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Abstract
With population expansion and industrialization, heavy metal has become one of the
biggest and most toxic water pollutants, which is a serious problem for human society
today. The aim of this work is to explore the potential of nanopolysaccharides
including nanocellulose and nanochitin to remove metal ions from contaminated
water. The above nano-polysaccharides are of interest in water purification
technologies due to their high surface area, high mechanical properties, and versatile
surface chemistry. Silver, copper and iron are the main metal ions targeted in the
study, due to their abundance in industrial effluents.

The first study shows that the effect of pH conditions, surface charge and nature of
surface functional groups on native nanocellulose and nanochitin on silver ion
adsorption. The highest Ag+ ion removal efficiency observed for cellulose
nanocrystals (CNC), was 64 % followed by chitin nanocrystals (ChNC, 37%) and
cellulose nanofibers (CNF, 27%). Wavelength dispersive X-ray analysis (WDX) and
X-ray photoelectron spectroscopy (XPS) analysis confirmed the presence of silver
ions on the surface of the nanocellulose and nanochitin after adsorption. This study
showed that the adsorption performance of cellulose nanofibers was inferior to
cellulose nanocrystals and to enhance the adsorption capacities of nanofibers, surface
functionalization of nanofibers was explored in the following study.

In the second study, cellulose and chitin nanofibers functionalized with carboxylate
entities have been prepared by chemically modifying the industrial residues, by
TEMPO mediated oxidation followed by mechanical disintegration. Copper
adsorption on the nanofibers increases as a function of pH and carboxylate content
and reached maximum values of 135 mg g-1 and 55 mg g-1 for highly oxidized
cellulose and chitin nanofibers, respectively. Furthermore, the metal ions could be
easily recovered from the contaminated nanofibers through a washing procedure in
acidic water. The adsorption capacity of oxidized cellulose nanofibers for other metal
ions, such as Nickel (II), Chromium (III) and Zinc (II), was also demonstrated.





In the third study, the adsorption selectivity and removal efficiency of metal ions
(Ag+, Cu2+ and Fe3+) from model water and industrial effluents by adsorption onto
native

and

enzymatically

phosphorylated

nanocelluloses

were

studied.

Phosphorylation significantly improved the functionality and sorption behaviour of
nanocellulose. The removal efficiency is considered as being driven by the nature and
density of functional group on the nanocellulose surface. Generally, when the mixture
of metal ions are present in water the metal ion selectivity was in the order Ag+ > Fe3+
> Cu2+, irrespective of the surface functionality of nanocellulose. Nanocelluloses
showed efficient adsorption in case of industrial effluent from mirror making industry
and above 99% removal of Cu2+ and Fe3+ by phosphorylated nanocellulose was
observed.
The work has demonstrated that nano-polysaccharides, especially after surface
modification are highly promising biosorbents for capturing heavy metal ions from
water and of great industrial relevance and may enable next-generation water
purification technologies.
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1. Introduction
The rapid growing world population and accelerated industrialization have led to a
large number of severe environmental problems including water pollution. In terms of
WHO drinking water quality guidelines, one sixth of the population or almost 1.2
billion people living in developing countries are still without access to clean drinking
water, while about 2.6 billion people comprising about 400 million children under
five years old and elderly people do not have access to basic sanitation facilities.1,2 In
addition, 3.7% of the annual health burden worldwide is caused by unsafe water and
lack of sanitation facilities.3
Among all the water pollutants, heavy metal contaminations are posing a serious
threat for human society. Three categories of heavy metals viz. toxic metals, precious
metals and radionuclides are of environmental concern. Substantial amount of various
toxic metals are released into water system by many types of industries, such as
mining and smelting of minerals, surface finishing industry, energy and fuel
production, fertilizer and pesticide industry and application, metallurgy, iron and
steel, electroplating, electrolysis, electro-osmosis, leatherworking, photography,
electric appliance manufacturing, aerospace and atomic energy installation etc. For
example, mining industries release heavy metal ions like lead (Pb2+), mercury (Hg2+),
silver (Ag+), chromium (Cr3+), arsenic (As5+), cadmium (Cd2+), palladium (Pd2+), zinc
(Zn2+) and aluminium (Al3+) to the environment. The recovery of these valuable metal
ions after removal is also an issue that needs to be further addressed. 4 5 6
Silver, copper and iron are the target metals in the current study, since all of them
belong to the most common pollutants in industrial effluents. Silver ions can be
released into ground water and surface water by many industrial operations such as
mining, photographic processing and electroplating in mirror industry.7
Industries, such as dyeing, paper, petroleum, copper brass plating and copper–
ammonium rayon, discharge Cu2+ containing wastewater. Short-term exposure to
copper ions can result in gastrointestinal distress and long-term exposure leads to liver
or kidney damage. 8
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Iron poses a serious threat to the health of inhabitants living near to iron ore mines.
Water with high iron content can be very objectionable in taste, odour or appearance.
With severe iron poisoning, much of the damage to the gastrointestinal tract and liver
may be the result of highly localized iron concentration and free radical production
leading to heptatoxicity through lipid peroxidation and the destruction of the hepatic
mitochondria. 9 The maximum contaminant levels of silver, copper and iron in
drinking water acceptable according to United States Environmental Protection
Agency are give in table 1 and it is desirable to develop cost competitive and efficient
water purification techniques to reach this goal.
Table 1: The maximum contaminant levels of silver, copper and iron in drinking
water (Established by United States Environmental Protection Agency)10
Concentration
Limit (mg/L)

Metal ion
Silver
Copper
Iron

0.1
1.0
0.3

1.1 Current water purification techniques and their limitations

Conventional methods, such as chemical precipitation, filtration, ion exchange,
electrochemical treatment, membrane technologies, adsorption on activated carbon,
evaporation etc. are applied to remove metal ions from aqueous solution. 11 The
removal of metal ions by chemical precipitation or electrochemical treatment is
usually inefficient, when ion concentration is among 1 to 100 mg/L or when ion
product is lower than Ksp. For example, the limit of copper in drinking water
recommended by WHO is 2 mg/L, which is not possible to achieve by precipitation.
And during the process, large quantity of sludge is produced and requires to be treated
with great difficulties. 12

13

Besides it is inevasible to bring in new chemicals into

water system, including acid and base (pH adjustment), flocculating agents,
coagulants and so on, which usually generates new problems. Other methods like ion
exchange, membrane technologies, activated carbon adsorption or evaporation are
extremely expensive when treating large amount of water containing metal ions in
low concentration, they cannot be used at large scale. 11, 14
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Use of nanomaterials for water purification has become a fascinating research area in
the recent years.11-19 Table 2 lists some of the nanomaterials studied for water
purification and the involved mechanisms. It maybe noted that some of these
nanomaterials target heavy metal ions.

Table 2: Overview of nanomaterials used in water purification
Nanomaterials
Carbon nanotubes

Nanostructured
activated carbon
Iron nanoparticles

Silver (Ag) nanoparticles
TiO2- based nanoparticles

Iron oxides/ hydroxides
Nanoparticles

Nanocrystalline zeolites

SAMMS (self-assembled
monolayer on mesoporous
supports)
Dendrimers



Theories behind
Target pollutants
water remediation
Adsorption
Bacterial and virus;
Ultra-filtration
organic compounds:
toluene, benzene,
herbicides, p-nitrophenol
benzene.15
Adsorption
Organic compounds:
benzene, toluene, xylene,
ethylbenzene16
OxidationChlorinated compounds:
reduction system;
chlorinated ethane,
Surface
chlorinated methane;
complexion
brominated organic
compounds;17 As (V), As
(III), Co2+
Antibiotic property Gram-negative bacterial
like E. coil
Photocatalysis
Heavy metal ions: Cd (II),
Redox reaction
As (V), As (III). Yeast:
Disinfection
sacharomyces cerevisae.
Bacterial: E. coil and
lactobacillus18
Magnetic coupling Heavy metal ions: Cr (VI),
complexion, IonCo (II), Cu (II), Cd (II),
exchange effect
As (V)19
Molecular sieve/
ultra-filtration;
Ion-exchange
effect
Chelation

Cation ions: NH4+, Cu2+,
Ag+, Zn2+, Cd2+, Hg2+,
Pb2+; microorganism:
algae20 21
Heavy metal ions: Hg (II),
Cs (I)22

Chelation

Heavy metal ions: Cu2+,
Ag+ 23
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1.2 Polysaccharides for biosorption

Various polysaccharides, including cellulose, chitin, alginate, glycan, etc., have
demonstrated metal binding capability driven by interactions with surface functional
groups. 10
Cellulose is, a polysaccharide consisting of a linear chain of several hundreds to over
ten thousand ȕ -(1ĺ4) -linked D-glucose units with the formula (C6H10O5)n. 24 In
green plants, cell walls are enriched with cellulose with the dry weight content from
40% to 60% as well as lignin: 10% to 35% and hemicellulose: 20% to 40%. 25
Cellulose is odourless, nontoxic and hydrophilic (contact angle of 20 °-30°) with three
hydroxyl groups one each unit. Cellulose is widely spread in nature and closely
relevant to people´s daily life in the form of paper, textiles etc.
Chitin is the second abundant polysaccharide after cellulose, which can be found in
the outer skeleton of insects, crabs, shrimps, and lobsters and in the internal structures
of other invertebrates.26 Chitin is composed of ß (1-4) linked units of the amino sugar
N-acetyl-glucosamine, and is the main source of production of chitosan, which is used
in a number of applications, such as a flocculating agent, a wound healing agent, a
sizing and strengthening agent for paper, and a delivery vehicle for pharmaceuticals
and genes.
Combination of biosorption and nanotechnology is expected to offer a new and green
way to improve the metal binding efficiency of polysaccharides. When the size of
biosorbents is reduced to nanoscale, the high specific area of adsorbent provides a
great advantage for metal ion removal.
1.3 Nanopolysaccharides
1.3.1 Hierarchical structures of cellulose and chitin
Both cellulose and chitin have hierarchical structure from macro to nano scale (Fig. 1)
and nanocellulose and nanochitin in the form of nanofibers and nanocrystals can be
isolated from them following a top down approach. The micro fibrils in the cell wall
are about 10 – 30 nm in diameter. Cellulose micro fibrils are composed of crystalline
and amorphous sections.27
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Figure 1: Schematic of hierarchical structure of wood from macro to nano28
1.3.2 Cellulose nanocrystals (CNC), chitin nanocrystals (ChNC) and cellulose
nanofibers (CNF)
Cellulose nanocrystals are needle shaped crystalline entities and when isolated from
wood has a crystal length of 150-300 nm and crystal diameter of 1-5 nm.29 The key
procedure to isolate cellulose nanocrystals is to extract cellulose crystalline crystals
from refined cellulose by acid hydrolysis. Chitin nanocrystals have similar shape as
cellulose nanocrystals. The lateral dimensions of ChNC can range from 2.5 to 25 nm,
depending upon the source organism. 30 From shrimp or crab shells, chitin can be
isolated by a series of decalcification and deproteinization steps using acid and alkali
treatment, respectively followed by bleaching. Chitin nanocrystals are isolated from
refined chitin by hydrochloric acid hydrolysis. 26
Cellulose nanofibers contain both crystalline and amorphous sections with the
diameter of 10-70 nm and the lengths are usually in micro scale. CNF are obtained by
mechanical fibrillation (sonification, homogenization or ultrafine grinding) of
cellulose biomass, depending on the cellulose source and pretreatments.31 In some
cases, pretreatments (enzymatic pretreatment, chemical pretreatment or mechanical
pretreatment) are carried out on CNF in order to reduce energy input or enhance CNF
quality.
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Nanocellulose and nanochitin have been studied extensively during the past decade as
a reinforcing phase in polymers and is an area of growing interest.32 33 However, few
studies are reported on the adsorption properties of nanopolysaccharides. So far
almost all papers about using nanoscale cellulose in the field of water purification
were published by the department of chemistry in Stony Brook University.34
1.4 Why nanopolysaccharides as adsorbents for heavy metal ions?

There are several arguments that support the use of nanocellulose and nanochitin for
metal ion capture from water.
High specific area of nanocellulose and nanochitin is expected to provide large
number of active sites on the surface of biosorbent to immobilize metal ions. The
specific surface area of cellulose nanofiber prepared using a supercritical drying
process, can be as high as 480 m2/g 35. It was reported that the specific area of a-chitin
nanocrystals prepared from shrimp is around near 350 m2/g.26
The surface functional groups on the biomass respective of micro, nanoscle are
considered responsible for immobilization of heavy metal ions. The most important of
these groups as summarized by Volesky (2007) are carbonyl (ketone), carboxyl,
sulfhydryl (thiol), sulfonate, thioether, amine, secondary amine, phosphonate,
phosphodiester and imidazole.36 Most of these functional groups are readily available
on nanocellulose and nanochitin or can be easily introduced via surface modification.
Carboxyl, sulfonate, amine are the metal-binding functional groups on the
nanopolysaccharides we isolated for biosorption.
Nanopolysaccharides have good mechanical properties. It was reported that
nanocelluloses have an estimated tensile modulus and strength around 145–165 GPa
and 10,000 MPa.

37 38

Good mechanical strength and rigidity can offer the adsorbents

the potential for use in high-pressure environments in real water purification
applications.
Stability in water environment as well as hydrophilicity of these nanopolysaccharides
is also of advantage while using in water treatment. The hydrophilicity is expected to
reduce bio-fouling and organic fouling. Further more, nanopolysaccharides usually
have high crystallinity, which makes the adsorbents resistant to chemical and




biological corrosion in aqueous environment.
However, some challenges for using nanopolysaccharides in water purification maybe
related to its agglomeration, regeneration potential, cost effectiveness, long-term
performance.
1.5 Objective for this work

The objective of this work is to expolre the heavy metal sorption efficiency and
selectivity onto nanopolysaccharides. The correlation between sorption behaviour and
surface characteristics was investigated. The effect of surface modifications on the
efficiency of the adsorption was also studied. The potential for using the
nanopolysaccharides in industrial effluents was also of interest.







2. Experimental procedure
2.1 Materials and methods

Three biomass materials namely cellulose sludge, wood chips and crab shell are used
for the preparations of nanopolysaccharides. All the three raw materials used are
biowastes with low or even negative cost.

Cellulose sludge supplied by Domsjö Fabrikerna AB, Örnsköldsvik, Sweden was
used as the raw material for the preparation of CNCSL and CNFSL. The cellulose
sludge was reported to be high in cellulose (95%) with some hemicellulose and trace
amounts of lignin.31 The cellulose sludge was used without any pre-treatment for
isolation in nanocellulose.

Unbarked wood chips of Norway spruce (Picea abies) with a dry matter content of 5055% were used as the raw material for the processing of cellulose nanocrystals
(CNCBE) following the bioethanol processing route at the pilot-scale facility at
SEKAB, Örnsköldsvik, Sweden.

Crab shell residue purchased from Sigma Aldrich GmbH (Germany) was used as the
raw material for the preparation of chitin nanocrystals.

The methods used to isolate the nanopolysaccharides are displayed in Fig. 2.
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Figure 2: Procedures for isolation of nanopolysaccharides
The biggest advantage of these isolated nanopolysaccharides is that they can be
decorated with various chemical functionalities (owing to –OH groups on cellulose,
etc.), and can be specifically tailored for selective and improved adsorptions. In the
current work nanopolysaccharides was chemically modified by TEMPO oxidation or
enzymatic phosphorylation to achieve higher amount of metal-binding functional
groups

on

the

surface.

The

roadmap

to

develop

chemically

modified

nanopolysaccharide adsorbents is displayed in Fig. 3 and the major metal-binding
groups of chemically modified nanopolysaccharides are shown in Table 3.
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Figure 3: Road map showing the raw materials, isolated nanopolysaccharides and
their surface modified counterparts

Table 3: Major metal-binding groups on nanoploysaccharides and the derivatives
(TO: TEMPO oxidised, Phos-: phosphorylated)
Major metal-binding
groups for biosorption
-SO2-COO-COO-COONH2
-COO-

Materials
CNCSL
Nanopolysaccharides

CNFSL
CNCBE
ChNC

Chemically modified
nanopolysaccharides



TOCNCSL

-COO-

TOChNF

-COO-NH2

Phos-CNCBE

-PO32-

Phos-CNFSL

-PO32-

ͳͲ

2.2 Nanopolysaccharides characterizations

In this study, the primary goal was to evaluate the properties of nanopolysaccharides
that are relevant to or affecting adsorption behaviour towards metal ions.

Atomic force microscope (AFM) and scanning electron microscopy (SEM) were
utilized to observe nanopolysacchride morphologies. The specific surface area of the
nanopolysaccharides was determined by Brunauer-Emmett-Teller (BET). X-ray
diffraction (XRD) reveals the crystallinity of the nanomaterials. Electric conductivity
titration and zeta sizer have been used to understand the surface charge content and Z
potential

of

these

nanopolysaccharides.

Chemical

functionalities

of

nanopolysaccharides and the derivatives were analysed by reflectance-fourier
transform infrared spectroscopy with a golden gate ATR attachment and a diamond
crystal (ATR-FTIR).

2.3 Sorption behaviour studies

Batch adsorption experiments are conducted to study the metal sorption behaviours of
nanopolysaccharides. Adsorption capacity and metal removal ratio was calculated by
the solution concentration differences of the metal ions before and after adsorption.
Metal ion concentrations in solutions were detected by inductively coupled plasmaoptical emission spectrometer (ICP-OES), inductively coupled plasma mass
spectrometry (ICP-MS) and UV-colorimetry. Both X-ray photoelectron spectroscopy
(XPS) and wavelength dispersive X-rays analysis (WDX) can offer the information
on surface chemistry of the materials and metal adsorbed on the surface of
polysaccharides after absorption experiments.
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3. Summary of appended papers
Paper I: Cellulose and chitin nanomaterials for capturing silver ions (Ag+) from
water via surface adsorption.

In the first paper, native cellulose crystals (CNCSL), nanofibers (CNFSL) and chitin
nanocrystals isolated from bioresidues were used for capturing of Ag+ from aqueous
medium, and adsorption capacity was studied using ICP-OES and WDX studies. The
adsorption behaviour was found to be dependent on pH conditions. Among the three
nanopolysaccharides studied, CNCSL presented the highest capacity for adsorption of
silver ions, with a value of 34.35 mg/g at a pH 6.5, which corresponded to 64 %
removal of the initial Ag+ concentration. In the case of CNCSL, it was concluded that
both negative charge density due to sulphonate groups and the absence of aggregation
during the test favoured the adsorption capacity of the nanopolysaccharides. The
mechanism of adsorption was expected to occur by electrostatic interactions or
chelation, depending on the nanomaterial used.
Paper II: Enhancing adsorption of heavy metal ions onto biobased nanofibers
from waste pulp residues for application in wastewater treatment.

The primary aim of this paper was to study the enhancement of metal adsorption
capacity of cellulose and chitin nanofibers due to surface chemical modifications.
Four metal ions have been studied in this work: Cu (II), Ni (II), Cr (III) and Zn (II).
Cellulose nanofibers (CNF) and chitin nanofibers (ChNF) had a relatively low amount
of negative charges on their surface resulting in low Cu2+ adsorption capacities (27
mg/g for ChNF vs 13 mg/g for CNF). Introduction of carboxylates groups onto the
surface of the nanofibers through TEMPO-mediated oxidation proved to be a facile
functionalization route that enhanced considerably their copper adsorption
through electrostatic interactions. The high surface area of the nanofibers resulted in a
fast adsorption of copper onto the biobased nanomaterials, which is in the order of a
minute. TEMPO modified chitin nanofibers (TOChNF) had lower carboxyl groups
compared to corresponding cellulose nanofibers (TOCNF), which resulted in a lower
copper adsorption capacity of 55 mg g-1. It was also demonstrated that the adsorbed
Ni (II), Cr (III) and Zn (II), could be desorbed from nanofibers through an acid
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washing and that nanofibers could be reused.
Paper III: Nanocelluloses and their phosphorylated derivatives for selective
adsorption of Ag+, Cu2+ and Fe3+ from water.
In the third paper enzymatic phosphorylation was used to improve adsorption
efficiency. Adsorption selectivity among silver, copper and iron was explored in
model water as well as real industrial effluents. Unmodified (CNCSL, CNCBE) and the
modified nanopolysaccharides (phos-CNCBE and phos-CNFSL) showed potential for
immobilization of Ag+, Cu2+ and Fe3+. The primary functional groups on the surface,
which is regarded as chemical active sites capturing metal ions are sulfonate group
(CNCSL), carboxyl group (CNCBE) and phosphate group (phos-CNCBE and phosCNFSL). The metal ions removal efficiency of the four nanocelluloses follows the
same sequence: phos-CNCBE > phos CNFSL

> CNCBE > CNCSL. Phos-CNCBE and

phos- CNFSL immobilized nearly 100 % of the Ag+, Cu2+ and Fe3+ in the aqueous
solutions. The adsorption selectivity towards the metal ions (Ag+ > Fe3+ > Cu2+) was
shown by all the studied nanopolysaccharides. Silver sorption capacities of the
nanocelluloses are 64.3 mg/g (CNCSL), 45.3 mg/g (CNCBE), 121.4 mg/g (phosCNCBE) and 120.5 mg/g (phos-CNFSL). Phosphorylated cellulose displayed the
capacity to slash Cu2+ and Fe3+ concentrations in mirror industrial effluent to the
levels that meets national drinking water requirements.





ͳ͵

4. Conclusions

The current studies have proved that nanopolysaccharides have potential to adsorb a
wide range of heavy metal ions, including Ag (I), Cu (II), Fe (III), Ni (II), Cr (III) and
Zn (II), but have varying adsorption velocity and capacity. Generally, cellulose
nanocrystals have better adsorption behaviour than native cellulose nanofibers, which
is attributed to the surface functionalities and specific surface area.

The metal

adsorption behaviour of nanopolysaccharides was found to be pH dependent and the
best adsorption performance was observed near neutral pH. Therefore, metal ions
immobilised on nanopolysaccharides can be recovered by acidic solution wash.
The adsorption behaviours nanopolysaccharides have been dramatically enhanced by
chemical modifications with large amount of metal binding groups such as carboxylic
groups and phosphoryl groups grafted onto the surface by TEMPO oxidation or
enzymatic phosphorylation. The nanopolysaccharides adsorbents were found to be
highly efficient in model water system as well as in industrial effluents containing
multiple heavy metal ions.
The combination of efficient isolation to nanoscale and optimal chemical
modifications can be utilized to achieve excellent metal biosorbents at competitive
price. The green and abundant aspects of the waste bioresources envisaged in this
work, their good performance in terms of heavy metal ions adsorption, and the
possibilities to recycle them after use are strong arguments to consider them as
sorbents for heavy metal ions removal from contaminated water.

5. Future work

Future studies will focus on setting up the modelling of biosorption, which conclude
two parts: kinetic modelling in a batch system and equilibrium and sorption isotherm.
The modelling of nanopolysaccharides sorption can illustrate and predict the metal
adsorption kinetics and capacity. Optimization of nanopolysaccharides chemical
modifications tailored for specific industrial effluent will be conducted in future. In
the long run, the goal is to produce commercially competitive nanopolysaccharide
sorbent to immobilise heavy metal ions for water purification.
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Abstract The study explores the potential of cellulose
nanocrystals (CNC), cellulose nanoﬁbers (CNF) and
chitin nanocrystals (ChNC) isolated from bioresidues to
remove silver ions from contaminated water. Zeta sizer
studies showed negatively charged surfaces for CNC
and CNF isolated from cellulose sludge in the acidic and
alkaline pHs, whereas ChNC isolated from crab shell
residue showed either positive or negative charges
depending on pH conditions. Model water containing
silver ions showed a decrease in Ag? ion concentration
(measured by inductively coupled plasma-optical emission spectrometer; inductively coupled plasma mass
spectrometry), after treatment with CNC, CNF and
ChNC suspensions. The highest Ag? ion removal was
measured near neutral pH for CNC, being 34.4 mg/g,
corresponding to 64 % removal. ChNC showed 37 %
and CNF showed 27 % removal of silver ions. The
WDX (wavelength dispersive X-ray analysis) and XPS
(X-ray photoelectron spectroscopy) analysis conﬁrmed
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the presence of silver ions on the surface of the
nanocellulose and nanochitin after adsorption. Surface
adsorption on the nanoparticles via electrostatic interactions is considered to be the prominent mechanism of
heavy metal ion capture from aqueous medium, with
CNC with negative surface charge and negatively
charged functional groups being most favourable for
the adsorption of positively charged Ag? ions compared
to other native bionanomaterials.
Keywords Cellulose nanocrystals  Chitin
nanocrystals  Cellulose nanoﬁbers surface
properties  Adsorption  Water puriﬁcation 
Silver ion removal

Introduction
Owing to the inherent hierarchical structure and semicrystalline nature of cellulose and chitin, nanoparticles
can be extracted from these resources by following a top–
down approach using chemical and mechanical processes (Azizi et al. 2005; Bondeson et al. 2006; Jonoobi
et al. 2012; Mathew and Oksman 2010; Oksman et al.
2009; Rinaudo 2006). Nanocelluloses have excellent
mechanical properties, with an estimated tensile modulus
and strength around 145–165 GPa and 10,000 MPa,
respectively (Tashiro and Kobayishi 1991; Sturkova
et al. 2005). Therefore, nanocellulose and nanochitin
have been studied extensively during the past decade as a
reinforcing phase in polymers. This is an area of growing

123

Cellulose

interest (Mathew et al. 2009, 2008; Mikkonen et al. 2010;
Nishino et al. 1995; Oksman et al. 2006, 2009). However,
the potential of these bionanoparticles for speciﬁc surface
interactions has been explored to a limited extent and is
expected to open up a new and exciting phase in the
applications of nanocellulose and nanochitin as functional materials, qualifying these nanoentities as the
‘nanomaterials of the future’.
It is well known and accepted that the high speciﬁc
surface area of the nanoscaled biomaterials is an
advantage in contrast to materials in macro scale. The
speciﬁc surface area of cellulose nanoﬁber ﬁlms
prepared using a supercritical drying process, can be
as high as 480 m2/g (Sehaqui et al. 2011). It was
reported that the speciﬁc area of a-chitin nanocrystals
prepared from shrimp is around near 350 m2/g (Jacob
and William 2007). The high surface area and surface
interaction capabilities of nanocellulose and nanochitin can be exploited to develop high-performance
functional products. It is expected that the presence of
speciﬁc surface functional groups on nanoparticle
surfaces determine interactions with external entities
as chemical groups, molecules, atoms or ions around
it. Therefore, it is crucial to understand the surface
functionalities of native nanoparticles isolated from
natural resources and the effect of isolation methods
on the surface characteristics. Furthermore, all these
nanomaterials can be decorated with various chemical
functionalities (owing to –OH groups on cellulose,
etc.), and can be speciﬁcally tailored for selective and
improved interactions.
Water pollution is deﬁnitely a serious problem for
human society, and the use of nanotechnology is looked
upon as a viable and efﬁcient route to address waterrelated issues. The use of non-biobased nanoparticles
for water puriﬁcation is being researched extensively in
this context (Wang et al. 2007; Uzum et al. 2009). In
recent years, the search for novel, eco-friendly materials for water puriﬁcation with low cost, low energy
input and with no hazardous by-products has been in
focus (WHO and UNICEF 2012). Nanocellulose and
nanochitin are potential nanomaterials in this context.
So far, the use of nanoscaled polysaccharides for water
remediation remains a relatively uncharted area in
which few extensive studies have been published (Ma
et al. 2012a, b). Almost all reports about the use of
nanoscaled polysaccharides (cellulose nanoﬁbers) in
the ﬁeld of water puriﬁcation were published by the
Department of Chemistry at Stony Brook University.
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Nanocellulose and nanochitin-based membranes were
developed for the removal of positively charged dyes,
bacteria, viruses and radioactive metals from water
(Chu et al. 2011; Ma et al. 2012a, b).
Almost for all conventional water processes, the
addition of chemicals into the water system is required,
which includes adding acid and base (pH adjustiment),
ﬂocculating agents, coagulants and so on which usually
generate new problems. Beside, conventional process
are not effective enough, such as heavy metal ions can
not be removed by precipitation if ion product is lower
than Ksp (Edzwald and Malley 2011). Using nanocellulose and nanochitin-based adsorbants or membranes
might provide a solution where no new chemicals are
introduced into the water system.
In the current study, nanocellulose and nanochitin
were isolated from cellulose sludge and crab shell
waste. A series of techniques including AFM, XRD
and zeta sizer have been used to understand the
fundamental properties and surface potential of these
nanoparticles. The high surface area of these nanomaterials is considered beneﬁcial for water puriﬁcation
technologies, while their high crystallinity is expected
to provide resistance to pH variation, chemical
corrosion, high temperature and bacterial corrosion
in aqueous environment in real industrial application.
Furthermore, their potential for removal of heavy
metal ions from water was explored. The Ag? adsorption
behaviour of the polysaccharide nanoﬁbers in aqueous
solution was examined by inductively coupled plasmaoptical emission spectrometer (ICP-OES), WDX and
XPS as a function of pH. Silver ions are chosen for the
study, as this heavy metal ion is released into ground
water and surface water by many industrial operations
such as mining, photographic processing and electroplating in the mirror industry (Thomas and Jennifer
1998), posing health risks to humans (WHO 2011).

Experimental
Materials
Cellulose sludge (moisture content: 48 wt%), supplied
by Domsjö Fabrikerna AB, Örnsköldsvik, Sweden was
used as the raw material for the preparation of CNC
and CNF. The cellulose sludge was reported to be high
in cellulose (95 %) with some hemicellulose and trace
amounts of lignin (Jonoobi et al. 2012). The cellulose
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sludge was used without any pre-treatment for isolation in nanocellulose.
Crab shell residue purchased from Sigma Aldrich
GmbH (Germany) was used as the raw material for the
preparation of chitin nanocrystals.
Silver nitrate with purity above 99.8 % was
purchased from VWR (Sweden) and used to prepare
AgNO3 stock solutions for adsorption studies. All
other chemicals used, like H2SO4 (96 %), NaOH, HCl
(37 %), HNO3, are of reagent grade and were
purchased from VWR (Sweden) and used as received.

examine the morphologies of the CNC, CNF and
ChNC. A drop of diluted suspension of each sample
was deposited onto freshly cleaved mica and left to dry
at room temperature. All the samples were imaged in
tapping mode. Height, amplitude and phase images
were recorded. The instrument was operated at a
resonance frequency of 350 kHz and a spring constant
of 10–200 nm-1. The diameter measurements were
conducted with the aid of Nanoscope V software.

Isolation of nanocrystals and nanoﬁber

Casted ﬁlms of CNC, CNF and ChNC were analyzed
at the same temperature by step scanning on the
Siemens X-ray diffractometer D5000 (Berlin, Germany) to understand the crystallinity of the nanomaterials. The angle of incident monochromatic X-ray
was in the range of 2H = 10°–30° with a step size of
0.0263. The wavelength of the monochromatic X-ray
was 1.540598 Å (Ka1)°.
Crystalline index of CNC and CNF samples was
calculated using the Segal empirical equation (Segal
et al. 1959).

Cellulose nanocrystals (CNC) were extracted from
cellulose sludge following a modiﬁed version of the
acid hydrolysis procedure reported by Bondeson et al.
(2006). The sludge cellulose was acid hydrolysed with
a sulphuric acid concentration of 63 wt% at 45 °C for
105 min to remove the amorphous regions and were
neutralized using a series of centrifugation steps, and
thereafter soniﬁed to individualise the nanocrystals.
To prepare cellulose nanoﬁbers (CNF), the procedure reported by Jonoobi et al. (2012) was followed.
Cellulose sludge was ﬁrst suspended in distilled water
and dispersed in water to a concentration of 3 % by
using a mechanical blender (Silverson L4RT, England) at 3,000 rpm for 10 min. Then, the suspension
was passed through an ultra-ﬁne grinder (MKCA 6–3,
Masuko, Japan) at 1,440 rpm until a gel was formed.
The processing time was 30 min.
Chitin nanocrystals (ChNC) were produced following a recipe reported by Nair and Dufresne (2003).
Alkali treatment, bleaching and acid hydrolysis were
performed on the crab shell residue. Chitin ﬂakes were
ﬁrst boiled in a 5 % KOH solution for 6 h in order to
remove proteins. Then, the samples were bleached
with chlorite for 6 h at 80 °C and thereafter subjected
to hydrochloric acid hydrolysis for 90 min at boiling
temperatures. Chitin nanocrystal suspensions were
obtained after acid hydrolysis (3 N HCl), neutralized
by centrifugation and soniﬁed before use.

X-ray diffraction (XRD)

CI ð%Þ ¼

Ið22 Þ  Ið18 Þ
 100%
Ið22 Þ

ð1Þ

CI (%) in the Eq. (1) stands for crystalline index of
cellulose. I(22°) (arbitrary units) represents the peak
diffraction intensity corresponding to crystalline cellulose and I(18°) is the peak diffraction intensity
corresponding to the amorphous sections in cellulose,
at 2H, equalling 22° and 18°, respectively.
The empirical equation with the same format was
used for the calculation of crystalline index of chitin
nanocrystals (SERNAPESCA 2001).
CI ð%Þ ¼

Ið19 Þ  Ið12:6 Þ
 100%
Ið19 Þ

ð2Þ

I(19°) (arbitrary units) in Eq. (2) represents the peak
intensity corresponding to crystalline chitin and I(12.6°)
is the peak diffraction intensity of the amorphous
chitin, at 2H, equalling, 19° and 12.6°, respectively.

Characterization methods
Thermogravimetric analysis (TGA)
Atomic force microscopy (AFM)
An atomic force microscope (Nanoscope V, Veeco
Instruments, Santa Barbara, CA, USA) was used to

The thermal stability of the nanomaterials was studied
by thermogravimetric analysis Q500 (TGA), TA
Instruments, (New Jersey, USA) at a temperature
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range of 30–500 °C in an air atmosphere. The temperature was increased at a rate of 10 °C/min and sample
weights were in the range 5–10 mg. All thermal
stability curves show the calculated average values and
each single measurement was run three times.
Zeta potential
The zeta potentials of CNC, CNF and ChNC at
different pH were measured using a Zeta sizer nano
ZS, Malvern (UK) at 25 °C. The concentrations of all
measured samples remain the same at 0.05 wt%.
Sample viscosities were detected by vibro-viscometer
(SV-10, Japan) and used as a key parameter for zeta
potential measurement.
Surface charge content
Surface charge content including carboxylate, sulphate and any other groups was determined by the
electric conductivity titration method. 5 ml of NaCl at
0.01 M was added to 0.3 g of the nanoparticle
suspended in 85 ml of water and the mixture was
stirred. Hydrochloric acid was added to the mixture to
set the pH to 2.5–3, and then the mixture was titrated
by several additions of 200 ll of 0.04 M NaOH
solution while the electrical conductivity of the
solution was measured. This was continued until the
pH of the suspension reached 11. The negative
charged content was determined from the middle line
of the curve showing electrical conductivity vs volume
of NaOH added. All data of suspension conductivity
changes were set down and plotted. The surface charge
was calculated by the Eq. (3) with the unit of lmol/g.
Surface charge ¼

VðNaOHÞ  CðNaOHÞ
mðNanoparticlesÞ

ð3Þ

?

Evaluation of Ag adsorption on biobased
nanoparticles
AgNO3 stock solution was prepared from AgNO3
powder and Millipore water and was used as model
water in the adsorption experiments. AgNO3 solutions
with a concentration of 107.8 mg/L and 0.05 g CNC,
CNF or ChNC were combined in a 25 ml volumetric
ﬂask. The pH of each sample was adjusted by adding
HNO3 (0.01 mol/L) or NaOH (0.015 mol/L) solutions
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Fig. 1 The experimental ﬂow chart of Ag? adsorption testing

in order to reach pH values of 4.13, 5.49 and 6.22. The
sample without AgNO3 is used as the reference
sample.
All samples were covered and stirred for 12 h to
complete the adsorption process. The samples were
then ﬁltered through a commercial vacuum ﬁlter with
membrane pore size of 0.65 lm (DVPP, Millipore).
Blank experiments have shown that the DVPP membrane used did not adsorb silver. The ﬁltrate obtained
was used for ICP-OES analysis. Nanoparticles with
adsorbed Ag? were collected on the ﬁlter membranes
and were used for analysis by X-ray photoelectron
spectroscopy (XPS) and wavelength-dispersive spectrometer (WDS). Figure 1 shows the experimental
ﬂow chart of Ag? adsorption analysis.
The ICP-OES with a radial torch was used to
measure the Ag? concentration in the ﬁltrate of each
single sample after silver adsorption. The adsorption
capacity of bio-nanomaterials for Ag? was calculated
by Eq. (4).
Adsorption capacity ¼

ð107:8  cÞ  0:025
mg=g
0:05
ð4Þ

In Eq. (4), c refers to Ag? concentration in the
ﬁltrate of each sample measured by ICP (unit: mg/L).
Adsorption capacity refers to how many milligrams of
Ag? that could be adsorbed by 1 g of the given
bionanomaterials.
The X-ray photoelectron spectroscopy (XPS) spectra were acquired on a Physical Electronics (PHI)
Quantum 2000 photoelectron spectrometer using
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monochromatic Al-Ka radiation generated from an
electron beam operating at 15 kV and 25 W. The
binding energy scale was calibrated for Au 4f 7/2
electrons to be at 84.0 ± 0.1 eV. The electron take-off
angle was 45° and the analyser was operated in the
constant pass energy mode of 117.4 eV (calibrated to a
total analyser energy resolution of 1.62 eV for Ag 3d
electrons) for survey scans. Surface charging during
spectra acquisition was compensated by simultaneous
operation of an electron and an argon ion neutralizer,
while the binding energies of all spectra were shifted
so that the O1s signal was at 533.2 eV, the reference
position for cellulose.
Analysis of the XPS spectra was performed using
the MultiPak 6.1A software provided by the instrument manufacturer Physical Electronics. Surface
elemental concentrations were calculated from the
low-resolution survey spectra using the predeﬁned
sensitivity factors in the MultiPak 6.1A software.
Wavelength-dispersive spectrometry (WDS) scans
showing the distribution of copper on the sample surface
were acquired using a wavelength-dispersive spectrometer (WDS). A 5 9 5 mm2 ﬁlm was stuck on a holder by
using a carbon pad, and then coated with carbon and
examined using a scanning electron microprobe (JEOL
JXA-8800RL) equipped with n wave-dispersive X-ray
detector. An area of 300 9 300 lm2 was mapped using
a 2-lm step. The silver was determined at an accelerating voltage of 20 kV; the same current for comparative images of 20 or 40 nA; a focused electron beam; a
take-off and tilt angles of 30° and 0°, respectively, and
dwell (digital map) times of 80 ms/point.

Results and discussion
Physical and surface characteristics
The AFM images in Fig. 2 show the typical morphology, size distribution and diameters of CNC, CNFs
and ChNC derived from bio-residues. CNC and ChNC
display rod-like shapes with diameters in the range of
6–10 and 16–18 nm, respectively, as measured by
Nanoscope V software. The diameter of CNF is in the
range of 6–9 nm, while the length is estimated to be
several microns, as an accurate measurement using
AFM was not possible. These data agree with our
earlier reports on similar nanomaterials reported from
our laboratory (Bondeson et al. 2006; Jonoobi et al.

2012; Oksman et al. 2009). The speciﬁc surface area of
ChNC is 76–86 m2/g was lower than CNF
(146–219 m2/g) and CNC (138–226 m2/g) as estimated using the diameter obtained based on the AFM
study. The length on CNC, ChNC and CNF was taken
as 200, 400 and 10 mm, respectively, for the calculation. It was noticed that the nanoparticle diameter
determines the speciﬁc surface area and therefore CNF
and CNC has very similar speciﬁc surface area and is
higher than that of ChNCs.
The X-ray diffractograms and the percentage of
crystallinity values of CNC, CNF and ChNC are
presented in Fig. 3 and Table 1, respectively. In Fig. 3,
CNC and CNF show diffraction peaks at 2h = 14.1°,
16.2° and 22.3°, indicating typical cellulose I structure
(Bondeson et al. 2006; Jonoobi et al. 2012). Chitin
nanocrystals have typical crystalline a–chitin structure
with two strong scattering peaks at 2h = 9° and 19°,
and three weak scattering peaks at 2h = 20°, 23°, and
26°, which also indicates a low degree of deacetylation
(Cho et al. 2000). The peaks are well deﬁned in all
cases, indicating the presence of crystalline regions in
the studied materials. A higher crystallinity has been
measured for CNC as compared with CNF, as expected,
due to the removal of amorphous regions in cellulose
sludge during nanocrystal preparation. The percentage
crystallinity of chitin nanocrystals is 87.2 %, which is
higher than that of cellulose nanocrystals, probably
owing to the more uniform hierarchical structures in
chitin (Rinaudo 2006).
The onset degradation temperatures curves of the
isolated nanomaterials are listed in Table 1. The CNC
has the lowest onset degradation temperature at
209 °C, while CNF has the highest (258 °C). Chitin
nanocrystals are found to be more thermally stable
than cellulose nanocrystals, which can be attributed to
the acid hydrolysis using HCl to produce the chitin
nanocrystals (Cho et al. 2000). The thermal degradation studies show that these materials can be used in
temperatures up to 200 °C; however, it should be
noted that the effect of pH conditions and moist
environment is not evaluated here. It is a very common
that industrial efﬂuent contains different water contaminants, at different pHs and high temperature. The
high crystalline nature of these materials can be an
added advantage, in terms of pH, chemical and
temperature resistance in water puriﬁcation purposes.
Surface charge is a predominant parameter that affects
how nanoparticles interact with other chemical
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Fig. 2 AFM phase images
and the diameters of a CNC,
b CNF isolated from
cellulose sludge (residue)
and c ChNC isolated from
crab shell residue

contaminants in aqueous environment. The surface
charge data are given in Table 1. During conductometric
titration curves of CNC against dilute alkali the acid
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groups (carboxyl group and sulphate group) on the CNC
are deprotonated with alkali in the pH range of 4.4–7.2. A
surface charge density of 230 lmol/g has been calculated
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Fig. 3 X-ray diffraction curves of the nanomaterials

for CNC from the neutralization point obtained from the
titration curve. This value is in the same order as the
surface charge of cellulose nanocrystals extracted from
industrial bio-residue and commercial microcrystalline
cellulose, with reported surface charges of 148 ± 11 and
259 ± 39 lmol/g, respectively (Herrera et al. 2012). The
surface charge of CNF was lower (100 lmol/g), while
that of ChNC was higher (320 lmol/g) compared to
CNC. Surface charge on ChNC is due to both positively
and negatively charged entities.
Zeta potential refers to the surface electric potential
of the colloidal particles suspended in aqueous environment, and can be considered an indication of the
surface charge of colloidal particles. Positive zeta
potential indicates positively charged surface and vice
versa. Zeta potentials of CNC, CNF and ChNC show a
dependence on pH conditions, as shown in Fig. 4.
The zeta potentials of CNC remain negative in the
whole studied pH range, with values ranging from
-44.4 mV (at pH 12.09) to -22.7 mV (at pH 1.75).
This is attributed to the negatively surface charged
groups, including sulphate and carboxylate groups,
present of the surface of CNC (Araki et al. 1998). CNF
showed lower zeta potential absolute value compared

with CNC and ChNC and ranged between -5 mV (at
pH 2.1) and -28 mV (at pH 6.66). The carboxylate
groups present on the surface of CNF are thought to be
responsible for the negative zeta potential values
(Uetani and Yano 2011).
In the case of ChNC, the zeta potential values ranged
from -29.7 mV (at pH 10.07) to 47.3 mV (at pH 5.13).
The zeta potential curve of chitin nanocrystals indicates
that the ChNC has positive surface charge at acidic pH
and negative surface charge at alkaline pH. The hetropolyelectrolyte property was attributed both to amino
groups (positively charged at acidic pH) resulting from
saponiﬁcation of acetyl groups (Marchessault et al.
1954) and carboxylate groups (negatively charged at
alkali pH) generated from the oxidation of alcoholic
groups during bleaching. The ﬁgure also shows that pH
8.58 is the isoelectric point of chitin nanocrystals,
indicating that the net surface charge is zero at this
particular pH condition and consequently not the ideal
pH condition for adsorption of charged entities.
Ag? adsorption efﬁciency
The Ag? adsorption experiments were performed at
room temperature and at pH conditions below 8 in order
to prevent AgO or AgOH precipitation (ion product
\Ksp(AgO)). Moreover, it may be noted that the experiments were not conducted at higher pH, as the mechanisms of silver removal are expected to be different
above pH 8, and this is not within the scope of this study.
Photographs of the neat silver solution, pure
nanomaterials suspension and the resulting suspensions after mixing with Ag? at different pHs and after
12 h magnetic stirring are presented in Fig. 5. Different colours were observed when the biobased material
samples were mixed with silver ions (grey, brown or
black), as compared with the colourless starting Ag?
solution and pure nanoparticle suspensions. During
the experiments the colours of all samples gradually
changed (2–4 h) after mixing with Ag? ions, which

Table 1 Physiochemical characteristics of CNF, CNC and ChNC (Tang and Neill 1964; Segal et al. 1959; Arora et al. 2011)
Material

Source of
nanoparticle

Preparation method

Crystallinity
(%)

Onset degradation
Temp (°C)

Negative charges
(lmol/g)

CNF

Sludge

Grinding

63.8

258 (270)

100

CNC

Sludge

Sulfuric acid hydrolysis

72.3

209 (270)

230

ChNC

Crab-shell powder

Hydrochloric acid hydrolysis

87.2

243 (276)

320
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Fig. 4 Zeta potential
curves of CNC, CNF and
ChNC as a function of pH

indicated a gradual adsorption of silver ions on the
bionanomaterials. The colour intensity was found to
differ from sample to sample depending on the
nanoparticle used as well as the pH conditions. The
suspensions also differ in their ﬂocculation stability,
with CNC being stable after Ag? ion treatment at all
pHs investigated in this study, while CNF and ChNC
suspensions mostly sedimented and separated into
distinct layers (compared with pure CNF and ChNC
shown in Fig. 5). ChNC shows ﬂocculated behaviour
at pH 4.77. This observation illustrates that the surface
charge properties of CNF and ChNC have changed
after silver ion adsorption.
The adsorption of silver ions on the three bionanomaterials as a function of pH was calculated using the ICPOES data collected from the concentration of Ag? ions in
the ﬁltrate obtained after treatment with CNC, CNF and
ChNC and is plotted in Fig. 6. The ICP–OES results
show that all the three bionanomaterials showed potential
for Ag? adsorption. Above a pH of 4.8 the adsorption is
highest for cellulose nanocrystals, followed by chitin
nanocrystals and the least for cellulose nanoﬁbers. At
lower pH, ChNC showed highest adsorption.
The highest adsorption capacities of Ag? on CNC,
CNF and ChNC are 34.35 mg/g (or 318.6 lmol/g) at
pH 6.39, 15.45 mg/g (or 143.3 lmol/g) at pH 5.45 and
19.8 mg/g (or 183.7 lmol/g) at pH 6.63, respectively.
This corresponds to capture of 64, 37 and 27 % of Ag?
ions with respect to original concentration in the model
water. Removal of metal ions on CNC may be further
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improved with additional surface modiﬁcations. A
schematic representation of the possible interactions of
metal ions with nanocellulose (i.e., CNC and CNF) and
nanochitin (i.e., ChNC) is presented in Fig. 7 to explain
the adsorption mechanisms.
It is expected that positive–negative interactions are
the predominant mechanisms of silver adsorption in the
case of nanocellulose, whereas chelation with amide
(–NHCO–) and amine (–NH2) groups with lone pairs of
electrons drives the adsorption on chitin nanocrystals. It
is hard to judge which functional group, amide or
amine, has the major contribution in the Silver adsorption process. Chitin nanocrystals have predominantly
amide groups (deacetylation \50 %), which is less
active than amine as a ligand. The lone pair electron
donation capacity in amide (–NHCO–) is also reduced
as the doublet of the nitrogen is partially engaged in a
double bond with the carbon of the carbonyl group
linked to nitrogen. Inspite of this decreased chelating
capability, chitin nanocrysatls showed adsorption of
Ag? ions, which is most probably due to the residual
amine groups present on the nanocrystals surface.
The negative surface charge density (230 vs
100 lmol/g) was higher for CNC as compared with
CNF; therefore, CNC showed higher adsorption of
positively charged metal ions as expected. The adsorption on ChNC was lower, despite the higher surface
charge density recorded, which can be explained based
on nature of charges and the surface area. The charge
density on ChNC is due to positive entities, which are

Cellulose

Fig. 5 Photograph showing a Ag? solution, pure nanomaterial suspensions and suspensions of nanomatrials mixed with silver ions at
different pH after 12 h magnetic stirring

Fig. 6 Curves showing the adsorption of Ag? on CNC, CNF
and ChNC as a function of pH

inactive towards Ag? ion adsorption. Moreover, for a
similar negative charge content, the accessible surface
will be responsible for enhanced kinetics of adsorption.
This argument can be considered valid because cellulose nanocrystals, unlike CNF and ChNC, are homogenously dispersed into the solutions after treatment with
silver ions without sedimentation. The speciﬁc surface
area, or proportion of adsorption sites, available to trap
Ag? ions was therefore higher for CNC as compared
with the other two nanomaterials which sedimented.
The estimated speciﬁc surface area of CNF and CNC
are higher than that of ChNC and therefore the surface
functionality, zeta potential and extent of aggregation
needs to be considered to have a meaningful comparison of adsorption.
The results also showed that pH conditions also
impacted the adsorption behaviour. For all three
bionanomaterials, the best adsorption performance
was observed near neutral pH and the adsorption

Fig. 7 Schematic representation of a Ag? adsorption mechanism involved with cellulose and chitin nanocrystals and
cellulose nanoﬁbers and b shift in functionality based on pH
for CNC and ChNC

capacities decreased with the reduction of pH, especially for the CNC. For CNC and CNF, there is always
a competition between positively charged Ag? and H?
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in being adsorbed onto negatively charged functional
groups, such as SO3- and COO- driven by electrostatic
interactions. With the reduction of pH (H? concentration increase exponentially), SO3– and COO–
groups get increasingly protonated and lose their
capacity to capture Ag?. In the case of ChNC, in
which chelation is the driving force for Ag? adsorption, amide (–NH–) and amine (–NH2) are Lewis
bases that donate lone pair electrons. Both Ag? and
H? serve as Lewis acids (electron acceptors) to grab
lone pair electrons from Lewis acid and form adduct.
Hence the enhancement of H? concentration is
preventing the chelation or adsorption between Ag?
and ChNC. Irrespective of the mechanism (electrostatic adsorption or chelation), a kinetic competition
between Ag? and H? to adsorb on the bionanomaterials is always present and is driven via kinetic
equilibrium processes. (Carol and Matthew 1999;
Guibal 2004) As pH decreases, the equilibrium is
gradually shifted to the left product in Fig. 7, making
Ag? adsorption increasingly unfavorable. (see the
schematic representation in Fig. 7). However, according to the adsorption data, Ag?–ChNC adsorption is
less sensitive to pH variation as compared with CNC
and CNF. At low pH conditions ChNCs seemed to be
more effective than CNC in capturing Ag? ions.
ChNC is the most efﬁcient Ag? adsorbent at low pH
conditions (pH \ 4.8). On the other hand, strong pH
dependence of silver adsorption efﬁciency on CNC
may be beneﬁcial in controlling the adsorption–
desorption cycles when CNC is used in water puriﬁcation applications. This will be studied and reported
separately.
Mapping of Ag?adsorbed on nanoparticle surface
Wide angled dispersive X-ray has been used to further
evaluate the presence of Ag? on the surface of the
ﬁlter cakes obtained after ﬁltration of the silvernanocellulose suspension (Fig. 8). No silver could be
detected in the pristine samples, as expected. The
WDX mappings of the CNC cakes highlighted a
concomitant increase of Ag? adsorption with the pH,
as shown by the colour of the map, which progressively turned from blue to red (see colour scale).
Similar trends were observed for CNF as well as
ChNC, but for a given pH, the degree of Ag?
adsorption was lower than CNC in both cases.
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WDX images show that CNC at pH = 6.39
presented the highest silver adsorption capacity,
while CNF at pH = 4.08 had the lowest adsorption
capacity (dark blue colour observed). It may be
noted that during adsorption experiments the deepening of the colour of the suspensions was also
observed (see Fig. 5) and provided visual indication
of Ag? adsorption on the biobased nanomaterials.
The ﬁlter cakes obtained after ﬁltering the nanoparticles with adsorbed Ag? ions are shown with the
corresponding WDX images in Fig. 8. It can be seen
that, upon exposure to Ag? ions, a progressive
darkening of the ﬁlter with Ag? adsorption was
observed, the results being in line with the WDX as
well as ICP-OES data.
The surfaces of the pristine nanoﬁbers and the ﬁlter
cakes obtained after Ag? adsorption were further
analysed with XPS spectroscopy. No Ag was detected
in the pristine samples, whereas the presence of Ag
was conﬁrmed on the nanoﬁbers exposed to the
AgNO3 solution by the appearance of two peaks
centered at 368 and 374 eV and attributed to Ag 3d5/2
and Ag 3d3/2, respectively (Moulder et al. 1992). An
example of high-resolution spectra in the Ag 3d region
is presented in Figure S1 (see Supplementary information) for the three nanomaterials investigated in this
study. The Ag/C ratio has been calculated for all
samples from their high-resolution spectra and the
results are summarized in Table 2. It is concluded that
that the adsorption of Ag? ions in the water on the
nanoparticles occurs via electrostatic interactions and
gets reduced to elemental Ag on the surface of CNC,
CNF and ChNC (Ferreria et al. 2010). The possibilities
of formation of Ag nanoparticles also cannot be ruled
out.
In general, an increase in the Ag/C ratio has been
observed with an increase in pH for all nanoﬁbers
investigated, but differences were noted as compared
with the results previously obtained with the ICP-OES
analysis. First, a plateau seemed to have been reached
for all nanoﬁber above a deﬁned pH. Moreover, the
highest Ag/C ratio has been obtained for the CNF,
which is in contradiction with the results obtained with
ICP-OES. These differences have been associated
with the experimental limitations of the XPS technique, which only permit analysis of a thin volume on
a sample’s surface (i.e., the penetration depth of the
X-ray beam is limited to few nanometres, while the
diameter of the spot was 150 lm). Consequently, the

Cellulose
Fig. 8 Filter cakes of all
samples and their respective
Ag? WDX mapping images

Table 2 Elemental surface composition from XPS high resolution spectra
Sample

pH

Surface composition (at.%)
C1s

ChNC
ChNC ? Ag?

Ag3d

61.61

6.41

31.98

0

0.00

61.21

6.7

32.07

0.02

0.03

4.77

61.57

5.78

32.62

0.03

0.05

5.95

60.81

6.09

32.96

0.14

0.23

6.39

60.72

6.31

32.85

0.12

0.20

61.72

38.28

0

0.00

4.13

62.81

37.09

0.1

0.16

5.49

60.72

39.04

0.24

0.40

6.22

62.53

37.22

0.25

0.40

60.52

39.48

0

0.00

2.75

62.92

37.03

0.05

0.08

3.02
5.38

61.38
59.5

38.41
40.36

0.21
0.14

0.34
0.24

6.63

61.21

38.66

0.13

0.21

CNC
CNC ? Ag?

O1s

3.11

CNF
CNF ? Ag?

N1s

Ag/C

data obtained may not be representative of the trend
observed for the entire sample. We conclude that XPS
is an excellent tool for the qualitative detection of Ag

on biobased nanoﬁbers, but a direct correlation with
ICP-OES results could not be done at this stage of the
study.
The ICP-OES, WDX and XPS data clearly show
that Ag? ions can be adsorbed on the surface of
nanocellulose and nanochitin, the adsorption capability being in the order of CNC [ ChNC [ CNF. The
highest adsorption measured in our conditions was
34.38 mg/g for CNC.
The adsorption studies in the current work were
carried out at only one concentration. The impact of
Ag? ion concentration on the adsorption capacity of
the nanoﬁbers has not been evaluated yet and this will
be the objective of future work.

Conclusions
Nanocellulose and nanochitin isolated from bioresidues showed potential for capturing of Ag? ions from
aqueous medium via surface interactions, which was
clearly shown from data obtained using ICP-OES and
WDX studies. The mechanism of adsorption was
expected to occur by electrostatic interactions or
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chelation, depending on the nanomaterial used.
Among the three nanomaterials studied, CNC presented the highest capacity for adsorption of silver
ions, with a value of 34.35 mg/g at a pH 6.5, which
corresponded to 64 % of the initial Ag? concentration.
In the case of CNC, it was concluded that both
negative charge density and the absence of aggregation during the test favoured the adsorption capacity of
the nanomaterials. The SO3-functional groups on the
CNC were found to have a signiﬁcant impact on
adsorption. The adsorption behaviour was also found
to be dependent on pH conditions. For all three
bionanomaterials, the best adsorption performance
was observed near neutral pH. Knowledge of pH
conditions may be of considerable beneﬁt in metal
recovery. It may be noted that the performance
reported here is for native nanocrystals and nanoﬁbers
of cellulose and chitin without any additional surface
functionalization after isolation, and the adsorption
capacities and selectivity of nanocellulose and nanochitin can be further enhanced using surface modiﬁcations and will be explored in future studies.
The study also points to the fact that nanocellulose and nanochitin are potential materials for
scavenging metal ions from water. This may be of
great industrial relevance and may enable nextgeneration water puriﬁcation technologies. It is also
noteworthy that the nanoparticles are isolated from
industrial residues at low cost, which makes their
use attractive from both an economic and environmental point of view.
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Abstract:

The removal efficiency of metal ions (Ag+, Cu2+ and Fe3+) from model water and
industrial effluents by adsorption onto native and enzymatically phosphorylated
nanocelluloses were studied. Inductively coupled Plasma Optical Emission
Spectrometry (ICP-OES) data showed that all the studied metal ions reached
equilibrium sorption onto native nanocelluloses bearing carboxyl and sulphonate
groups in less than 48 hrs; being the shortest for Ag+ ions. Phosphorylation
significantly improved the functionality of nanocellulose and 92 wt% of Ag+
equilibrium sorption capacity was achieved in 3 hrs and 97 wt% in 6 hrs, respectively,
for phos-CNC. Generally, when single ions are present in water the metal ion
selectivity was in the order Ag+ > Cu2+ > Fe3+ while in case of ions mixture the order
changed to Ag+ > Fe3+ > Cu2+, irrespective of the surface functionality of the
nanocellulose. The removal effciency was considered to be driven rather by the nature
and the density of functional groups on the nanocellulose surface than the specific
surface area. Nanocelluloses showed efficient adsorption in case of indistrial effluent
from mirror making industry and 99% removal of Cu2+ and Fe3+ by phosphorylated
nanocellulose was observed. The study showed that nanocelluloses are highly
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efficient biomaterials for scavenging multiple metal ions simultaneously, from
industrial effluents.
Key words: nanocellulose, phosphorylation, heavy metal ions, selective adsorption,
water purification



1. Introduction
With population expansion and industrialization, heavy metal has become one of the
biggest and most toxic water pollutants, which is a serious problem for human society
today. Substantial amount of various toxic metals are released into water system by
many types of industries such as mining, electroplating, electrolysis, leatherworking,
photography, metal surface treating and so on. (1-3)

Conventional methods such as chemical precipitation, filtration, ion exchange,
electrochemical treatment, membrane technologies, adsorption on activated carbon,
evaporation etc. are applied to remove metal ions from aqueous solution. However
these methods are far from effective, efficient and practical enough to solve the
problem. The removal of metal ions by chemical precipitation or electrochemical
treatment when ion concentration is among 1 to 100 mg/L or when ion product is
lower than Ksp, is usually inefficient. For example, the limit of copper in drinking
water recommended by WHO is 2 mg/L, which is not possible to achieve by
precipitation. (4, 5) Besides it is inevasible to bring in new chemicals into water
system, including acid and base (pH adjustment), flocculating agents, coagulants and
so on, which usually generates new problems. Other conventional methods like ion
exchange, membrane technologies, activated carbon adsorption or evaporation are not
economical due to substantial energy consumption, especially when treating large
amounts of water containing heavy metals at low concentration. (6, 7)
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Combination of biotechnology and nanotechnology offers a new and green way to
solve the old problems. Biosorption, which has already gained much attention, can be
used to decrease the concentration of heavy metal ions in solution from ppm to ppb
level. (1) When the size of biosorbents is reduced to nanoscale, high specific area of
adsorbent is expected to provide a great advantage for metal ion removal. High
specific area also indicates much more active sites on the surface of biosorbent that
can immobilize higher quantity of metal ions, which can be further increased by
appropriate functionalization.
Although understanding of mechanisms in terms of biosorption is limited, one or
combination of ion exchange, complexation, coordination, adsorption, electrostatic
interaction, chelation and microprecipitation are usually expected. (1, 7-9) However,
Volesky 2007 reported that sulphonate groups, carboxylic groups and phosphate
groups are all major metal-binding groups for biosorption. (10) Therefore
nanocelluloses are ideal candidates for the treatment of high volume and low
concentration pollutant water. So far, the use of nanoscaled cellulose for water
remediation remains a relatively uncharted area in which few extensive studies have
been published. (11-13) Sehaqui et al reported that the specific surface area of
cellulose nanofiber films prepared using a supercritical drying process, can be as high
as 480 m2/g. (14) We have reported earlier that the sorption capacities of Ag+ onto
cellulose nanocrystals are higher than cellulose nanofibers ; being 34 mg/g and 14
mg/g, respectively. (13)
Silver, copper and iron are the target metals in the current study, since all of them
belong to the most common pollutants in industrial effluents. Silver ions can be
released into ground water and surface water by many industrial operations such as
mining, photographic processing and electroplating in mirror industry. (15) Industries,
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such as dyeing, paper, petroleum, copper brass plating and copper–ammonium rayon,
discharge Cu2+ containing wastewater. (16) Fe3+ poses a serious threat to the health of
inhabitants living near to iron ore mines. Since water with high iron content can cause
severe damage to the gastrointestinal tract and liver, such as hepatotoxicity and liver
cirrhotic. (17)
The current work reports a more extensive and deeper study, encouraged by the
promising initial results (13). In that respect, four types of nanocelluloses are used i.e.
native sludge nanocrystals (CNCSL) and phosphorylated cellulose nanocrystals from
sludge (phos-CNC) and bioethanol nanocrystals (CNCBE), and phosphorylated
cellulose nanofibers from sludge (phos-CNFSL)..The phosphate groups were
introduced onto nanocellulose using enzymes as green biocatalysts. Only the modified
cellulose nanofibers from sludge are considered in the current study as our earlier
work have shown that the adsorption capacity of native CNF is poor compared to
CNCs (13). A series of techniques including AFM, zeta-sizer and ATR-FTIR have
been used to understand the fundamental properties, surface potential and molecular
structures of the four types of nanocelluloses. Ag+, Cu2+ and Fe3+ sorption equilibrium
time and sorption capacity of the nanocelluloses were explored by inductively
coupled plasma- optical emission spectrometer (ICP-OES) and compared with other
adsorbents. The adsorption selectivity among Ag+, Cu2+ and Fe3+ when present as
single or multiple ions in water were studied and discussed.

The efficiency of

removal of Cu2+ and Fe3+ from mirror industry effluent was also evaluated.
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2. Experimental section
2.1 Materials
Cellulose sludge supplied by Domsjö Fabrikerna AB, Örnsköldsvik, Sweden was
used as the raw material for the preparation of CNCSL and CNFSL. The cellulose
sludge was reported to be high in cellulose (95%) with some hemicellulose and trace
amounts of lignin. (18) The cellulose sludge was used without any pre-treatment for
isolation in nanocellulose.
Pure cellulose was supplied by SP Processum, Örnsköldsvik, Sweden as water
suspensions of 17 wt%. Cellulose was extracted from unbarked wood by a dilute acid
hydrolysis using bioethanol process, followed by solvent extraction and bleaching and
homogenization and this process was reported earlier by us .(19, 20) 
Ǣ͵ǡ Ǣȋ͵Ȍʹͻ
Ǣ ͵
for adsorption studies.
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2.2 Isolation of nanocrystals and nanofibers
Cellulose nanocrystals extracted from cellulose sludge (CNCSL) follows a modified
version of the acid hydrolysis procedure reported by Bondeson et al. (21) The sludge
cellulose was acid hydrolyzed with a sulphuric acid concentration of 63 wt% at 45°C
for 105 min to remove the amorphous regions and were neutralized using a series of
centrifugation steps, and thereafter sonified to individualise the nanocrystals.
CNFSL was prepared from cellulose sludge by mechanical grinding using Masuko
grinder (MK ZA10-20J CE), with a suspension concentration of 2 wt%, as reported
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elsewhere in detail. (13, 18)
The purified cellulose from bioethanol process was made into 2 wt% suspensions,
mixed by shear mixture and passed through the homogenizer, 10 times to obtain a
thick gel of nanocellulose (CNCBE), according to Mathew et al submitted. (19)
Enzymatic phosphorylation of CNCSL and CNFSL
The reaction was carried out according to the Božiþ et al. (22) Briefly, reaction
proceed in 0.9 wt% of CNFSL/CNCBE phosphate buffer (pH 7.6) dispersion in the
presence of a 50 mM ATP, 250 mM of MgCl2 and 35 U/ml of hexokinase enzyme for
24 h at 30°C. After the protein deactivation, phos-CNF and phos-CNC were washed
several times (centrifuged at 6000 rpm for 4 min) with water, until no ATP absorption
peak at 260 nm could be detected. Both phosphorylated products, phos-CNF and
phos-CNC, had degree of substitution about 0.4.
2.3 Atomic Force Microscopy (AFM)
An atomic force microscope (Nanoscope V, Veeco Instruments, Santa Barbara, CA,
USA) was used to examine the morphologies of the nanocelluloses. A drop of diluted
suspension of each sample was deposited onto freshly cleaved mica and left to dry at
room temperature. All the samples were imaged in tapping mode. Height, amplitude
and phase images were recorded. The instrument was operated at a resonance
frequency of 350 kHz and a spring constant of 10- 200 nm-1. The diameter
measurements were conducted with the aid of Nanoscope V software.
2.4 ATR-FTIR
The spectra of the samples were recorded using a Perkin-Elmer Spectrum One
attenuated total reflectance-fourier transform infrared spectroscopy (ATR-FTIR
spectrometer) with a Golden Gate ATR attachment and a diamond crystal. The
absorbance measurements were carried out within the range of 650 cm-1 - 4000 cm-1,





with 16 scans and a resolution of 4 cm-1. All the measurements were carried out at
least in duplicate.
2.5 Zeta potential
The zeta potentials of CNCSL, CNCBE, phos- CNC and phos-CNF at different pH
were measured using a Zeta sizer nano ZS, Malvern (UK) at 25°C. The concentrations
of all measured samples remain the same at 0.05 wt%. Sample viscosities were
detected by vibro-viscometer (SV-10, Japan) and used as a key parameter for zeta
potential measurement.
2.6 Quantyfication of Ag+, Cu2+, Fe3+ sorption onto nanocellulose as function of
contact time
Solution containing single metal salt

Figure 1. Experimental flow chart of metal ions adsorption testing and Metal ion adsorption
process in the system

100 ml suspension containing 0.2 g nanocellulose in 100 ml (CNCSL or CNCBE or
phos- CNC or phos-CN) was prepared and placed in a dialysis tube (Dialysis tubing





cellulose membrane, Sigma-Aldrich). The dialysis tube was then placed in 400 ml
Ag+ or Cu2+ or Fe3+ solution, with a concentration of 62.5 mg/L (equivalent to initial
concentration of 50mg/L in the adsorption system, including the dialysis tube). The
sorption system was kept under stirring for 42 hrs, as shown in Figure 1. Dialysis bag
plays a role of barrier to trap the nanocelluloses inside the dialysis tube while metal
ions can pass through the dialysis bag freely as represented. In order to prevent
generation of metal hydroxide precipitate, metal solutions. pH are controlled in the
range from 3.5 to 4.5 by addition of dilute nitric acid (ion product < Ksp). Sorption
behaviours can be studied by the metal concentration variations. Solution samples
with the volume of 15 ml (outside the dialysis tube) were collected at 3 hrs, 8 hrs, 12
hrs, 24 hrs, and 48 hrs, respectively. The metal sorption experiments were performed
at room temperature and metal concentrations of all samples were detected by ICPOES.
Solution containing multi-metal salts
The same experimental set up as described above was performed in the case of
multiple ions adsorption evaluation. 0.6 g of nanocellulose in 100 ml was taken in the
dialysis tube and placed in 400 ml of metal ions solution containing a mixture of Ag+,
Cu2+ and Fe3+ with the concentration of 62.5 mg/L for each metal ion. The metal
sorption experiments were performed at room temperature and metal concentrations
of all samples were detected by ICP-OES.
2.7 ICP-OES
Inductively coupled plasma-optical emission spectrometer (ICP-OES, Optima
2000 DV, Perkin Elmer, USA) with a radial torch was used to measure the Ag+, Cu2+
or Fe3+ concentration. The filtrate of each single sample was collected at different time
and used to calculate the metal sorption capacities after different incubation time as
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shown in Figure 1. (See supporting information for the detailed equations used for the
calculation).
2.8. Performance in industrial effluent
The industrial effluent used for metal sorption testing is from mirror industry
provided by Acondaqua Water Engineering S. L., Spain. The effluent is enriched
with Cu2+ and Fe3+ (pH = 7). The effluent water and 0.05 g nanocellulose were mixed
in a 25 ml volumetric flask. All samples were sealed and kept under stirring for 42
hours to get the adsorption process completed. The dispersions were applied to
vacuum filtration with membrane pore size of 0.45 ȝm (Nylaflo, Pall) to separate the
nanocellulose from the effluent.
The iron and copper concentrations of both industrial effluent and filtrate were
detected using Inductively Coupled Plasma Optical Emission Spectrometry (ICPOES, Optima 2000 DV, Perkin Elmer, USA). Sorption capacity (mg/g) and removal
rate were calculated by metal ion concentration reductions.

3. Results and discussion
3.1 AFM
Figure 2 shows the AFM images of the used nanocelluloses. CNCSL and CNCBE
shows typical cellulose nanocrystal structure and the diameters were measured using
Nanoscope 5 software to be in the range of 5-10 nms. AFM image of phos-CNC
(Figure 2c) also shows crystals like structures but was found to be shorter and broader
than the corresponding non-modified ones (Figure 2a). The diameters were found to
be in the range of 20 nms, indicating on the presence of laterally aggregated CNC.
The phos-CNF shows typical structure for cellulose nanofibers and the diameters
were below 50 nm.
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Figure 2. AFM height image of a) CNCSL b) CNCBE c) phos-CNC d) phos- CNF

3.2 ATR- FTIR
Figure 3 shows the differences in chemical functionality in the ATR-FTIR spectra of
phos-CNF, phos-CNC, CNCBE and CNCSL.
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Figure 3. ATR-FTIR spectra of phos-CNF, phos- CNC, CNCBE and CNCSL

All samples showed characteristic bands of cellulose; the broad bands in the region
between 3650-3000 cm-1 are O-H stretching vibrations, peaks at 2900 cm-1 correspond
to C-H stretching vibrations, and peaks at around 1650 cm-1 due to the deformation
vibration of water molecules. Absorption bands in the 1500-800 cm-1 spectral region,
attributed to the C-H, O-H, C-O and C-O-C vibration on glucosidic ring, represent the
fingerprint of cellulose.
The main differences can be observed between phosphorylated and non
phosphorylated samples. For the phos-CNF and phos-CNC three new bands were
detected; at 2360 cm-1, 1210 cm-1, and 930 cm-1, assigned to the P-H stretching
vibration mode (23) , the P=O stretching mode (24) , and the P-OH stretching
vibration mode, respectively, of the incorporated phosphate groups. (23) For phosCNC, beside phosphate groups, also carboxylate groups were confirmed with new
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detectable band at 1600 cm-1. This could be attributed to the partial oxidation of the
cellulose units during the phosphorylation process. (22)

Negatively charged

phosphate as well as carboxylate functionalities highly diminishes agglomeration in
water by counter balancing the attractive hydrogen-bond interactions exerted by the
abundant hydroxyl cellulose groups. Minor band at 1600 cm-1 for the presence of
carboxylate functionalities was also identified for CNCBE.
For CNCSL the presence of sulfonate groups was confirmed by new bands at 1240 cm1

and 840 cm-1 associated with the asymmetrical S=O vibration and the asymmetrical

C-S-O (C-SO3-) vibration, respectively. Isolation of CNCSL via sulphuric acid
hydrolysis introduces a minor amount (typically 30-90 mmol/kg) of sulfonate groups
(25), which yields negatively charge that promote a perfectly uniform dispersion of
the CNCSL in water via electrostatic repulsions.
The intensity of crystalline-sensitive peaks at 2900 cm-1 (C-H) and 1430 cm-1 (CH2)
were greatly increased for CNCSL, while amorphous band at 898 cm-1 almost
disappeared, indicating its crystalline components were much higher than compared
to all other samples. (26) This fact can be also seen in band of the adsorbed water at
1650 cm-1. The stronger bands were detected for phosphorylated samples (phos-CNF
and phos-CNC), which suggests that newly incorporated phosphorus groups increased
the water uptake. On the other hand, CNCSL with high degree of crystallinity showed
the lowest intensity of the band at 1650 cm-1.
3.3 Zeta-potential
Figure 4 shows that all the four types of nanocelluloses posses negative Z-potential,
which results from their negatively charged surface functional groups, identified
previously by ATR-FTIR analysis.
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Figure 4: Zeta potentials of CNCSL, CNCBE, phos-CNC and phos-CNF at different pHs.
Marked region shows the pH conditions used in this study

Z-potential varied as a function of pH and the marked areas shows the pH ranges used
for adsorption capacity studies. CNCBE has the highest absolute value of Z- potential
(- 64.3 mV near neutral pH) which is much more negative than that of other materials.
The Z-potential of CNCSL is also highly negative, but is more stable to pH variation
than CNCBE. Higher pH sensitivity of Z- potential for CNCBE is probably due to the
higher affinity of carboxyl groups to associate with H+ compared to sulphonate
groups. Although phos-CNC and phos-CNF are modified from cellulose CNCSL and
CNFSL they show a lower absolute value for Z-potential, which might be due to the
blocking of phosphorous groups by co-ordinativelly-bonded Mg2+ divalent ions being
still present in the materials (5.43 mmol/g and 5.71 mmol/g according to the EDS,
data not shown). High concentration of divalent metal ions has stronger capacity to
shield surface Z-potential comparing to ions like Na+ and K+. Unlike other materials,
the Z-potential of phosphorylated CNC and CNF keep increasing with the
enhancement of pH and could reach values only around -20 mV at very alkaline
conditions. This indicates that in spite of extensive washing after phosphorylation
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reaction, there is still part of Mg2+ ions that are co-ordinativelly bonded to the
negative phosphate groups on one side and to the negative-charge of the hydroxyl
groups on another part of cellulose.
3.4 Sorption onto nanocellulose from solution containing single metal salt
Visual Observations
In Figure 5, the color changes in the solution of the metal ions during the
experiment are shown; ie at the start and the end point (after 48 hrs). The color of the
suspended nanocelluloses changed during the sorption, indicating on the sorption of
metal ions on to the nanocellulose surface. The color developed was also dependent
on the metal ion sorbed and the type of nanocellulose used. The nanocellulose
submerged in Ag+ showed a dark color at the end of the experiment, while in the case
of Cu2+, blue tone developed in. Fe3+ solution gave an orangish-brown shade to the
nanocellulose. In the case of the mix of ions, the individual colors were not detectable
on the nanocellulose, but rather a dark brown color was developed.
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Figure 5. Image showing the comparisons between starting points and end points of
the sorption experiments. Presented is the adsorption of Ag+, Cu2+ and Fe3+, and the
mix of the three ions, before and after 48 hrs of treatment with CNCSL, CNCBE, phosCNC and phos-CNF; where one free hydroxyl group on the native cellulose is
substituted with two new hydroxyl groups and one phosphoryl group. The pH
conditions were 3.5-4.5.
In all cases the color changes are more obvious for the phos-CNC and phos-CNF
samples where the color of the solution on the container became clear or less tinted
than at the beginning. It was noted that Fe3+ solution in the container became turbid
after the adsorption.
Effect of contact time and sorption capacity
The adsorption as a function of contact time with metal ions, based on ICP-OES
studies is presented in Figure 6.

ͳͷ




Figure 6. The amount of metal ion adsorbed onto nanocellulose as a function of contact time:
at pH 3.5-4.5

According to the kinetic curves, almost all metal ions showed an initial rapid
adsorption, followed by a slow adsorption, which stabilized and roughly remained
constant till 48 hrs. It was also noted that Ag+ was reached equilibrium sorption more
rapidly (in 6 hrs) compared with Cu2+ and Fe3+ (in 12 hrs). More than 60 % of the Ag+
sorption capacity of equilibrium is reached for all nanocelluloses in 3 hrs. For phosCNC, it reaches 92% of Ag+ sorption capacity equilibrium in 3 hrs and 97 % in 6 hrs.
Figure 7 compares the equilibrium sorption of the metal ions onto the
nanocelluloses.
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Figure 7. Metal removal ratio of the nanocelluloses, at pH 3.5-4.5.

Phosphorylated CNC and CNF immobilized nearly 100% of the Ag+, Cu2+ and
Fe3+ compared to the initial concentration and showed similar sorption behaviors (see
Figure 6). On the other hand the sorption capacity of CNCBE and CNCSL was much
lower (max. 40%) but still promising for Ag+ and Cu2+ ions, though being not as
exceptional as for phosphorylated nanocelluloses. The Ag+ removal capacity is very
similar for CNCBE and CNCSL, while the Cu2+ removal rate of CNCBE (40.7%) is
nearly three times higher than that of CNCSL (14.5%). On the other hand, the removal
of Fe3+ was relatively poor for both CNCBE and CNCSL.
Table 1 shows the equilibrium adsorption of the three studied metal ions on
nanocellulose in comparison with the theoretical predictions for some commonly used
heavy metal adsorbents, reported in literature. Except for adsorption of Ag+ on to
chitosan (27), the adsorption is significantly higher for nanocelluloses used in the
current study, especially when phosphorylated.
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Table1.Comparisonsofsorptioncapacitiesbetweennanocellulosesandother
adsorbents
Equilibrium sorption capacity of nanocelluloses
(Initial metal conc: 50 mg/L)
Ion
Conc
Ag
Cu
Fe

CNCSL
56
20
6.3

CNCBE
55

Theoretical maximum sorption capacity of
reference adsorbents
(From adsorption isotherm modeling)

Phos-

Phos-

Chitosa

Orange

Anaerobic

Nano-

CNC
136.1

CNF
120

n
510(27,

Peel
-

activated
-

TIO2
128

47

117

114

70(29,

-

25

-

0

115

73

-

15(30, 31)

30

-

Regarding Cu2+ sorption capacity, Chen et al. and Takeshi et al. found that
chitosan and surface modified chitosan adsorb a maximum of 35 mg/g (32) and 70
mg/g (29) respectively. Lu et al. found a maximum adsorption capacity of 2.5 mg/g
using cellulose nanocrystals (33) and Wu et al. found an adsorption capacity of 25
mg/g using anaerobic activated sludge (30). Liu et al. found that chitin nanofibrils
was adsorbing 141 mg/g of Cu2+ which showed better performance than in the current
study. (33) The equilibrium sorption capacities of phos-CNC and phos-CNF are
superior to all reported materials in terms of Fe3+ adsorption.
It may however be noted that the equilibrium adsorption capacities of the
nanocelluloses reported in this study is based on an initial concentration of 50 mg/L,
where as all the figures of the reference materials showed above are maximum
sorption capacities when the adsorbate concentration is infinite. In this ideal state,
adsorbent have no more active sites to immobilize the adsorbate. Experimental
sorption isotherm and maximum sorption capacity of the nanocelluloses will be
studied as the following work and presented in future.
3.5 Sorption onto nanocellulose from solution containing multiple metal salts
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The ICP-OES data in Figure 8 shows the adsorption capacity and selectivity for the
studied nanocelluloses when a mixture of ions were present in the model water (where
competition between ions may occur) compared to single metal ions.

Figure 8: Effect of single ions Vs multiple ions in the water on the adsorption selectivity of
Ag+, Cu2+, Fe3+on the nanocelluloses at pH 3.5-4.5

Irrespective of single or multiple metal ions system, phosphorylated
nanocellulose showed high sorption capacity compared to CNCSL and CNCBE. It was
also observed that the adsorption capacity of nanocellulose was slightly higher in the
presence of single metal salt than multiple metal salts (except for CNCSL). Saito et al.
reported that the primary factor influencing the adsorption selectivity of metal ions is
the electronegativity of each metal ion. (34) In the current study, this rule is followed
in the case of single metal ions where as in the case of mixture of ions the adsorption
selectivity of metal ions is in the order Ag+ > Fe3+ > Cu2+, which do not follow the
electronegativity values. The thermodynamics explanation of this sorption affinity
that we observed still remains an outstanding scientific challenge and will be
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investigated in detail in the future.
Table 2 summarizes the surface characteristics of the used nanocelluloses and may
be used to compare their functionality. It is interesting to notice that the sorption
capacity is more driven by the nature and amount of surface groups than the specific
surface areas of the nanocelluloses (high SSA nanocrystals shows lower metal
binding capacity). Volesky 2007 summarized that sulphonate groups, carboxylic
groups and phosphate groups are all belonging to major binding groups for
biosorption, which are regarded as chemical active sites capturing metal ions. (10)
Table 2. Sizes and surface characteristics of the used nanocelluloses

Diameters
(based on AFM)

Specific
surface area,
SSA*

CNCSL

5-10 nm

131

CNCBE
Phos-CNCSL

5-10 nm
> 20 nm

131
66

Phos-CNFSL

> 50 nm

26

Surface groups
(qualitative
Surface groups
(mmol/kg)
analysis by
ATR-FTIR)
-SO3-COO-COO-COO-PO32-COO-PO32-

30-90 (25)§
150.78 #

Ͷ͵ͷǤʹͳȚ
ͳͷͶǤͺȋʹʹȌȚ

* see supporting information for details; § –confirmed by FTIR analysis;
quantitatively analysed by potentiometric titration

#

According to the ATR-FTIR results, the functional groups for CNCSL and CNCBE
are respectively sulphonate group and carboxylic group respectively, while the
functional group of phos-CNC and phos-CNF in addition possess a phosphate groups
being predominantly positioned at the most reactive C-6 hydroxyl groups of cellulose
monomer rings (22). Metal-binding ability or binding specificity obviously depends
on the balance of different functional groups and their dissociative stages (being pKa
ʹͲ



dependent) on the nanocellulose, and the binding is performed by the cooperative
reactions of the plural functional groups available.
Phos- CNC have significantly higher quantity of negatively-charged surface group
(roughly 3 times higher) compared to phos-CNF, which may be due to the surface
area difference between the two. The adsorption capacity of phos-CNC is also higher
compared to phos-CNF, though not in proportion to the surface group content. In the
case on native CNCs, the higher functionality of CNCBE may be attributed to
available carboxyl groups on its surface, which are quantitatively higher than the
sulphonate and carboxyl groups preset on CNCSL surface. This agrees with the
potentiometric titration data in Table 1 and XPS data reported earlier by Mathew et al.
(19)
3.6. Effluent from mirror making industry
Figure 9a and 9b shows that phos-CNC and phos-CNF adsorb almost all Ag+ and
Cu2+ ions (removal rate > 99.1%) from mirror industry effluent. The order of metal
sorption capacity (copper plus iron) is phos-CNC (72.8 mg/g) § phos-CNF (72.75
mg/g) > CNCBE (30.15 mg/g) > CNCSL (25.5 mg/g). According to United States
National Secondary Drinking Water Regulation, the maximum contaminant levels
(MCLs) of copper and iron are respectively 1.0 mg/L and 0.3 mg/L. (35) Phos-CNC
and phos-CNF have the capacity to slash Cu2+ and Fe3+ concentrations in industrial
effluent to the levels that meets national drinking water requirements (See data in
Figure 9). It is also worth noting that CNCBE functions slightly better than CNCSL for
industrial water ( at neutral pH), which may be explained as the impact of pH on Zpotential; Figure 4 showed that the Z-potential is more negative for CNCBE compared
to CNCSL at neutral pH . CNCBE (4.35 mg/g) has better copper sorption capacity than
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CNCSL (1.85 mg/g). However, CNCSL and CNCBE have similar iron sorption capacity
and can remove around 40 % of Fe3+ in the effluent.

Figure 9. Scheme showing the industrial effluent and the effect of treatment with
nanocelluloses

Although it is not very meaningful to compare the sorption capacity data derived from
model water and industrial effluent due to different sorption conditions, such as pH
and initial metal ion concentrations, however those data collected from model water
and industrial effluent are complying with each other. The experimental results
clearly display that nanocellulose can remove Ag+ and Cu2+ ions not only from model
water, but also from industrial effluent, particularly when using phosphorylated
nanocelluloses.
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