high amount of carboxyl groups on the surface
of filters. The available COO~ sites allowed for the adsorption of metal ions. Adsorption of
Ca(ll) ions was much lower than for Cu(ll) ions, indicating that Cu(ll) ions will be preferentially
adsorbed under competitive conditions but reasonably high to facilitate reduction of permanent
water hardness, which is important for improving water quality. The permeance of foam and
castcoated TEMPO-CNF filters was kept at about 330000 to 430000 L / m? h MPa and 100000
to 380000 L / m?h MPa at 0.2 bar, respectively. Such high water flux benefits the application
of the filters by allowing the treatment of large quantities of water in short time. Furthermore,
up to 99 % of Cu (Il was recovered from the TEMPO-CNF filters by using optimised
regeneration conditions utilizing HCI. A high amount of re-adsorption of more than 70%
remained for the regenerated foam and cast coated TEMPO-CNF filters. Thus it was
concluded that foam and castcoated TEMPO-CNF filters have high potential for use in filtration
as well as the adsorption of water contaminants including heavy metal ions, as shown for
Cu(l.
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List of Symbols and Abbreviations

Symbol Definition Unit

A Area m?

m Mass g

Ceed Concentration of feed solution mmol/L

Chpermeate Concentration of the filtered solution mmol/L

G Coat weight/grammage g/m? (= gsm)

Gset Set coat weight g/m?

Grew Real coat weight g/m?

p Backpressure forcing deionised water through the filter MPa

P Permeance = volume of water passed through a filter per [L/m? h Mpa]
unit time, unit area and unit pressure

da Areic adsorption = mass of adsorbed copper ions [mg] per mg/m?
unit filter area [m?].

Je Adsorption capacity, mass of copper per unit mass active  mg/g
adsorption agent

S Shrinkage of foam TEMPO-CNF coated filters during the -
drying process

t Time to collect permeate fraction s

\% Volume of permeate fraction collected mL

Vritration Volume of solution that is titrated mL
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Abbreviations

BNC Bacterial nanocellulose

CNF Cellulose nanofibril

CNC Cellulose nanocrystal

EDTA Ethylenediaminetetraacetic acid
EMPA Swiss Federal Laboratories for Materials Science and Technology
NC Nanocellulose

NF Nanofiltration

RO Reverse osmosis

SEM Scanning electron microscopy
SUTCO Surface Treatment Concept

SWG Slot-web gap

TEMPO 2,2,6,6-tetramethylpiperidin-1-oxyl

UF Ultrafiltration

VTT Technical Research Centre of Finland
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