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In recent decades, industrial activity growth and increasing water usage worldwide have led
to the release of various pollutants, such as toxic heavy metals and nutrients, into the
aquatic environment. Modified nanocellulose and microcellulose-based adsorption materials
have the potential to remove these contaminants from aqueous solutions. The present
research consisted of the preparation of five different nano/microcellulose-based
adsorbents, their characterization, the study of adsorption kinetics and isotherms, the
determination of adsorption mechanisms, and an evaluation of adsorbents’ regeneration

properties.

The same well known reactions and modification methods that were used for modifying
conventional cellulose also worked for microfibrillated cellulose (MFC). The use of succinic
anhydride modified mercerized nanocellulose, and aminosilane and hydroxyapatite modified
nanostructured MFC for the removal of heavy metals from aqueous solutions exhibited
promising results. Aminosilane, epoxy and hydroxyapatite modified MFC could be used as a
promising alternative for H,S removal from aqueous solutions. In addition, new knowledge
about the adsorption properties of carbonated hydroxyapatite modified MFC as
multifunctional adsorbent for the removal of both cations and anions ions from water was
obtained. The maghemite nanoparticles (Fes0,;) modified MFC was found to be a highly
promising adsorbent for the removal of As(V) from aqueous solutions due to its magnetic

properties, high surface area, and high adsorption capacity .



The maximum removal efficiencies of each adsorbent were studied in batch mode. The
results of adsorption kinetics indicated very fast removal rates for all the studied pollutants.
Modeling of adsorption isotherms and adsorption kinetics using various theoretical models
provided information about the adsorbent’s surface properties and the adsorption
mechanisms. This knowledge is important for instance, in designing water treatment
units/plants. Furthermore, the correspondence between the theory behind the model and
properties of the adsorbent as well as adsorption mechanisms were also discussed. On the
whole, both the experimental results and theoretical considerations supported the potential
applicability of the studied nano/microcellulose-based adsorbents in water treatment

applications.

Keywords: water treatment, nanocellulose, microcellulose, surface modification, heavy

metals, H,S, phosphate, nitrate, adsorption isotherm, adsorption kinetics.
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NOMENCLATURE

List of symbols

Bpr

O 0O
o

o O

k2
Kqg
Kr

Ko

Krp

Nf
Nrp
Ns

Qe

Surface area
Dubinin-Radushkevich constant
Elovich model parameter
Intraparticle diffusion constant
Equilibrium concentration

Initial concentration

Standard Gibbs free energy
JorJ/mol

Pseudo-first-order rate constant
Pseudo-second-order rate constant
Distribution ratio

Freundlich affinity constant
L/mmol

Langmuir affinity constant
L/mmol

Redlich-Peterson affinity constant
Sips affinity constant

Molecular mass

Weight of the adsorbent

Quantity of material / Number of data points mol /

Primary hydration number

Freundlich heterogeneity factor

Redlich-Peterson heterogeneity factor

Sips heterogeneity factor

Equilibrium adsorption capacity
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2
cm

mmol?/J?
g/mmol
mmol/g
mmol/L

mmol/L or mg/L

1/min
g/mmol min

mL/g

L/mmol
L/mmol or
g/mol

g

mmol/g



dm Maximum adsorption capacity mmol/g

Ot Adsorption capacity at time t mmol/g

R? Coefficient of determination/correlation coefficient -
Temperature K or °C

\Y Volume of the solution Lorcm?

Abbreviations

AA Acrylic acid

ACH Alachlor

AIBN Azobisisobutyronitrile

AN Acrylonitrile

APS Aminopropyltriethoxysilane

ASBC Ammonium sulfamate-bacterial cellulose
ATPR Atom transfer radical polymerization

ATR Atrazine

BCA Bifunctional chelating agents

BC Bacterial cellulose

BNC Bacterial nanocellulose

BPEI Branched polyethylenimines

CA/OMMT Cellulose acetate/organo-montmorillonite
CA/ZPNC Cellulose  acetate—zirconium  (IV)  phosphate

nanocomposite

CAN Ceric ammonium nitrate

CCHBs Biodegradable collagen/cellulose hydrogel beads
CDI N,N-carbonyldiimidazole

CE Cellulose ether

CEL Cellulose

Cell-PMAN Cellulose-polymethacrylonitrile

CHA Carbonated hydroxyapatite

CcMC Carboxy methylated cellulose
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CpP Coir pith

cs Citosan

DEAE-Cell Diethylaminoethyl cellulose

DMAEMA Dimethylaminoethyl methacrylate
DMSO Dimethyl sulfoxide

DP Degree of polymerization

DS Disaccharide

DTX Dithiooxamide

EB Electron beam

EDAX Energy dispersive analysis of X-ray
EDTA Ethylenediaminetetraacetic acid

EDTAD Ethylenediaminetetraacetic dianhydride
F-CMC Fibrous carboxymethyl cellulose
Fe(lll)-AM-PGMA Cell Iron(ll1)- coordinated amino-functionalized

poly(glycidyl methacrylate)-grafted cellulose

FESEM Field Emission Scanning Electron Microscope
FTIR Fourier transform infrared spectroscopy
GMA Glycidyl methacrylate

HA Humic acid

HAP Hydroxyapatite

HCE Hydroxyethyl cellulose

HEC Hydroxyethyl cellulose

HEMC Hydroxyethyl methyl cellulose

HPLC High Performance Liquid Chromatograph
HPMC Hydroxypropyl methyl cellulose

IPN Interpenetrating networks

KC Kaolin Clay

LNR Linuron

LPEI Linear polyethylenimines

MAAc Methacrylic acid

13



MBA
McC
MFC
NBC
NC
NCC
NFC
NMBA
NP
PAA
PANI
PE
PEGDA
PEI

PES
PPy
PS1
PS2
PVA
PVC
RIG

SA
SEM
TECAM
TEMPO
TEOS
uv
XNBC

N,N’-methylenebisacrylamide
Microcrystalline cellulose
Microfibrillated cellulose
Nanobanana cellulose
Nanochitosan

Nanocrystalline cellulose
Nanofibrilled cellulose
N'-methylene bisacrylamide
Nanoparticle

Polyacrylamide

Polyaniline

Polyethylene
Poly(ethyleneglycol diacrylate)
Polyethylenimine
Poly(ether-sulfone)
Polypyrrole

Pseudo-first-order
Pseudo-second-order
Polyvinylalcohol

Polyvinyl chloride
Radiation-induced grafting
Sodium alginate

Scanning electron microscope
Triolein embedded-cellulose acetate membrane
2,2,6,6-tetramethylpiperidine-1-oxy radical
Tetraethoxysilane

Ultraviolet

Xanthate nanobana cellulos
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1. INTRODUCTION

Rapid human population and industrialization growth has increased environmental problems
such as water, air and land pollution [1-4]. Heavy metals can be considered as some of the
most problematic pollutants due to their non-biodegradable nature. In recent years, water
pollution by heavy metals has posed one of the most severe environmental problems. For
example, cadmium, lead, cobalt, copper, mercury, chromium, nickel, selenium and zinc are
carcinogenic to human beings if consumed in high quantities. Because of the high solubility
and bioavailability of heavy metals in aquatic environments, they can be absorbed by living
organisms. Once they enter the food chain, large concentrations of heavy metals may
accumulate in the human body. If the metals are ingested beyond the permitted
concentration, they can cause serious health disorders such as developmental retardation,
various cancers, kidney damage, autoimmunity, and in extreme cases, even death [2].
Therefore, it is necessary to treat metal contaminated wastewater prior to its discharge into

the environment.

Several treatment technologies are available to reduce the pollutants’ concentrations in
wastewater, including chemical oxidation and reduction, membrane separation, liquid
extraction, ion exchange, electrolytic treatment, electroprecipitation, coagulation, flotation,
evaporation, hydroxide and sulfide precipitation, crystallization, ultrafiltration, and
electrodialysis [1, 3]. These methods differ in their effectiveness and cost. The main
advantages and disadvantages of the various physico-chemical methods for water treatment

are generally summarized in Table 1.
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Table 1. The main advantages and disadvantages of the various physico-chemical methods

for water treatment

Treatment method  Advantages Disadvantages References
Chemical Low capital cost, simple Sludge generation, [5]
precipitation operation extra

operational

cost for sludge disposal

Membrane

filtration

Electrodialysis

Adsorption

Small space
requirement,

low pressure, high
separation selectivity
High separation

selectivity

Low-cost, easy
operating
conditions,

high metal binding

capacities

Small space
requirement,

low pressure, high
separation selectivity
High operational cost
due

to membrane fouling
and

energy consumption
Low selectivity,
production

of waste products

(5]

(6]

(3]

Adsorption has become one of the alternative treatments for wastewater treatment due to
its high removal efficiency without the production of harmful by-products [1-3]. The process
of adsorption involves the separation of a substance from one phase accompanied by its
accumulation or concentration at the surface of another. The adsorbing phase is the
adsorbent, and the material concentrated or adsorbed at the surface of that phase is the

adsorbate. Similar to surface tension, adsorption is a consequence of surface energy. In a
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bulk material, all the bonding requirements (ionic, covalent or metallic) of the constituent
atoms of the material are filled. However, atoms on a (clean) surface experience a bond
deficiency, due to the fact that they are not wholly surrounded by other atoms. Thus the
bonding is energetically favourable for them. The exact nature of the bonding depends on
the details of the species involved, but the adsorbed material is generally classified as
exhibiting physisorption or chemisorption. Physisorption or physical adsorption is a type of
adsorption in which the adsorbate adheres to the surface only through van der Waals (weak
intermolecular) interactions, which are also responsible for the non-ideal behavior of real
gases. Chemisorption is a type of adsorption whereby a molecule adheres to a surface
through the formation of strong chemical bonding, as opposed to the van der Waals forces

3.

Adsorption phenomena are operative in most natural physical, biological, and chemical
systems, and adsorption operations employing solids, such as activated carbon and synthetic
resins, are widely used in industrial applications and for the purification of water and
wastewater. Adsorption experiments are typically performed in a sequence of three
essential steps: (1) the reaction of an adsorbate with an adsorbent contacting a fluid phase
of known composition under controlled temperature and applied pressure for a prescribed
period of time; (2) the separation of the adsorbent from the fluid phase after reaction; and
(3) the quantitation of the chemical substance undergoing adsorption, both in the
supernatant fluid phase and in the separated adsorbent slurry that includes any entrained
fluid phase [5]. The reaction step can be performed in either a closed system (batch reactor)
or an open system (flowthrough reactor), and can proceed over a time period that is either
quite short (adsorption kinetics) or very long (adsorption equilibration) as compared to the

natural timescale for achieving a steady composition in the reacting fluid phase.

In the 1940’s, activated carbon was introduced for the first time as the water industry’s main
standard adsorbent for the reclamation of municipal and industrial wastewater to a potable
water quality [4]. It has been found as a versatile adsorbent due to its high capacity of
adsorption because of small particle sizes and active free valences. In spite of this, due to its

high cost of production, activated carbon could not be used as the adsorbent for large scale
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water treatment. Moreover, the regeneration of activated carbon is difficult due to the use
of costly chemicals, high temperatures, and hence, its regeneration is not easily possible on
a commercial scale. Commercial activated carbon, which has high surface area and
adsorption capacity, is a potential adsorbent for removing heavy metals from wastewater.
However, preparing activated carbon is relatively complicated and involves carbonization

and activation stages.

The use of low-cost sorbents has been investigated as a replacement for current costly
methods of removing heavy metals from solutions. Recently, numerous approaches (e.g. use
of microorganisms to detoxify the metals by valence transformation, extracellular chemical
precipitation, or volatilization) have been studied for the development of cheaper and more
effective technologies, both to decrease the amount of wastewater produced and to
improve the quality of the treated effluent. Natural materials or waste products from certain
industries with a high capacity for heavy metals can be obtained, employed, and disposed of

with little cost [2, 6-8].

Cellulose is argued to be the most abundant polymer in nature and constitutes the main
component of plant fibres, giving the plant rigidity. In addition, it is one of the most
promising bio-based raw materials due to its abundance, easy availability, and low cost. It is
a linear polysaccharide with long chains that consists of B-D-glucopyranose units joined by B-
1.4 glycosidic linkages [8-10]. In one repeating unit of cellulose molecule, there are methylol
(1) and hydroxyl (2) groups as functional groups. Due to absence of side chains or branching,
cellulose chains can exist in an ordered structure. Therefore, cellulose is a semicrystalline
polymer, and it contains both crystalline and amorphous phases. Although it is a linear
polymer and contains two types of hydroxyl groups, primary hydroxyl in the methylol group
(—CH,0H) at C-6 and secondary hydroxyl groups (—OH) at C-3 and C-4, both of which are
hydrophilic, it does not dissolve in water and in common solvents due to strong hydrogen
bonds between the cellulose chains. As a result, the hydrogen bonds between the cellulose
chains and van der Waals forces between the glucose units lead to the formation of

crystalline regions in cellulose [9].
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Cellulose can be derived from a variety of sources, such as woods, annual plants, microbes,
and animals. These include seed fiber (cotton), wood fibers (hardwoods and softwoods),
bast fibers (flax, hemp, jute, ramie), grasses (bagasse, bamboo), algae (Valonica ventricosa),
and bacteria (Acetobacter xylinum). In addition to cellulose, these materials also contain
hemicelluloses, and a comparably small amount of lignin. Wood and cotton are the raw
materials for the commercial production of cellulose. Cellulose in its natural state serves as a
structural material within the complex architecture of plant cell walls with variation in its
content. In wood, it constitutes about 40-50%; in leaf fibers: sisal fibers (55—73%), in bast
fibers: flax 70-75%, hemp 75-80%, jute 60-65%, ramie 70—-75%, kenaf 47-57%, in canes:
bamboo 40-55%, baggase 33-45%, and in cereal straw: barley 48%, oat 44-53%, rice 43—
49%, rye 50-54%, wheat 49-54%. Cotton seed hairs, the purest source, contain 90-99%

cellulose [9].

Currently, the isolation, characterization, and search for applications of novel forms of
cellulose, variously termed crystallites, nanocrystals, whiskers, nanofibrils, and nanofibers, is
generating much activity [11]. Novel methods for their production range from top-down
methods involving enzymatic/chemical/physical methodologies for their isolation from
wood; from wood pulp, pulp industry wastes, native cellulose in the form of cotton,
cellulosic agricultural residues (e.g., sugar beet pulp) or microcrystalline cellulose (MCC) by
acid hydrolysis and forest/agricultural residues to the bottom-up production of cellulose

nanofibrils from glucose by bacteria.

It is well known that cellulosic-based materials can be obtained and employed as cheap
adsorbents, and their performance to remove heavy metal ions can be affected by chemical
treatment. In general, chemically modified cellulose materials exhibit higher adsorption
capacities than unmodified forms. Numerous chemicals, which include mineral and organic
acids, bases, oxidizing agents, and organic compounds have been used for modifications. In
the present literature review, an extensive list of celluose and nanocellulose-based

adsorbents is presented and their methods of modification discussed. A comparison of
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adsorption efficiency between chemically modified and unmodified adsorbents is also

reported.

2. CHEMICALLY MODIFIED CELLULOSE BASED ADSORBENTS

An important aim of chemical functionalization is the introduction of stable negative or
positive electrostatic charges on the surface of cellulose [12]. This is done to obtain better
colloidal dispersion and to tune the surface characteristics of cellulose to improve its
compatibility, especially when used in combination with nonpolar or hydrophobic matrices
in nanocomposites. Due to the abundance of hydroxyl groups on the surface of cellulose,
different chemical modifications have been carried out. These include treatment with base
solutions (sodium hydroxide, calcium hydroxide, sodium carbonate), with mineral and
organic acid solutions (hydrochloric acid, nitric acid, sulfuric acid, tartaric acid, citric acid,
thioglycollic acid), with organic compounds (ethylenediamine, formaldehyde,
epichlorohydrin, methanol), and with oxidizing agents (hydrogen peroxide). In these cases,
the purpose has been to remove soluble organic compounds, to eliminate the coloration of

the aqueous solutions, or to increase efficiency for metal adsorption.

2.1 Monomer-grafted cellulose adsorbents

Grafting of other monomers onto cellulose is an important tool for the modification of
cellulose. In this process, side chain grafts are covalently attached to a main chain of a
polymer backbone to form a branched copolymer. Depending on the monomer grafted onto
cellulose, it gains new properties. Figure 1 shows the functional groups, which are widely
used in monomer grafting. The grafting can be performed in a heterogeneous or
homogeneous medium [14]. In the grafting performed in a heterogeneous medium, the
reaction is carried out in an aqueous solution using a suitable initiator. As an initiator,
radiation or chemical initiators, such as ceric ammonium nitrate (CAN), various persulfates,
azobisisobutyronitrile (AIBN), or Fenton reagent (Fe(ll)-H,0,), are mostly used. In the case of

a CAN initiator, the grafting should be performed in an acidic medium in order to prevent its
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hydrolysis. In homogeneous grafting reactions, either a water-soluble cellulose derivative is
used in grafting or cellulose is dissolved in a suitable solvent before grafting. A higher
number of grafts per cellulose chain is obtained in homogeneous grafting compared to
heterogeneous grafting. The examples where monomer graft cellulose adsorbents have

been used are outlined in Table 2.

,.rp
R ’{< R—NH,
OH .
Amine
Carboxyl

R_ N OH OH ) R /
= HO o

. < o) 0 —p NH,
Nitrile o OH

Amidoxime

GMA-imidazole

Figure 1. Functional groups on grafted cellulose with good adsorption properties [9].
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Table 2. Chemically modified and grafted celluloses and associated adsorption capacities.

Grafted Grafting Agent Adsorption

Cellulose (Chelating group) capacity Isotherm Reference
Adsorbent (mg/g) model

Banana stalk (1) Acrylamide Hg(ll) 138 L [56]

(2) Ethylenediamine
(3) Succinic anhydride

(Carboxyl)
Banana stalk Acrylonitrile Pb(ll) 99.8% [40]
(Fe**-H,0,)- Cd(11) 90.1%
Hg(l1) 99.3
Cellulose (1) Glycidyl Cu(ll) 68.5 L [45-47]
methacrylate ]
(Imidazole) Ni(ll) 48.5
Pb(ll) 75.8
Cellulose Epichlorohydrin NO;s 232.6 L [49]
(Carboxyl)
Cellulose Glycidylmethacrylate Cr(V1) 123.6
(GMA) onto titanium [50]
dioxide cellulose (TDC)
followed by amination
and ethylation
reactions.
(Amino)
Cellulose Acrylic acid (AA) Pb(ll) 351.9 and [51]
(Carboxyl) Cd(I) 95.2
Cellulose -g-acrylicacid Cu(ll) 329.0 [52]
(Carboxyl) Ni(ll) 299.0
(extracted
cellulose)
Cu(ll) 286.0
Ni(l) 270.0
Cellulose Polyacrylonitrile Cd(Il) 131.0 [13]
(Amino) Cu(ll) 121.0
Cd(ll) 154.0
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Cellulose

Cellulose

Cellulose

Cellulose bead

Cellulose pulp

Porous cellulose

Sawdust

Sugarcane
bagasse
cellulose
Sunflower
stalks

Wood pulp

Wood pulp

Poly(acrylic acid) Cu(ll) 148.0
(Carboxyl)

Cd(l1) 88.0
Unmodifed cellulose Cu(ll) 0.8

Glycidyl methacrylate As(V) 78.8
(GMA, N,N'-
methylenebisacrylamid

e (MBA)

ethylenediamine ferric

chloride

(Amino, Chloride)

Acrylonitrile Cd(I) 21.4
N,N-

methylenebisacrylamid

e

(Amino)

Polyacrylamid Hg(ll) 748.0
(Amino)

(1) Acrylonitrile Cr(lll) 73.5
(2) Sodium hydroxide Cu(ll) 70.5
(Carboxyl)

(1) Acrylic Acid Cu(ll) 49.6

(2) Acrylamide
Carboxyl (Amino)

(1) Glycidyl Cu(ll) 60.0
methacrylate Co(ll) 20.0
(2) Polyethyleneimine  Zn(ll) 27.0
(Amine)
Acrylic Acid Cu(ll) 104.0
(Carboxyl) Ni(ll) 97.0
Cd(ll) 168.0
Urea (Amino) Cu(ll) 76.0
Hg(ll) 280.0
(1) Acrylonitrile Cu(ll) 39.0

(2) Hydroxylamine
(Amidoxime)

(1) Acrylonitrile Cu(ll) 30.0
(2)Tetraethyleneamine

(Amino)

(1) Acrylonitrile Cu(ll) 51.0

(2) Hydroxylamine
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(Amidoxime)

Cotton cellulose Acrylonitrile U 95% [34]
methacrylic acid
(Amidoxime)

L= Langmuir; F= Freundlich

2.1.1 Photografting

Photochemical initiation is a useful means for introducing various vinyl monomers onto
cellulose materials [15-23]. The energy from the incident ultraviolet light is absorbed by a
sensitizer, monomer, and/or polymer, or by an electron band structure of the excited
cellulose molecule. The chromophore of macromolecule absorbs light, and the excited
molecule inter- mediate may dissociate into reactive free radicals and initiate the grafting
process. If the absorption of light does not lead to the formation of free radical sites through
bond rupture, the process can be promoted by the addition of photosensitizers (e.g.,
benzoin ethyl ether), dyes such as acrylated azo dye, or aromatic ketones. Photochemical

grafting can be achieved with or without a sensitizer [16-19].

The mechanism without a sensitizer involves the generation of free radicals on the cellulose
backbone, which react with the monomer free radical to form the graft copolymer. In the
mechanism with the sensitizer, the sensitizer forms free radicals, which can undergo
diffusion so that they abstract hydrogen atoms from the base polymer, producing radical

sites required for grafting to take place [16-19].

In the presence of vinyl monomers, these free radicals initiate the growth of polymer chains
from the surface of the activated cellulose and also homopolymerisation of the vinyl
monomers [17]. Photografting has many advantages including readily available UV light
sources, selective reaction and low photoenergy requirements (relative to other higher
energy sources such as y-ray and electron beam), resulting in the reduced deterioration of

polymeric materials.
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Novel ion-exchangers were prepared by grafting cotton fabric with (1) glycidyl methacrylate
(GMA) followed by aminization, (2) dimethylaminoethyl methacrylate (DMAEMA) followed
by quaternization, and (3) acrylic acid (AA) [23]. Grafting was carried out on a pilot scale
using a thiocarbonate— H,0, redox system. For direct and reactive dyes, the percentage of
exhaustion followed the order of aminized GMA > quaternarized DMAEMA > DMAEMA,
whereas for acid dye the percentage of exhaustion followed the order of quaternarized
DMAEMA > DMAEMA > aminized GMA. On the other hand, poly(AA) —cotton copolymer was
very effective in the removal of basic dye. With respect to heavy metal (Cu(ll) and Co(ll)) ion
removal, the copolymers showed the following order: AA > aminized GMA > quaternarized
DMAEMA > DMAEMA, while dichromate removal followed the order of quaternarized
DMAEMA > DMAEMA > aminized GMA.

Dye removal capacity varied from 40.6% to 99.0% depending on the ion exchange material.
The complete (100%) removal of these selective ions could be achieved by the poly(AA)—
cotton copolymer before and after being subjected to the regeneration process. The
percentage of Cu(ll) and Co(ll) ion removal lay between 3 — 6% for quaternized
poly(DMAEMA)—cotton copolymer and Poly(DMAEMA)—cotton copolymer, while it went up
to 54.0 and 40.0 % for the poly(AA)—cotton copolymer in the case of Cu(ll) and Co(ll) ions,
respectively. Absence of the cationic properties, particularly in quaternized poly(DMAEMA)—
cotton copolymer and Poly(DMAEMA)—cotton copolymer, accounted for this observation

[23].

Acrylonitrile was grafted to the cellulose surface using the photografting technique;
subsequently, the cyano groups were amidoximated by reaction with hydroxylamine [15].
The ability of these cellulose amidoximated samples to adsorb Cu(ll) was examined and the

maximum adsorption capacity achieved was found to be 51 mg/g.

Later, the resultant AN-grafted celluloses were subjected to reactions with
triethylenetetraamine (Trien). The sample containing triethylenetetraamine groups showed

an ability to adsorb Cu(ll) to the extent of 30 mg/g [20].
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2.1.2 High energy radiation grafting

Radiation-induced grafting offers unique advantages for the preparation of functional
copolymers for various reasons, including the simplicity and the flexibility of reaction
initiation with commercially available ionizing radiation sources (e.g., no additive is needed
for the initiation, homogeneous and temperature-independent initiation, polymer formation
eventually together with crosslinking and sterilization) [21- 23]. This technique enables
imparting tailored modifications ranging from surface to the bulk of backbone polymers,
unlike photo and plasma initiation, which impart surface modification only. Commercial
radiation sources include electromagnetic radiation such as y-rays (from Co-60) and

particulate radiation such as electron beam (EB).

Radiation-induced grafting can be performed by two main methods: (1) simultaneous
irradiation (direct or mutual) and (2) pre-irradiation methods. In the first method, the
backbone polymer is irradiated while immersed in a pure monomer or a monomer solution
[22, 24]. A side reaction of homopolymerization, which might be initiated, may be
suppressed by applying low irradiation dose rates and/or adding inhibitors into the grafting

solutions.

The preirradiation method means that the backbone polymer is irradiated in vacuum or inert
medium to generate radicals, and subsequently is brought into contact with a monomer
under controlled conditions [19, 24, 25]. Alternatively, the backbone polymer may be
irradiated in air forming either peroxy or hydroperoxy groups in a procedure called the
peroxy (peroxidation) or hydroperoxy (hydroperoxidation) method. The stable peroxy
products are then treated with the monomer at an elevated temperature when the

peroxides undergo decomposition to radicals, which then initiate grafting.

A radiation-induced grafting technique has been used to impart and improve flame the
retardancy, water impermeability, abrasion resistance, and rot resistance of cellulose [26-
28]. It is also used to improve anti-crease and thermo-responsive properties, and properties
for antibacterial or bio-medical applications, and in fabrication of adsorbents for water

purification.
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The benefits of a high energy radiation grafting method was demonstrated in sorption
studies of Cu(ll) ions using some cellulose graft copolymers as adsorbent [29]. A method of
synthesis for grafting copolymers had a tremendous effect on sorption behavior. For
identical graft levels, graft copolymers synthesized by gamma radiation initiation sorbed
three times more ions as compared to the graft copolymers initially synthesized with the

persulphate redox system.

Amidoximated polymer surfaces have strong metal-binding abilities for certain ions. After
investigating 200 functional groups, it was found that amidoxime showed the best chelating
properties [30]. Amidoximated polymers have both N and O atoms available for chelate
formation. The chelate formed with UO,(OH)" ions in AN grafted, amidoximated, and

AN/MAAc grafted and amidoximated polymer surfaces is shown in Figure 2.

ﬂ/“ N /N—O l”,
| o

e
‘ 0- N/ NH/’
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—c/ TS /

NHz/ \ 0
Figure 2. Chelate formation with uranium(VI) ion: AN grafted, amidoximated (left) and

AN/MAAC grafted and amidoximated (right) polymer surfaces [15].

A reactive cloth filter was fabricated by grafting acrylonitrile/methacrylic acid onto cotton
cloth. A irradiation technique was used for grafting. After subsequent amidoximation, the
material was used for the recovery of uranium from radioactive waste obtained from nuclear
fuel fabrication laboratories. The cellulose content of the cotton fiber was 85-90 % [32-34].
The effect of the hazardous ions chelation from the radioactive waste on the morphological
and chemical structure was studied. The high capacity for uranium uptake with the
amidoximated cloth filter was attributed to the complexation and formation of a ring
structure with uranyl ion. Authors suggested that the fabricated cloth filter could be used for

low-level radioactive waste treatments.
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Microwave radiation was utilized to produce bifunctional chelating agents (BCA) from
sugarcane bagasse by reacting urea with reactive sites, such as hydroxyl and carboxylic
groups, present in bagasse [35], and in the copolymerization of acrylic acid and acrylamide
onto cellulose [36, 37]. At optimal adsorption conditions, a maximum adsorption capacity of
49.6 mg/g for Cu(ll) with adsorption efficiency up to 99.2% was obtained for the acrylic acid
and acrylamide-grafted polymers. This adsorbent resin could be regenerated using 8 wt%
NHs-H,0, which had a good regeneration effect and after regeneration, the material still
possessed over 90.0% adsorption efficiency. BCA adsorbent showed a maximum chelating

capacity of 76 mg/g for Cu(ll) and 280 mg/g for Hg(ll).

Adsorbents produced by radiation-induced graft copolymerization of maize starch/acrylic
acid and natural byproduct wood pulp have been used for the removal of metal ions from
the investigated wastewater [38]. The absorbed dose is an important parameter in any
radiation grafting system because an increase in the absorbed dose enhances the formation
of radicals in the system and the percentage conversion of the studied material. The factors
affecting the abilities of the prepared materials for removing heavy metal ions and dyes
from aqueous solutions were studied. It was found that the maximum metal uptake
followed the sequence Fe(lll)> Cr(lll)> Pb(Il)> Cd(ll). The adsorption capacity of the

investigated metal ions increased with the increasing pH.

2.1.3 Chemical initiation grafting

Chemically initiated grafting can be achieved by free radical or ionic polymerization [39]. The
role of the initiator is very important as it determines the path of the grafting in the chemical
process. Ceric ammonium nitrate (CAN), various persulfates, azobisisobutyronitrile (AIBN),
and Fenton reagent (Fe(ll)-H,0,) are mostly used as initiators [19, 38-40]. In ionic
polymerization, often a Lewis base liquid e.g. alkylaluminium (R3Al) or BF3 is used as the
reactant. Apart from the general free-radical mechanism, grafting in the melt and atom

transfer radical polymerization (ATRP) are the techniques used to carry out grafting.
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By grafting monomers, new functional groups are introduced on the surface of cellulose.
Acrylonitriles are widely used monomers. Cellulosic materials containing various amounts of
grafted polyacrylonitrile and poly(acrylic acid) molecules were used to remove Cd(ll), Cu(ll)
[40], Zn(Il) and Cr(lll) [7] ions from aqueous solutions. It was found that grafting enhanced
the metal ion binding capacity of the cellulosic material; the extent of enhancement
depended on the type of the metal ion and the level and nature of the incorporated graft
polymer [40]. Reuse of the grafted cellulosic materials after one sorption cycle resulted in
less than 10.0% reduction in the sorption capacity of the material, suggesting that the
grafted cellulosic materials were multiple-use adsorbents. The recovery of the adsorbed
metal ions from the grafted cellulosic materials using 2% (v/v) HNOs was quantitative. In
another study, cellulosic graft copolymers were prepared by reacting bast fibers of the kenaf
plant (Hibiscus cannabinus) with acrylonitrile and methacrylonitrile monomers in aqueous
media initiated by the ceric ion-toluene redox pair [7]. For Zn(ll) and Cr(lll) ions, the
cellulose-polymethacrylonitrile (Cell-PMAN) graft copolymer was a more effective sorbent
than the Cell-PMAN derivative. The amount of ions sorbed decreased with an increase in
percentage graft and over the range 38.0% of the graft the amounts of Zn(Il) and Cr(lll) ions
sorbed by Cell-PAN decreased by 44.0% and 56.0%, respectively.

Cellulose powder was grafted with acrylic acid (AA), N,N’-methylene bisacrylamide (NMBA),
2-acrylamido-2-methylpropane sulphonic acid (AASOsH) and a mixture of acrylic acid (AA)
and 2-acrylamido-2-methylpropane sulphonic acid (AASOzH) [42]. Ceric ammonium nitrate
(CAN) was used as the initiator in all cases. All four grafted cellulose materials were
compared in the adsorption of Pb(ll), Cu(ll) and Cd(ll) under competitive conditions. The
obtained metal uptakes were 0.27, 0.24 and 0.02 mmol/g for cellulose grafted with p(AA),
p(AA-NMBA) and p(AASOsH), respectively. Cellulose-g-pAA proved to be the most efficient
adsorbent under these conditions with its carboxyl groups responsible for chelating the

divalent metal ions.

The amidoxime group has both acidic and basic parts, and for the coordination two lone
pairs of electrons are available on the oxygen and one lone pair on each N atom [43, 44].

Amidoxime groups form stable complexes with different metal ions, and consequently,
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polymers with amidoxime groups can be successfully used for the preconcentration of trace
metals from aqueous solutions. In a study, cyano groups on the poly(acrylonitrile) chains
coming off the cellulose backbone polymer were amidoximated by reacting them with
hydroxylamine in methanol [44]. An alkali treatment of amidoxime functionalized cellulose

further accelerated the sorption of metal ions.

Regenerated cellulose wood pulp was grafted with the vinyl monomer glycidyl methacrylate
(GMA) using CAN as initiator and was further functionalized with imidazole to produce a
novel adsorbent material, cellulose-g-GMA-imidazole [45-47]. Adsorption capacities of this
material for Cu(ll), Ni(ll) and Pb(ll) reached 68.5 mg/g, 48.5mg/g and 75.8 mg/g,
respectively. The cellulose-g-GMA material was found to contain 1.75 mmol/g of epoxy
groups. These epoxy groups permitted the introduction of metal binding functionalities to

produce the cellulose-g-GMA-imidazole as a final product.

The modification of cellulose for heavy metal adsorption was conducted by the graft
polymerization of glycidyl methacrylate utilizing the ceric ammonium nitrate initiator [48].
This was followed by the functionalization of the reactive epoxy groups present in
poly(glycidyl methacrylate) with polyethyleneimine to introduce nitrogenous ligands. The
produced material showed an adsorption capacity of 60 mg/g for Cu(ll), 20 mg/g for Co(ll)

and 27 mg/g for Zn(ll) from wastewater.

A cellulose-grafted epichlorohydrin (Cell-g-E) copolymer was synthesized and its
functionalization carried out using polyethylenimine (Cell-g-E/PEI) [49]. A batch adsorption
reaction was carried out for the removal/recovery of nitrate ions and maximum adsorption
capacity was obtained at pH 4.5. The adsorption process was spontaneous and exothermic.
Batch adsorption/desorption studies over six cycles showed the repeatability and

regeneration capability of the adsorbent.

Ethylated aminated polyglycidylmethacrylate-grafted-densified cellulose (Et-AMPGDC) was
successfully prepared via graft polymerization of Glycidyl methacrylate (GMA) onto titanium

dioxide cellulose (TDC) followed by amination and ethylation reactions [50]. The maximum
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adsorption capacity of Cr(VI) onto Et-AMPGDC was found to be 123.60 mg/g at 30 "C. The
adsorbent was also tested in an electroplating industrial wastewater sample containing
Cr(V1) ions, and it was determined that it could be effectively regenerated by treating it with
0.1 M NaOH.

A crosslinked hydroxyethyl cellulose-g-poly(acrylic acid) (HEC-g-pAA) graft copolymer was
prepared by grafting acrylic acid (AA) onto hydroxyethyl cellulose (HEC) using the
[Ce(NH4)2(NO3)s]/HNO3 initiator system in the presence of a poly(ethyleneglycol diacrylate)
(PEGDA) crosslinking agent [51]. The carboxyl content of the copolymer was determined by
the neutralization of -COOH groups with a NaOH solution, and sodium salt of the copolymer
(HEC-g-pAANa) was swelled in distilled water in order to determine the equilibrium swelling
value of the copolymer. Both dry HEC-g-pAA and swollen HEC-g-pAANa copolymers were
used in the removal of heavy metal ions from three different aqueous ion solutions as
follows: a binary ion solution with equal molar contents of Pb(ll) and Cd(ll), a triple ion
solution with equal molar contents of Pb(ll), Cu(ll) and Cd(ll), and a triple ion solution with
twice the Cu(ll) molar content of Pb(ll) and Cd(ll). Higher removal values for swollen HEC-g-
pAANa were observed in comparison to those on the dry polymer. The presence of Cu(ll)
decreased the adsorption efficiencies of Pb(ll) and Cd(ll) ions on both types of HEC
copolymers. However, with a further increase in Cu(ll) content, both dry and swollen
copolymers became apparently selective to Cu(ll) removal, and Cu(ll) removal values
exceeded the sum of adsorption values for Pb(ll) and Cd(Il). Maximum metal ion removal
capacities were 370.5 and 95.2 mg/g (Me(ll)/g polymer) on swollen HECg-pAANa and dry
HEC-g-pAA, respectively.

The cellulose was extracted from the sisal fiber using chemical and mechanical treatments
(steam explosion method) and the extracted cellulose and cellulose-g-acrylicacid copolymer
were used as an adsorbent for the removal of Cu(ll) and Ni(ll) [52]. The adsorption capacities
for Cu(ll) and Ni(ll) were evaluated by varying the operational parameters, such as solution
pH, agitation time, ion concentration, and adsorbent concentration. The adsorption
capacities of extracted cellulose were 286 mg/g for Cu(ll) and 270 mg/g for Ni(ll) and those

of cellulose-g-acrylicacid 329 mg/g for Cu(ll) and 299 mg/g for Ni(ll).
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Different modified cellulose fibers were prepared and their efficiency as adsorbents for the
removal of several aromatic organic compounds and three herbicides (i.e. Alachlor (ACH),
Linuron (LNR) and Atrazine (ATR)) investigated [53]. The evolution of the adsorption capacity
according to the solute structure and the modification sequence was explored. The
modification was carried out under heterogeneous conditions using N,N-carbonyldiimidazole
(CDI) as an activator and different amino derivatives as the grafting agent. By varying the
structure of the amino derivative and the reaction sequence, different organic structures
bearing diverse functional groups were generated on the surface. It was shown that the
chemical modification of the fibers’ surface greatly enhanced the adsorption capacity
toward organic compounds dissolved in water. The adsorption capacity evolved from 20 to
50 mmol/g for the virgin fibers to between 400 and 1000 mmol/g for the modified
substrates, depending on the solute structure and the modification sequence.

The iron (Il)-hydrogen peroxide system (Fenton reagent) is a cheap and easily available
redox initiator, and grafting with it can be carried out in low temperatures [54]. Iron(lIl)-
coordinated amino-functionalized poly(glycidyl methacrylate)-grafted cellulose was
prepared through the graft copolymerization of glycidyl methacrylate (GMA) onto cellulose
(Cell) in the presence of N,N’-methylenebisacrylamide (MBA) as a cross linker using a
benzoyl peroxide initiator, followed by treatment with ethylenediamine and ferric chloride
in the presence of HCl (Fig.ure 3). The adsorbent was used for the adsorption of arsenic(V)
from aqueous solutions. Equilibrium data fitted well with the Sips isotherm model, with a
maximum adsorption capacity of 78.8 mg/g at 30°C. Furthermore, over 98.0% desorption of

As(V) was achieved with 0.1 M NaCl solution.
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Figure 3. Preparation of Fe(lll)-AM-PGMA Cell [54]
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Isolated cellulose from corn stalks was graft copolymerized using acrylonitrile as monomer,
N,N-methylenebisacrylamide as cross linker and KMnQO,4 as an initiator [55]. The results
showed that AGCS-cell had better adsorption potential for cadmium ion than unmodified

cellulose because of the addition of functional groups (CN and OH groups) and the lower

Banana stalks are largely composed of cellulose, which enables its use as adsorbent for
heavy metals after chemical initiation grafting. The adsorbent (PGBS-COOH), having a
carboxylate functional group at its chain end, was synthesized by (Fe**-H,0,)-initiated graft
followed by succinic anhydride

functionalization [40]. Synthetic wastewater samples were treated with the adsorbent to



demonstrate its efficiency in removing Pb(ll) and Cd(ll) ions from industrial wastewaters. The
maximum uptake of Pb(ll) and Cd(ll) from their aqueous solutions was found to be 99.8 and
90.1%, respectively, at an initial concentration of 25 mg/L and at pH 6.5. The adsorbed Pb(ll)
and Cd(ll) ions were effectively desorbed by 0.2 M HCl and PGBS-COOH was reused
successfully after regeneration. The study examined the effectiveness of a new adsorbent
prepared from banana stalks, one of the abundantly available lignocellulosic agrowastes, in
removing Pb(ll) and Cd(Il) ions from aqueous solutions. The same adsorbent was used to
remove Hg(ll) from a water solution [56].The maximum adsorption capacity of the adsorbent

for Hg(ll) was found to be 138.0 mg/g .

Polyacrylamide grafted onto cellulose has been demonstrated to be a very efficient and
selective sorbent for the removal of mercuric ions from aqueous solutions [57]. The
mercury-uptake capacity of the graft polymer was as high as 710 mg/g and sorption was also
reasonably fast. The Hg(ll) sorption was selective and no interferences were observed in the
presence of Ni(ll), Co(ll), Cd(ll), Fe(lll), Zn(ll) ions in 0.1 M concentrations at pH 6. The
regeneration of the loaded polymer could be achieved using hot acetic acid without losing its

original activity.

A sunflower stalk graft cellulose copolymer was prepared by reacting ground sunflower
stalks (SFS) with acrylonitrile (AN) in an aqueous solution initiated by a KMnO,-citric acid
(CA) system [58]. It was shown that the grafting parameters, such as the concentration of
KMnQ,, AN, and CA, had a significant effect on graft copolymerization. The amidoximation of
the grafted stalks was performed by the reaction between grafted SFS with hydroxylamine
hydrochloride in an alkaline medium to obtain amidoximated sunflower stalks (ASFS). The

maximum uptake capacity of this adsorbent for Cu(ll) was found to be 39.0 mg/g.

The removal and recovery of Cr(lll) and Cu(ll) from aqueous solutions using a spheroidal
cellulose adsorbent containing the carboxyl anionic group was investigated [59, 60]. A
saponification reaction using sodium hydroxide was subsequently carried out on this
material. The saponification converts the same grafted poly(acrylonitrile) with its cyano

groups as the main group to both amide (—-CONH,) and carboxylate (—-COONa) groups. The
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adsorption of Cr(Ill) on the amide functionalized compound reached 73.5 mg/g whereas the
Cu(ll) uptake on the carboxylate functionalized compound was 70.5 mg/g. A 1.2 mol/L HCl
aqueous solution was finally chosen to recover the Cr(lll) ions using column operation. The
recovery percentage for Cu(ll) was approximately 85.2%. The maximum percentage of
recovery was approximately 100% when a 2.4 mol/L HCl solution was used. In addition, only

7.2% of the adsorption capacity was lost after 30 replications of adsorption and desorption.

Polyacrylic with KMnOQ, as the initiator was used for grafting chains onto sawdust to obtain
an inexpensive adsorbent [61]. The material had a high adsorption capacity for Cu(ll)

104.0 mg/g, Ni(ll) 97.0 mg/g and Cd(Il) 168.0 mg/g.

The monomer glycidyl methacrylate was also chosen as a reactive monomer for grafting due
to the subsequent availability of its reactive epoxy groups for further functionalization [57].
The epoxy groups are highly reactive to amines, alcohols, phenols, carboxylic acids,
carboxylic anhydrides, and Lewis acids and their complexes [62]. A sorbitol-containing
resinous polymer has been prepared starting from crosslinked polystyrene divinylbenzene
(DVB) resin beads by the following series of reactions: (1) chlorosulfonation, (2)
sulfonamidation with N-propylamine, (3) condensation of sulfonamide with epichlorohydrin,
and (4) modification with sorbitol. The resulting sorbitol-modified polymer has been
demonstrated to be a selective, efficient and regenerable sorbent for the removal of boron

in ppm levels [57].

2.2 Adsorbents produced by the direct modification of cellulose

Unmodified cellulose has a low heavy metal adsorption capacity as well as variable physical
stability. However, a chemical modification of cellulose can be executed to achieve adequate
structural durability and an efficient adsorption capacity for heavy metal ions and other
water pollutants [43]. The properties of cellulose, such as its hydrophilic or hydrophobic
character, elasticity, water sorbency, adsorptive or ion exchange capability, resistance to

microbiological attack and thermal resistance, are usually modified by chemical treatments.
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The B-D glucopyranose on the cellulose chain contains one primary hydroxyl group and two
secondary hydroxyl groups. Functional groups may be attached to these hydroxyl groups
through a variety of reactions. The main routes of direct cellulose modification in the
preparation of adsorbent materials are esterification, etherification, halogenations,

oxidation and alkali treatment.

2.2.1 Esterification

Cellulose esters are cellulose derivatives which result from the esterification of free hydroxyl
groups of the cellulose with one or more acids, whereby cellulose reacts as a trivalent
polymeric alcohol. Cellulose esters are commonly derived from natural cellulose by reacting
with organic acids, anhydrides, or acid chlorides. Table 3 presents the esterification methods

of cellulose leading to adsorbent materials for water treatment.
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Table 3. Cellulose modification using esterification methods and associated adsorption

capacities.
Adsorbent Modifying chemicals Maximum
(Chelating adsorption (mg/g) Isotherm  Reference
group)
Cellulose Succinic anhydride Cu(ll) 30.4 [65]
a)(Carboxyl) cd(ll) 86
b)(Carboxylate) Pb(11)205.9
Cellulose Succinic Cr(Vl)43.1
anhydride+Triethylenetetr [63]
amine
(Carboxyl, Amine)
Cellulose Triethylenetetramine Cu(ll) 56.8 and 69.4
(Amine) Cd(Il) 68.0 and 87.0 [64]
Pb(Il) 147.1 and
192.3
Hardwood Unmodified Oak Cu(l1)9.3,2zn(ll) 7.1 L [108]
sawdust Unmodified Black locus Cu(ll) 4.4, Zn(l1) 0.08
Formaldehyde mod. Cu(ll)3.1/zn(I) 6.1
Oak(Carboxyl) Cu(ll) 2.9 Zn(I1) 5.3
Formaldehyde mod Black
locus(Carboxyl)
Cellulose bagasse HCI, HNOs, NaOH Raw bagasse: Zn(ll)
tartaric, citric and oxalic 8.0, Cd(ll) 14.0, [87]

acids
(Carboxyl)
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Pb(ll) 36.0

This was improved
about 27-62% upon
modification with
HNO;s and NaOH.
Treatments with
citric, oxalic and
tartaric acid did not
have a significant
effect in adsorption
capacity



Cellulose

Wood pulp

Cellulose

Cellulose

Cellulose

Bagasse fibers

Cellulose

Sugarcane
bagasse

Apple pomace

Cotton cellulose

Sugarcane
bagasses

Cellulose
(junpier)

Pineapple peel
fibers with

Wood pulp

Maletic anhydride
(Carboxyl)

Succinic anhydride
(Carboxyl)

Succinic anhydride
(Carboxyl)

Maleic anhydride
(Carboxyl)

Succinic anhydride
(Carboxyl)

Succinic anhydride
(Carboxyl)

Ethylenediaminetetraaceti
c

dianhydride (EDTAD)
(Carboxyl, Amine)

Succinic
anhydride+Triethylenetetr
amine

(Carboxyl, Amine)
Sulfuric acid

Succinic anhydride
(Carboxyl)

EDTA dianhydride
(Amine)

Sulfuric acid
(Carboxyl)

Succinic anhydride
(Carboxyl)

Citric acid
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Methyl violet dye
106.4
(Unfunctionalized
43.7)

cd(i) 169

Co(ll) 144.9
Ni(1l) 144.4

Hg(ll) 172.5

cd(I1) 185.2 and
178.6

Cu(i) 95.3

Ni(11) 105.7
cr(ll) 130.0
Fe(ll) 346.0

Ca (I)15.6 - 54.1
Mg(ll) 13.5 -42.6

Cd(ll) 4.5 and
91.8
Au(lll) 6.

Etherdiamine
869.6 and 1203.5

Cd(l) 16.6

cu(n) 27.7
cd(i) 34.2
Pb(ll) 70.3

cu(i) 24.0
Pb(ll) 83.0

Land F
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[61]

[66]

[71]

[68]

[66]

[74]
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[90]
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[89]

[67]
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Sugarcane
bagasse
Peanut shells

Macadamia nut
hulls

Rice hulls
Cottonseed hulls
Corn cob
Soybean hulls
Almond shells
Almond hulls
Pecan shells

English walnut
shells

Black walnut
shells

Corncobs

Rice husk

Sugarbeet pulp

Rice husk

Wheat bran

Wheat bran

(Carboxyl)
Citric acid
(Carboxyl)

Sulfuric acid
(Carboxyl)

Hydrochloric acid

Epichlorohydrin (EDTA)

(Carboxyl)

Hydrochloric acid
(Carboxyl)

Tartaric acid
(Carboxyl)

Sulfuric acid
(Carboxyl)

Sulfuric acid
(Carboxyl)

39

cu(l) 9.5
cu(il) 8.9
cu(ll) 36.8

Cu(ll
Cu(ll
Cu(ll
Cu(ll
Cu(ll
Cu(ll
Cu(Il
Cu(ll

20.3
324
11.4
34.9
17.2
42.6
254
254

DD oo oo oo o

Cu(ll) 32.4

Co(ll) 31.5

cd(n) 11.1

cu(ll) 9.5
Zn(l) 11.8

Cu(ll) 31.9
Pb(ll) 20.5

Cu(ll) 51.5

cd(i1) 101.0

(88]

[83]

[75]

(80]

[81]

(84]

[85]



Corncorb Sodium iodate Cd(l1) [78]

Nitric acid 19.0 (Sodium
Citric acid iodate)
(Carboxyl) 19.3 (Nitric acid)
55.2 (Citric acid)
Hydrochloric acid Cr(lll) 45.1 [79]
Carrot residues (Carboxyl) Cu(ll) 32.7
Zn(11) 29.6
Sawdust Sulfuric acid Cu(ll) 92% [82]
(Carboxyl) (untreated sawdust
47%)

The treatments of cellulose with cyclic anhydrides, such as succinic anhydride, are widely
studied methods to add carboxyl groups to the surface of cellulose [62-70]. EDTA
dianhydride, citric acid anhydride and maleic anhydride were also used for esterification [69-
71]. The reaction of succinic anhydride on cellulose is presented in Figure 4. The
mercerization of cellulose before a succinylation reaction is commonly used due to the fact
that the mercerization of cellulose increases the separation of polysaccharide chains and
reduces the packing efficiency, thereby facilitating the penetration of succinic anhydride
[64]. It was observed that the modified mercerized cellulose showed a higher adsorption
capacity for Cu(ll), Cd(ll) and Pb(ll) ions than modified non-mercerized cellulose. Modified
mercerized cellulose in relation to modified non-mercerized cellulose presented an increase
in the mass gain and concentration of carboxylic functions of 68.9% and 2.8 mmol/g,
respectively, and an increase in the adsorption capacity for Cu(ll) (30.4 mg/g), Cd(ll) (86
mg/g) and Pb(Il) (205.9 mg/g); it demonstrated that metal ion adsorption efficiency was
proportional to the number of carboxylic acids introduced. Chemically modified cellulose
(EMC) and sugarcane bagasse (EMMB) were also prepared from mercerized cellulose and
twice-mercerized sugarcane bagasse using ethylenediaminetetraacetic dianhydride (EDTAD)
as the modifying agent [74]. Sodium hydroxide, sodium carbonate and epichlorohydrin-

treated cellulose material had enhanced adsorption capacity for cadmium [75].
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Succinic anhydride

Il I
Cell —OH + O= —O >  Cell —0—CCH,CH,C—OH
®

Figure 4. Modification reactions between wood cellulose and succinic anhydride [63].

Further processing after esterification would give better properties for binding metals from
water solutions. The esterified cellulose is ommonly treated with a saturated sodium
bicarbonate solution because carboxylate functions have better chelating capacities than the
carboxylic group [63, 66, 68, 70, 74]. The other pre-tretatment method was reacting
carboxylic groups with triethylenetetramine to introduce amine functionality to carboxylated

material [64].

The new cellulose-based ion exchanger polysaccharide was prepared by adding cellulose
directly to molten succinic anhydride in a quasi-solvent-free procedure [66]. This
biopolymer/anhydride ion exchanger was able to exchange cations from an aqueous
solution through a batchwise methodology to obtain 144.9 mg/g and 144.4 mg/g adsorption

capacities for Co(ll) and Ni(ll) cations, respectively.

The sawdusts of oak and black locust hardwood were found to possess good adsorption
capacities for heavy metal ions [76]. The leaching of coloured organic matter during the
adsorption could be prevented by the following adsorbent pre-treatments: with
formaldehyde in acidic medium, with sodium hydroxide solution after formaldehyde
treatment, or with sodium hydroxide only. The adsorption of Zn(ll) and Cu(ll) was studied.
The studies indicated that the leaching of coloured matter from modified hardwood sawdust
was less than that from unmodified hardwood sawdust, namely between 70 and 94%,
depending on the wood species and the method of modification. At the same time, the
adsorption capacities of modified adsorbents were higher than those of unmodified
adsorbents when sodium hydroxide was applied for modification. When formaldehyde was
applied, the adsorption capacities of adsorbents remained unchanged. Only the application

of sodium hydroxide was recommended for modification of hardwood sawdust.
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The adsorbent for the removal of Pb(ll) and Hg(ll) was prepared through two common
reactions, which included the esterification of starch with excess maleic anhydride in the
presence of pyridine, and the cross-linking reaction of the obtained macromonomer with
acrylic acid by using potassium persulphate as the initiator [77]. It was found that the
adsorption capacities of the adsorbent for lead and mercury ions were 123.2 and 131.2
mg/g, respectively. In addition, the adsorbent was able to remove ca. 51-90% of Pb(ll) and

Hg(ll) ions that existed in the decoctions of four medicinal herbs.

Meanwhile, most acids used for the treatment of cellulosic plant wastes, such as sulfuric
acid, hydrochloric acid and nitric acid, have been in a dilute form [78-86]. When rice husk is
treated with hydrochloric acid, adsorption sites on the surface of the rice husk are
protonated, leaving the heavy metal ions in the aqueous phase rather than being adsorbed
on the adsorbent surface. The adsorption study of copper was carried out by modifying rice
husks using various kinds of carboxylic acids (citric acid, salicylic acid, tartaric acid, oxalic
acid, mandelic acid, malic and nitrilotriacetic acid) and it was reported that the highest
adsorption capacity was achieved by tartaric acid modified rice husk [81]. Esterified tartaric
acid modified rice husk, however, significantly reduced the uptake of Cu and Pb. The
maximum adsorption capacities for Pb and Cu were reported as 108.0 and 29.0 mg/g,
respectively. The effect of sulfuric acid treatment on poplar sawdust was also studied [82].
Sulfuric acid poplar sawdust removed Cu(ll) well (92.4%), while untreated sawdust only

removed 47%.

It was reported that when corncobs were treated with sulfuric acid while heating at 150 °C,
the functional groups present in the adsorbent were mainly oxygen-containing groups such
as —OH, —COOH and —COO [83]. The maximum adsorption capacity for copper was 31.5
mg/g. Adsorption was more favoured at a higher pH value (4.5) due to the low competing
effect of protons for the adsorption sites. The effect of interfering ions, such as Zn(ll), Pb(ll)
and Ca(ll), was also studied. It was noticed that copper removal efficiency was reduced by

53%, 27% and 19% in the presence of Pb(ll), Ca(ll) and Zn(ll), respectively. A regeneration
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study indicated that sulfuric-acid-treated corncobs could be regenerated by acidified

hydrogen peroxide solution and as much as 90% of the copper was recovered.

HCI, HNOs, NaOH, tartaric, citric and oxalic acids were used to modify agave bagasse and the
obtained materials were tested for the removal of Cd(ll), Pb(ll) and Zn(ll) ions from water
[87]. Raw bagasse had an adsorption capacity of approximately 8.0, 14.0 and 36.0 mg/g for
zinc, cadmium and lead, respectively and this was improved by 27-62% upon modification
with HNO3; and NaOH. Treatments with citric, oxalic and tartaric acid did not have any
significant effect on the adsorption capacities. Raw agave bagasse had appreciable
adsorption capacity for metal cations and it could be partly regenerated (45%), since the

biosorption mechanism involved ion exchange and complexation.

The interesting finding in which a linear relationship between total negative charge and
amount of copper ions adsorbed was observed for 12 types of cellulosic agricultural
byproducts (sugarcane bagasse, peanut shells, macadamia nut hulls, rice hulls, cottonseed
hulls, corn cob, soybean hulls, almond shells, almond hulls, pecan shells, English walnut
shells and black walnut shells) after modification with citric acid, was reported [88]. In this
comprehensive study, it was found that after washing with a base (NaOH) and modified with
citric acid, the total negative charge of all 12 types of agricultural by-products increased
significantly. Among the 12 adsorbents, soybean hulls (a low density material) showed the
highest copper uptake and had a high total negative charge value, which can be explained by
the increase in carboxyl groups after thermochemical reaction with citric acid. On the other
hand, nutshells (high density materials) displayed low total negative charge values,
indicating a low number of carboxyl groups. Due to the high bulk density, the lignin in
nutshells might have completely blocked or only allowed little penetration of citric acid to

reactive sites, hence a lower copper ion uptake was observed.

Cellulose sulfates are the most frequently investigated of all other inorganic cellulose esters.

Sulfonated juniper was found to have at least twice the sorption capacity for cadmium

removal from water compared to that of untreated juniper [89]. Cotton cellulose was
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chemically modified with concentrated sulfuric acid to prepare a novel kind of adsorption gel

for gold [90]. The maximum adsorption capacity for Au(lll) was evaluated as 6.21 mmol/g.

In addition to metal ions, the adsorption of etherdiamine [73] methyl violet dye [91, 92] and
crystal violet [93] dyes were also studied using esterificated cellulose material. Furthermore,
a comparative study has been carried out for the removal of methyl violet dye using
unfunctionalized and functionalized cellulose [91]. The functionalization was achieved
through the esterification of cellulose with maletic andhydride (furan-2,5-dione).
Functionalized cellulose (106.4 mg/g) showed a higher dye removal capability than

unfunctionalized cellulose (43.7 mg/g) [91].

Cellulose acetate is a semi-synthetic polymer obtained through the esterification of acetic
acid with cellulose. The material is used in a broad range of commercial applications
including the general areas of films, fibers, plastics and coatings. The ability of cellulose
acetate for composite material in water treatment applications has also been studied. More

details about this area are presented in section 2.3.

2.2.2 Halogenation

Halogenation is a chemical reaction that involves the reaction of a compound with a halogen
and results in the halogen being added to the compound [92]. Various methods are suitable
to prepare halogenated cellulose derivatives (Table 4). Chlorine is the most effective halogen
with polymers, and different chemicals are used as precursors, with the objective of

transferring the halogen element to the cellulosic polymeric chain.
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Table 4. Halogenation of cellulose and associated adsorption capacities.

Modifying chemicals Maximum adsorption
Adsorbent (Chelating capacity at optimum  Reference
group) conditions (mg/g)
Cellulose powder Trimethylammonium Cr(VI) 71.8 [92]
chloride

(Carbonyl, chloride)

Cellulose Thionyl chloride modified. Cu(ll) 6.4 [94]
(Chloride) Co(ll) 5.5
Ni(ll) 4.3
Zn(ll) 4.6
Cellulose Thionyl chloride Cu(ll) 36.0 [93]
(Carboxyl) Pb(ll) 105.0
Ni(ll) 9.3

Cysteine (Amino + Carboxyl) Cu(ll) 22.0
Pb(ll) 28.0
Ni(l1) 8.0

a-Thioglycerol (Hydroxyl) Cu(ll) 2.0
Pb(ll) 6.0
Ni(ll) 10.0

3-Mercaptopropionic acid Cu(ll) 24.0
(Carboxyl) Pb(ll) 20.0
Ni(ll) 1.0
A novel method for the immobilization of D-glucose (D-Glu) and trimethylammonium

chloride onto the surface of cellulose powder was studied [92]. Cellulose powder was
grafted with a vinyl monomer (GMA), using CAN as an initiator, and further derived with
qguaternary ammonium groups to build the D-GluN+-type cellulose absorbent (Cell-g-GMA-D-
GluN+) (Figure 5). Epoxy cellulose was found to contain 5.48 mmol/g of epoxy groups. The
maximum adsorption capacity of chromium (VI) reached a value of 71.79 mg/g. Adsorption—
desorption tests of the D-GluN+-type cellulose derivatives showed a good regenerability of

the adsorbent so that the adsorbent could be reused at least six times.
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Figure 5. Structure of D-GluN+-type cellulose derivatives [92]

The adsorption properties of 6-(2'-aminomethylpyridine)-6-deoxycellulose produced by
reacting 2-aminomethylpyridine with thionyl-chloride-modified cellulose has also been
studied [93]. The modified cellulose exhibited maximum sorption capacities of 6.4, 5.5,

4.3 and 4.6 mg/g for Cu(ll), Co(ll), Ni(ll) and Zn(ll), respectively.

Furthermore, the adsorption of heavy metals was studied using 6-deoxy-6-
mercaptocellulose and its S-substituted derivatives from 6-bromo-6-deoxycellulose [94]. The
reactivity of cellulose and bromine compared to cellulose and chlorine was higher. Carboxyl,
amino, isothiouronium, mercapto, and additional hydroxyl groups were introduced to the
cellulose and their adsorption behavior for metal ions was examined. The derivatives
containing carboxyl groups due to the reaction with 2-mercaptobutanedioic acid had
adsorption capacities of 36 mg/g, 9 mg/g and 104 mg/g for Cu(ll), Ni(ll) and Pb(ll),
respectively. The derivatives with amino and carboxyl groups, due to the reaction with
cysteine, had adsorption capacities of 22.0, 8.0 and 28.0 mg/g for Cu(ll), Ni(ll) and Pb(Il),
respectively. In another case, by reacting cellulose powder with thionyl chloride in
dimethylformamide solvent, chlorodeoxycellulose was synthesized. After that, it was
functionalized with ethylenediamine, thiourea, thiosemicarbazide, thioacetamide,
hydroxylamine, and hydrazine [95]. These derivatives were found to be able to remove Hg(ll)

ions to an extent greater than 99.0% from a 10 ppm aqueous solution of mercuric chloride.
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2.2.3. Oxidation

Cellulose derivatives can also be prepared by oxidation and the subsequent functionalization
of the oxidized cellulose (Table 5). The behavior of the ion exchange of carboxylate groups in
the 2,2,6,6-tetramethylpiperidine-1-oxy radical (TEMPO)-oxidized fibrous cellulose prepared
from cotton linters was compared with that of fibrous carboxymethyl cellulose (F-CMC) with
almost the same carboxylate content as that of the TEMPO-oxidized cellulose [96]. The
native cellulose was treated by catalytic oxidation with 2,2,6,6-tetramethylpiperidine-1-oxy
radical (TEMPQ)/NaBr/NaClO under aqueous conditions. The adsorption selectivity of metal
ions on the TEMPO-oxidized cellulose was also studied using aqueous solutions containing
multiple metal salts and the following selectivity order was obtained:

Pb(I1)>La(1ll)>Al(111)>Cu(ll)>Ba(11)>Ni(ll)> Co(l1)>Cd(l1), Sr(11), Mn(l1), Ca(I1)>Mg(ll).

Dialdehyde cellulose was prepared by the periodate oxidation of cellulose [97]. This
dialdehyde cellulose was further oxidized using mildly acidified sodium chlorite. The
adsorption capabilities for Ni(ll) and Cu(ll) were 184.0 mg/g and 236.0 mg/g, respectively.
Cellulose-hydroxamic acid derivatives were synthesized from dialdehyde cellulose obtained
by the previous periodate oxidation method and their heavy metal adsorption capacities
were investigated. These materials were capable of adsorbing 246 mg/g of Cu(ll) from an
aqueous solution [98]. Hydrogen-peroxide-bleached magnesium bisulfate softwood pulp
was used as the raw material for an acid process of N,Os-mediated oxidation. Oxidized
cellulose was effectively used in the form of filter sheets to remove some metal ions from
water and from aqueous solutions. Furthermore, oxycellulose was applied in an ion-

exchange column and in a batch process [99].
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Table 5. Cellulose modification using oxidation methods and associated adsorption

capacities.
Modifying chemicals Maximum adsorption
Adsorbent (Chelating capacity at optimum  Reference
group) conditions (mg/g)

Cellulose Sodium metaperiodate Ni(ll) 184.0 [97]

powder (Carboxyl) Cu(ll) 236.0

Cellulose Sodium metaperiodate Cu(ll) 246 [98]

powder Hydroxamic

acid (Amino)

Softwood pulp Nitrogen tetroxide Cd(I1)30.9 [99]
Ni(ll) 9.6
Zn(ll) 16.9

2.2.4. Etherification

Cellulose ethers (CEs) are synthesized from cellulose through the process of etherification,
during which C-2, C-3, and C-6 OH groups of an anhydroglucose unit in cellulose molecule
are at least partially substituted by other groups [100]. Hydroxyethyl cellulose and its
hydrophobically modified derivatives are widely used in many industrial applications such as
pharmaceuticals, cosmetics, textiles, and paint and mineral industries. The etherification
methods of cellulose leading to adsorbent materials for water treatment are presentnted in
Table 6. The reaction of cellulose with ethylene oxide or other epoxides yielded, for
example, HPMC (hydroxypropyl methyl cellulose), HEMC (hydroxyethyl methyl cellulose) and
HEC (hydroxyethyl cellulose). A typical hydroxypropylation reaction was carried out in two
steps — alkalization and etherification of cellulose reacted with epichlorohydrin, yielding
reactive epoxy groups for further functionalization with polyethyleneimine as a chelating
agent. The adsorption properties of these cellulose ethers have been studied for some heavy

metal ions [101]. The prepared adsorbent had metal uptake affinities of 2.5 mg/g, 38.0 mg/g
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and 12.0 mg/g for Co(ll), Cu(ll) and Zn(ll), respectively. The coconut coir pith (CP) adsorbent
carrying a dimethylaminohydroxypropyl weak base functional group was synthesized by
reacting CP with epichlorohydrin and dimethylamine followed by a treatment of
hydrochloric acid. Batch adsorption—desorption studies illustrated that a CP— anion
exchanger could be used to remove As(V) from ground water and other industrial effluents.
Maximum removal was found to be 99.2 % (12.5 mg/g) [102]. The spent adsorbent could be
regenerated by 0.1 N HCI.

Cellulose hydroxyls can also be made to add across-activated double bonds as in the
formation of cyanoethyl cellulose from a reaction with acrylonitrile [103, 104]. A typical
cellulose etherification involving Michael addition of an activated C=C bond of acrylonitrile
(AN) to a partially anionized cellulosic hydroxyl in an aqueous alkaline medium is

represented below (Figure 6).

NaOH

Cell-OH + CHp = CH-CN ——3) Cell-O-CH2-CH,-CN

Acrylonitrile Cyanoethyl cellulose

Figure 6. Formation of cyanoethyl cellulose from reaction with acrylonitrile [105]

The cellulose of sawdust [103] and corn stalk [104] were chemically modified by reacting
acrylonitrile with the cellulose through an etherification reaction in order to add cyano
groups to the cellulose structure. The maximum uptake of Cd(ll) by modified corn stalk
cellulose was 12.7 mg/g and by unmodified corn stalk cellulose 3.4 mg/g. The cyano groups
of sawdust cellulose were then amidoximated by reaction with hydroxylamine. This
amidoximated sawdust had high adsorption capacities for Cu(ll) and Ni(ll) (246 mg/g and
188.0 mg/g, respectively).

Agricultural wastes, for example, rice straw, sugarcane bagasse, saw dust, cotton stables,
orange mesocarp, weeds, and Eichoria crassipes have been used as a base material for the

production of carboxy methylated cellulose (CMC), differing in their disaccharides (DS) and
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properties using a different set of reaction conditions depending upon the degree of
polymerization (DP) and composition of the cellulosic material [105]. Carboxymethylated
and non-carboxymethylated material sugarcane bagasse fibres were doped with Fe(ll) ions
by dipping them in aqueous iron chloride solutions of different concentrations [106]. This
material was used to remove phosphate from water. When about 4% of iron is adsorbed on
the fibres, 97.0% of phosphate is captured on the carboxymethylated material and 94.0% on
the non-carboxymethylated material material. The presence of Fe?" ions on the surface
fibres increases the phosphate adsorption capacity by about 45.0% and the maximum

adsorption capacity was 152 mg/g for phosphate.

Table 6. Cellulose modification using etherification methods and associated adsorption

capacities.
Modifying chemicals Maximum
Adsorbent (Chelating adsorption capacity |sothe Reference
group) at optimum rm
conditions (mg/g)
Cellulose (1) Sodium methylate Hg(l) 288.0 L [101]
(2) Epichlorohydrin
(3) Polyethyleneimine (Amino)
Coconut coir pith Epichlorohydrin, As(V) 12.5 [102]
(CP) dimethylamine
(mino)
Cellulose powder Acrylonitrile Cu(ll) 238.8 [104]
Hydroxylamine (Amidoxime) Cr(l11) 202.8
Corn stalk Acrylonitrile cd(n) 12.7 [55]
Hydroxylamine (Amidoxime) (unmodified 3.4 )
Cellulose Cyclohexane/ethanol + Fe(ll) PO,> 152.0 [106]
treatment
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2.2.4 Alkaline treatment

Alkaline treatment induces changes on the wood’s surface by increasing its surface area,
average pore volume, and pore diameter. Sodium hydroxide is a good reagent for
saponification or the conversion of an ester group to carboxylate and alcohol. Associated
adsorption capacities of NaOH treated cellulose for uptake metal ions from aquous solutions
are listed in Table 7. A detailed analysis on the ideal concentration of NaOH for modifying
juniper fibre for the adsorption of cadmium ions was carried out by Min et al. [107]. Based
on the FTIR analysis, it was found that as the concentration of NaOH increased (from 0 to 1.0
M), the amount of carboxylates also increased. After a base treatment, the maximum
adsorption capacity of cadmium increased by approximately three times (from 9.2 to 29.5
mg/g) compared to untreated juniper fibre despite a decrease in specific surface area for the

treated adsorbent.

Two kinds of sawdust, poplar and fir wood, were treated with NaOH (fibre-swelling agent)
and Na,CO; solutions, and the adsorption capacities were compared with the untreated
sawdusts [108]. For unmodified sawdust, both types of woods showed higher uptakes of
Cu(ll) ions than Zn(ll) ions, and adsorption followed the Langmuir isotherm model.
Equivalent amounts of adsorption capacities were recorded by both types of sawdust for
Zn(l1) and Cu(ll) ions, although these two adsorbents have different anatomical structures
and chemical compositions. After treating with NaOH, a marked increase in adsorption
capacity was observed for both heavy metal ions, and especially for Zn(ll) ions. The increase

was 2.5-fold for Cu(ll) and 15-fold for Zn(Il).

A comparative study on the adsorption efficiency of untreated and NaOH-treated sawdust of
cedrus deodar wood was conducted by Memon et al. [109]. Cadmium removal was more
favored by NaOH-treated sawdust as the value of adsorption capacity was four times greater
than that of untreated sawdust. Rehman et al. [110] on the other hand, reported the
removal of Ni(ll) ions by using the sodium-hydroxide-treated sawdust of Dalbergia sissoo, a

byproduct of sawmills. They stated that the treatment of sawdust with NaOH resulted in the
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conversion of methyl esters, which are the major constituents in cellulose, hemicellulose and
lignin, to carboxylate ligands. The maximum adsorption capacity of Ni(ll) ions was found to

be 10.5 mg/g.

The effectiveness of Pb(ll) adsorption by sodium—hydroxide-treated lalang or Imperata
cylindrica leaf powder was studied [111]. The value of maximum adsorption capacity
obtained by NaOH-treated Imperata cylindrica (13.5 mg/g) was much higher than that of
the untreated adsorbent (5.9 mg/g).

Table 7. Alkaline treatment of cellulose and associated adsorption capacities.

Modifying chemicals Maximum adsorption

Adsorbent (Chelating group) capacity at optimum Isotherm  Reference
conditions (mg/g)

Cellulose Sodium hydroxide Cd(I1) 29.5 [107]
(Juniper fiber) (Hydroksyl)

Wood Sodium hydroxide Cd(ll) 72.8 L [109]
sawdust (Hydroksyl)

Sawdust Sodium hydroxide Ni(ll) 10.8 [110]
(Dalbergia (Hydroksyl)

sisso0)

Imperata Sodium hydroxide Pb(Il) 15.5 [111]
cylindrica leaf (Hydroksyl)

powder

2.2.5 Silynation

Silane-based surface modification is a popular way to modify cellulosic fibers. Therefore,
interactions of silane coupling agents with natural fibers are very well-known [112]. Coupling
agents usually improve the degree of cross-linking in the interface region and offer a perfect

bonding. Silanes undergo hydrolysis, condensation, and a bond formation stage. Silanols can
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form polysiloxane structures by reacting with a hydroxyl group of the cellulose fibers. In the
presence of moisture, the hydrolyzable alkoxy group leads to the formation of silanols. The
silanols then react with the hydroxyl groups of the fiber, forming stable covalent bonds to
the cell wall. Adsorption properties of functionalized silanes have been widely investigated
and they have been found as effective adsorbents for the removal of metals from aqueous
solutions [112]. Nevertheless, cellulose-coupled aminosilanes have not been widely

investigated for water treatment applications.

The adsorbent, cellulose-dithiooxamide (Cel —DTX), was synthesized using a simple two-step
methodology (Figure 7) [113]. Dithiooxamide is a complexing agent that is generally used in
the spectrometric determination of certain solution phase metals, including copper, iron,
nickel, and cobalt, among others. The maximum amount of metal species extracted from the
solution was determined to be 3.7 and 8.1 mg/g for Cu(ll) and Cd(Il), respectively. The pre-
concentration results led to the conclusion that the material showed high stability and that

the material could be reused for at least 20 cycles.

CH20H H3CO
Cel R—CH0H + H;CO—Si~~ ~ ™l
CH,OH H;CO
cellulose 3-chloropropyltrimethoxysilane

DMF/
42315 K

CHz0,

/IN i
Cel. lll_mzo_‘l-q'i/"“‘-_-""“-.cl + HZN\H"J-LNHz
CH:OH OH s

silanized cellnlose Dithioxamide
DMEF/
4715K

CH:0,

s
CeL ll?.iCHzo\—\%”'““*-"""“‘ }JJHTNHZ
H S

CH,OH OH

Figure 7. The simple two-step methodology for preparing Cellulose-Dithiooxamide

adsorbent [113].
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2.3 Cellulose-based composite materials

Composite materials (also called composites) are materials made from two or more
constituent materials with significantly different physical or chemical properties, which,
when combined, produce a material with characteristics different from the individual
components. In practice, most composites consist of a bulk material (the matrix) and a
reinforcement of some kind added primarily to increase the strength and stiffness of the
matrix. This reinforcement is usually in fibre form [114]. Cellulose macro and nanofibers can
be used as reinforcement in composite materials because of enhanced mechanical, thermal,
and biodegradation properties of composites. Cellulose fibers are hydrophilic in nature, so it
becomes necessary to increase their surface roughness for the development of composites
with enhanced properties. In the present section, the surface modification of cellulose fibers
by various methods is reviewed. Hence, the modification and processing methods are not
discussed in this section, but the different cellulose-based composite materials for water
treatment are reviewed. The typical cellulose-based composite materials as water treatment

adsorbents are presented in Table 8.

Table 8. Cellulose-based composite materials and their applications in water treatment.

Composite material Process Reference
Graphene Metal removal

oxide/carboxymethyl cellulose [128]
monoliths

Carboxymethyl cellulose Ce(IV) Cation-exchanger [131]

molybdophosphate composite

Cellulose acetate membrane Gold—iodide complex remova [132]
coated with polyaniline or

polypyrrole

Cellulose acetate—organo- Anionic dye removal [129]

montmorillonite
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Acetate/zeolite composite
fiber

Cellulose triacetate
membranes added with
activated carbon

Cellulose/chitin beads

Chitosan-cellulose composite

Chitin/cellulose composite
DEAE/cellulose

Chitosan/cellulose acetate
membrane

Epoxy functionalized
poly(ether-sulfone)
incorporated cellulose acetate
ultrafiltration membrane

Carboxymethyl cellulose Sn(1V)
phosphate composite

Magnetic
cellulose/Fe304/activated
carbon composite

Cellulose-graft-
polyacrylamide/hydroxyapatite
composite hydrogel

Hydroxyapatite/cellulose
Composite

Cellulose/hydroxyapatite
nanocomposites

Hydroxyl ethyl cellulose
blending porous composite

Poly(vinyl alcohol)/cellulose
composite membrane

Heavy metal removal

Heavy metal removal

Heavy metal removal

Microcystin

removal
Heavy metal removal
Au(ll) removal

Heavy metal removal

Heavy metal removal

Cation exchanger

Congo red

removal

Heavy metal removal

Heavy metal removal

Fluoride removal

Heavy metal removal

Metal removal
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[130]

[135]

[123]

[125]

[122]
[137]

[121]

[117]

[132]

[136]

[115]

[125]

[126]

[124]

[134]



Zeolite/cellulose acetate Heavy metal removal [130]
Carboxymethyl cellulose-g-poly Heavy metal removal [116]
(acrylic acid)/attapulgite

hydrogel composites

Zirconium/cellulose Fluoride removal [135]

The excellent properties of epoxy (good adhesion, mechanical properties, low moisture
content, little shrinkage, and ease of processing) make it one of the best matrix materials for
composites [117]. Epoxy functionalized poly(ether-sulfone) (EPES) was prepared and utilized
as the hydrophilic modification agent for the preparation of high performance cellulose
acetate (CA) membranes by the phase inversion technique. It was concluded that CA
ultrafiltration membranes prepared by the incorporation of EPES may be valuable in the

removal of chromium ions from aqueous streams.

There is some literature, which reports on the use of cellulose immobilized on chitosan or
chitin to form chitosan or chitin—cellulose composite beads. For example, chitosan/cotton
cellulose fiber composites were prepared to remove Au(lll), Pb(ll), Ni(ll), Cd(ll), Cu(ll), and
Hg(ll) [118-123] from an aqueous solution. Chitin/cellulose blend membranes were
successfully prepared in a 7 wt% NaOH/12 wt% urea aqueous solution via a freezing/thawing
method to dissolve chitin, and then coagulating with 5 wt% Na,SO, to regenerate it. The
results of the adsorption study revealed that the composite membranes exhibited the
efficient removal of heavy metal ions (mercury, copper and lead) from an aqueous solution
as a result of their microporous structure, large surface area and affinity on metal ions. The
uptake capacity of the heavy metal ions on chitin/cellulose blend membranes increased with
the chitin content. Moreover, the chitin/cellulose membranes could be easily regenerated
[122]. The chitin/cellulose composite was also found to have superior mechanical strength
(from cellulose) and excellent adsorption capability for microcystin-LR, which is a deadly

toxin produced by cyanobacteria [124].
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A novel porous composite adsorbent was prepared by using sodium alginate and hydroxyl
ethyl cellulose blending as an immobilization matrix for humic acid and then crosslinked by
glutaraldehyde [125]. Humic acid is a principal component of humic substances, which are
the major organic constituents of soil (humus), peat, coal, many upland streams, dystrophic
lakes, and ocean water. The adsorbent was prepared using polyethylene glycol (PEG) as the
porogen and was used to remove Cd(ll) ions from an aqueous solution. The maximum

uptake capacity of the GA-HA/SA-HEC for Cd(Il) ions was 148.9 mg/g.

As a kind of inorganic/organic hybrid polymeric material, charged hybrids have attracted
great attention in recent years, because they not only combine the advantages of organic
and inorganic materials but also acquire some distinguished properties, such as structural
flexibility, and thermal and mechanical stability. Hydroxyapatite (HA) has an excellent ion-
exchangeability and is expected to be used as an agent for the removal of heavy metal ions
from wastewater. However, due to the high specific surface area and very small particle size,
the agglomeration of powdery HA is very general. Thus, the pure hydroxyapatite was mixed
with cellulose to utilize its ion-exchangeability. The removal ratios of some heavy metal ions
with hydroxyapatite composite were examined with regard to their reaction time and the
amount of hydroxyapatite composite. The ion-exchangeability of the hydroxyapatite
composite did not seem to be interfered with by the cellulose matrix during heavy metal ion
removal [126]. The HA-Cellulose composite was also found to have a strong affinity toward

fluoride [127].

The shaped solid composites of biopolymers and clay minerals have great potential in the
efficient removal of hazardous pollutants from wastewater. Graphene oxide/carboxymethyl
cellulose monoliths composite [128], cellulose acetate/organo-montmorillonite (CA/OMMT)
[129], and cellulose acetate/zeolite [130] composites have been found to be effective

adsorbents for various heavy metal ions.
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Cellulose is an interesting polymeric material for the immobilization of metal particles and
metal nanoparticles as it contains six hydroxyl groups per cellubiose (repeating) unit of
cellulose polymer. These hydroxyl groups can be functionalized by chemical modification for
loading metal particles on the cellulose fibers. The thermodynamics of nicotinic acid
adsorption from an aqueous solution on carboxymethyl cellulose Ce(IV) molybdophosphate
composite cation exchanger synthesized by sol-gel method was studied by Inamuddin et al.
[131]. The thermodynamic parameters showed that the adsorption of nicotinic acid onto
composite cation exchanger was feasible, spontaneous and exothermic, suggesting its
suitability for the potential application of nicotinic acid removal from wastewater. The same
research group also studied the ion-exchange mechanism of heavy metal ions on the surface
of carboxymethyl cellulose Sn(IV) phosphate composite. The results showed that the ion-
exchange phenomenon was more feasible on the surface of this composite cation exchanger
as compared to the other ion exchangers [132]. This indicated the usefulness of this

composite as ion exchanger in various applications.

The effects of incorporation of natural fibers in petrochemical-based plastics matrices have
been extensively studied quite recently. Polyacrylamide (PAA), polyvinyl chloride (PVC),
polyvinylalcohol (PVA), polyaniline (PANI) (Castillo-Ortega), and polypyrrole (PPy) are
reportedly used matrices for cellulose-based fiber-reinforced polymer composites in water
treatment applications [133, 134]. In the first case, cellulose acetate membranes with
controlled thickness were coated with PANI or with PPy in order to adsorb and subsequently
desorb a gold—iodide complex. In the second study, composite poly(vinyl alcohol)
(PVA)/cellulose membranes were prepared by coating PVA mixture solutions on filter paper

for Fe(ll) and Cu(ll) adsorption from water solution.

The ultrafiltration removal of uranium from water with composite-activated carbon cellulose
triacetate membranes (AC-CTA) was investigated [135]. Removal efficiencies were calculated

measuring solutions’ radioactivities and uranyl removal was 35.7%.

A novel ultrasound-assisted methodology was used for the impregnation of zirconium into a

cellulose matrix [136]. These composite materials were used as adsorbents for fluoride from
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aqueous solutions. Fluoride interacted with the cellulose hydroxyl groups and the cationic
zirconium hydroxide, reaching a maximum adsorption capacity of 4.6 mg/g.

The adsorption of congo red dye onto the novel Magnetic cellulose/Fe304/activated carbon
composites m-(Cell/Fes04/ACCs) was studied as a function of contact time, initial
concentration of congo red, adsorbent dosage, and solution pH [137]. The magnetic
adsorbent showed characteristics of superparamagnetism, which indicated that m-

Cell/Fe304/ACCs could be separated from a treated solution using a magnetic process.

Diethylaminoethyl cellulose (DEAE-Cell) is a common biopolymer derivative. It is a positively
charged resin and widely used in ion exchange chromatography, a type of column
chromatography, used in protein and nucleic acid purification/separation [138]. The effects
of different recovery parameters on the efficiency of gold recovery using this composite
were studied in detail. A gold recovery efficiency of 99% was attained under conditions of
20-40 g DEAE-cellulose per liter at a shaking rate of 130 rpm for 30 min at room

temperature.

Novel NH,-functionalized cellulose acetate (CA)/silica composite nanofibrous membranes
were successfully prepared by sol-gel combined with electrospinning technology [139].
Tetraethoxysilane (TEOS) as a silica source, CA as precursor and 3-
ureidopropyltriethoxysilane as a coupling agent were used in membrane preparation. The
maximum adsorption capacity for Cr(VI) was estimated to be 19.46 mg/g.

A new type of composite membrane, triolein embedded-cellulose acetate membrane
(TECAM) was prepared and used for the uptake of six organochlorine pesticides. Results
indicated that TECAM quickly and efficiently accumulated hydrophobic organochlorine
pesticides (OCPs) from water [140, 141].

Tetrakis (1-methyl-4-pyridinio) porphyrin tetra (p-toluenesulfonate), an optical indicator
ligand for cadmium ions, was immobilized onto a porous chitosan/cellulose acetate blend
base membrane through polymer brushes grafted onto the membrane’s surface via a

surface-initiated atom transfer radical polymerization (ATRP) method [142]. The prepared
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membrane was found to be capable of displaying distinctive color changes in response to the
presence of cadmium ions in aqueous solutions. In addition, it also showed significantly
enhanced performance for the adsorptive removal of cadmium ions. Experimental results
indicated that the developed membrane can exhibit rapid (within 2 min) color change (from
yellow to green) when it was in contact with cadmium ions in a solution even at relatively
low concentrations (e.g. 5 mg/L). The interference study revealed that the functionalized
membrane also possessed selectivity towards cadmium ions when other cationic species

such as K*, Na*, Ca(ll) and Mg(ll) ions existed together in the solutions.

2.4 Summary of literature

This literature review shows that the study of chemically modified cellulose-based
adsorption for pollutant removal has attracted the attention of many scientists. Most studies
focused on the removal of heavy metal ions, such as Cd, Cu, Pb, Zn, Ni and Cr(VI) ions.
Approaches to the modification of cellulose, as reviewed in this paper, have been based on a
direct chemical modification or the grafting of suitable polymeric chains onto the cellulose
backbone followed by functionalization. The most common chemicals used for the
treatment of cellulosic-based materials are acids and bases. The latter has enabled the
addition of amine, amide, amidoxime, carboxyl, hydroxyl, and imidazole-type binding ligands
to the cellulose adsorbent backbone. Chemical modification in general has improved the
adsorption capacity of adsorbents probably due to a higher number of active binding sites
after modification, better ion-exchange properties and formation of new functional groups

that favors metal uptake.

As cellulose has prodigious hydroxyl groups at the surface, compounds that react with
alcohols (e.g. isocyanates, epoxides, acid halides) and acid anhydrides are the most common
for direct attachment. These reactions can be used to form a host of alternate surface
chemistries such as amine, ammonium, alkyl, hydroxyalkyl, ester (acetate, propionate, etc.),
acid, among others. Alternatively, many studies seek to change the chemistry of the hydroxyl

group. TEMPO-mediated oxidation, for instance, has been used to convert alcohol groups to
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carboxylic acid moieties for better dispersibility. Other methods to modify the surface, such

as using sulfuric acid, can also be used to form sulfate esters.

Furthermore, chemical modification in general has improved the adsorption capacity of
adsorbents compared to unmodified materials. The regeneration and reuse of a number of
the modified cellulose adsorbents is demonstrated in a number of papers reviewed in this
work. Many of the adsorption interactions between the modified cellulose adsorbents and
heavy metals have been characterized by the Langmuir approach or in a lesser number of

cases by the Freundlich model.

Since there are a variety of cellulose-based adsorbents, the argument regarding which type
of adsorbent is better in adsorption is still ongoing. There is no definite answer to this since
each adsorbent has its own advantages and disadvantages. Comparing adsorbents is almost
impossible since the parameters and the adsorbates used are different. Good metal ion
sorption capacities were found in many studies, however, the results obtained in different
laboratory conditions may differ considerably. This field of research has great room for
improvements, with the hope that cellulose-based adsorption materials can be applied

commercially instead of only at the laboratory scale.

3. APPLICATIONS OF NANOCELLULOSE FOR WATER TREATMENT

3.1 General

Nanocelluose, variously termed crystallites, nanocrystals, whiskers, nanofibrils, and
nanofibers, has been the subject of extensive research covering the isolation,
characterization, and search for applications of novel forms of cellulose, and has been
reviewed in a number of books and journal articles due to its biodegradable nature, low

density, high mechanical properties, economic value, and renewability [143-153].
Nanocellulose can be produced from wood and forest/agricultural residues by three
different main methods: physical, chemical and bacterial methods from various

lignocellulosic sources [143-147]. As is apparent from Table 5, the nomenclature of
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nanocelluloses has not been used in a completely uniform manner in the past. Herein, the
terms microfibrillated cellulose (MFC), nanocrystalline cellulose (NCC), and bacterial
nanocellulose (BNC) are used in this paper. Nanocelluloses combine important cellulose
properties, such as hydrophilicity, broad chemical-modification capacity, and the formation
of versatile semicrystalline fiber morphologies. The specific features of nanoscale are mainly
caused by the high surface area of these materials. On the basis of their dimensions,
functions, and preparation methods, which in turn depend mainly on the cellulosic source
and on the processing conditions, nanocelluloses may be classified in three main
subcategories as presented below (Table 9). The main steps involved in the preparation of

cellulose nanoparticles ares presented in Figure 8.
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Table 9. The classification of nanocellulose materials [151].

Type of cellulose

Synonyms

Typical sources

Formation and size

Microfibrillated
cellulose (MFC)

Nanocrystalline

cellulose (NCC)

Bacterial

nanocellulose (BNC)

microfibrillated
cellulose

nanofibrils and
microfibrils

nanofibrillated
cellulose

cellulose
nanocrystals,
crystallites,
whiskers,rodlike
cellulose

microcrystals

tunicates, algae,
bacteria

bacterial cellulose,

microbial

cellulose,
biocellulose

wood, sugar beet,
potato tuber, hemp,
flax delamination of
wood pulp by

wood, cotton, hemp,
flax, wheat straw,
mulberry

bark, ramie, Avicel,
tunicin

low-molecular-
weight sugars and
alcohols

mechanical

pressure before and/or
after chemical or
enzymatic

treatment

diameter: 5-60 nm

cellulose
from algae and bacteria

acid hydrolysis of
cellulose from many
sources

diameter: 5-70 nm

length: 100-250 nm
(from plant celluloses);

100 nm to several
micrometers

synthesis using bacterial

diameter: 20—100 nm;
different types of
nanofiber networks

MFC is normally produced from wood through the high pressure homogenization of pulps.
Different pretreatments have been proposed to facilitate this process, for example,
mechanical cutting, acid hydrolysis, enzymatic pretreatment, and the introduction of
charged groups through carboxymethylation or 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation; due to this, the production route has high energy

consumption for fiber delamination without these pretreatment procedures. Being the
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smallest structural unit of plant fiber, MFC consists of a bundle of stretched cellulose chain
molecules with long, flexible and entangled cellulose nanofibers of approximately 1-100 nm

size. They consist of alternating crystalline and amorphous domains [147,148].

NCC is the term often used for cellulose nanocrystals prepared from natural cellulose by
strong acid hydrolysis. During the acid hydrolysis process, the hydronium ions can penetrate
the cellulose chains in the amorphous domains promoting the hydrolytic cleavage of the
glycosidic bonds. Finally, after mechanical treatment, it releases individual crystallites.
Hydrochloric and sulfuric acids have been extensively used to degrade cellulose fibers.
However, phosphoric, hydrobromic and nitric acids have also been reported for the
preparation of crystalline cellulosic nanoparticles. The nanocrystals formed from wood pulp

are shorter and thinner than MFC [147-152].

Cellulose fibers are also pepared by gluconacetobacter (Acetobacter, Agrobacterium,
Alcaligenes, Pseudomonas, Rhizobium, or Sarcina [153]. The most efficient producers of BNC
is Acetobacter Xylinum or Gluconacetobacter Xylinus, witch are gram-negative strains of
acetic-acid-producing bacteries, having active motility, and high ubiquity [4]. BNC formed
has the same molecular formula as plant cellulose but is fundamentally different because of
its nanofiber structure. After simple purification, BNC contains no impurities and no
functional groups other than hydroxy groups. Owing to its nanoscale fiber structure, the
properties of BNC are quite different from those of common plant celluloses. Therefore, BNC

opens up new fields of application for cellulose materials [153].
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Figure 8. The main steps involved in the preparation of cellulose nanoparticles [143-154].

3.2 Nanocellulose-based materials for water treatment

The method of surface chemistry modification of nanocellulose is through the use of direct
chemical modification and/or covalent attachment of molecules. Due to high specific surface
areas and numerous reactive groups, excellent adsorption performance may be obtained
with different types of modified nanocelluloses. The techniques are generally the same as

those presented earlier in case of conventional cellulose (Chapter 2).
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Nanotech reinforcement of native cellulose significantly enhanced metal removal efficiency
compared to rice straw and cellulose fibers. Nanocellulose fibers were prepared using the
physico-chemical treatment of rice straw, and were characterized and explored for the
remediation of some toxic metals from wastewater [153]. Nanocellulose fibers were found
to have a long rod-like elongated nanofibrillated morphology, with an average grain size of 6
nm. The prepared nanocellulose fibers in batch experiments showed a removal efficiency of
9.7 mg/g Cd (Il), 9.4 mg/g Pb(ll), and 8.6 mg/g Ni (ll) ions. The regeneration studies signified

that nanocellulose fibers could be successively used for up to three cycles of regeneration.

Given the high surface area of the nanocellulose, an adsorbent based on modified
nanocellulose might afford an interesting alternative to conventional adsorbents like
activated carbon, ion exchange resins, or zeolite. This new area of potential use of
nanocellulose in the field of water treatment was explored by several recent publications
that showed the possibility to prepare adsorbents based on modified nanocellulose for
removing not only for heavy metal ions but also for organic pollutants. The surface
modification of the nanocellulose was obtained by adding specific groups such as carboxyl
[154, 155], amine [156, 157], ammonium [158] and xanthate [159] on the surface of

cellulose.

Oxolane-2,5-dione-modified cellulose nanofibres were used for the adsorption of cadmium
and lead ions from model wastewater samples for the first time. The maximum adsorption
demonstrated the higher capacity of cellulose-g-oxolane-2,5-dionenanofibres for Pb(ll) and
Cd(ll) removal as compared with oxolane-2,5-dione functionalized raw cellulose fibres (for
cellulose nanofibres adsorption capacities were 12.0 and 2.9 mmol/g for Pb(ll) and Cd(ll),

respectively, in comparison to 0.002 mmol/g for raw cellulose) [160].

As reported above, succinic anhydride is an active agent containing one anhydride group,
which can react with the hydroxyl groups of cellulose. In recent decades, there have been
many investigations concerning the modification of cellulose with succinic anhydride for the

removal of heavy metal ions. However, modification of CNCs with succinic anhydride has
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also been reported. The maximum adsorption capacities of succinic anhydride modified
nanocellulose (SCNCs) and NaSCNCs for Pb(ll) and Cd(Il) were 367.6 mg/g, 259.7 mg/g and
465.1 mg/g, 344.8 mg/g, respectively [155]. Comparing these results with cellulose modified
with the same method, the maximum adsorption capacities were higher for modified
nanocellulose. SCNCs and NaSCNCs showed high selectivity and interference resistance from
coexisting ions for the adsorption of Pb(ll). NaSCNCs could be efficiently regenerated with a

mild saturated NaCl solution with no loss of capacity after two recycles.

Nanocellulose-ethylenediaminetetraacetic acid (EDTA) conjugates were synthesized by the
esterification of non-mercerized and mercerized cellulose with ethylenediaminetetraacetic
dianhydride (EDTAD) (Figure 9). The adsorption of Cu(ll), Cd(ll), and Pb(ll) ions were
investigated from aqueous solutions. These materials showed maximum adsorption
capacities for Cu(ll), Cd(ll), and Pb(ll) ions ranging from 38.8 to 92.6 mg/g, 87.7 to 149.0
mg/g, and 192.0 to 333.0 mg/g, respectively. The modified mercerized materials showed
larger maximum adsorption capacities than modified non-mercerized materials [161]. In
another study, the adsorption of Pb(ll) ions was investigated using regenerated cellulose
fiber functionalized by anhydrous EDTA. The maximum adsorption capacity was 140.0 mg/g,

which was less than half of the capacity using nanocellulose-based chelating material [162].
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Figure 9. Cellulose fiber functionalized by anhydrous EDTA [162]

The high surface-to-volume ratio and size effects, and the ability to tune surface properties
through molecular modification, give good properties for metal remediation to
nanocrystalline cellulose (NCC). The removal capacities for succinated and aminated
nanocrystalline cellulose were 95.0 % for Cr(lll) and 98.0% for Cr(VI). The capacities of
unmodified NCC were 64.0 % for Cr(lll) and 6.0 % for Cr(IV). Structurally functionalized
succinated and aminated biomaterial could be used up to five times, compared to three

cycles of MCC (microcrystalline cellulose) and NCC [157].

Cellulose reacts with carbon disulfide (CS;) in the presence of sodium hydroxide (NaOH) to
produce sodium cellulose xanthate. This esterification reaction was used for acid-hydrolysis-
prepared nano banana cellulose (NBC). The maximum biosorption capacity of xanthate
nanobana cellulose (XNBC) for Cd(ll) was found to be 154.3 mg/g. Among the various
desorbing agents tested, the desorbing efficiency was found to be maximal with 0.1 mol/ L

HCI [160].
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Bacterial cellulose (BC) has the potential as a new adsorbent for effective separation of
heavy metal ions due to its unique properties, including high water holding capacity, a fine
fiber network, and high tensile strength, lack of secondary pollution, high specific surface
area, porous structure and presence of many hydroxyl groups in the chains [163, 165]. The
adsorption capacity of unmodified BC was found to be relatively low. Therefore, it was

necessary to modify the surface of BC, in order to increase its adsorption capacity.

Diethylenetriamine-bacterial cellulose (EABC) [163], ammonium sulfamate-bacterial
cellulose (ASBC), xanthogenated bacterial cellulose (Deng) and carboxymethylated-bacterial
cellulose (CM-BC) were investigated as adsorbents for Cr(VI), Cd(ll), Pb(ll), and Cu(ll).
Ammonium sulfamate-bacterial cellulose (ASBC) was prepared through chemical
modifications of bacterial cellulose. A new adsorbent, ammonium sulfamate-bacterial
cellulose (ASBC) was prepared by taking ammonium sulfamate as a monomer. Meanwhile,
the adsorption property of Pb(ll) by ASBC was studied, and the results showed that
adsorption property of ASBC was improved compared to that of BC [164]. The maximum

adsorption capacity of modified cellulose was 22.7 mg/g.

Carboxymethylated-bacterial cellulose (CM-BC) was synthesized by Acetobacter xylinum by
adding water-soluble carboxymethylated cellulose (CMC) in the culture medium [161]. The
CM-BC was examined for the removal of Cu(ll) and Pb(ll) ions from an aqueous solution and
compared with BC. The effects of performance parameters such as pH, adsorbent dose, and
contact time on copper and lead ion adsorption were analyzed. Both BC and CM-BC showed
good adsorption performance at an optimized pH of 4.5. Compared with BC, CM-BC
performed better with the value of 9.7 mg (copper)/g and 22.6 mg (lead)/g for BC and
12.6 mg (copper)/g and 60.4 mg (lead)/g for CM-BC, respectively.

A summary of modified and unmodified nanocellulose as adsorbents for the removal of

heavy metal ions from aqueous solutions is shown in Table 10.
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Table 10. Modified and unmodified nanocellulose as adsorbents for the removal of heavy

metal ions from aqueous solutions

Material Modification Maximum adsorption Reference
capacity (mg/g)
Nanocellulose fibers Cd(I1) 9.7 [153]
Pb(I1) 9.4
Ni(ll) 8.6
Nanocellulose Glycidylmethacrylate and Hg(ll) 414.0 [154]
tetraethylenepentamine cu(ll) 96.0
Ag(l) 129.6
Nanocellulose Oxolane-2,5-dione Pb(Il) 78.0 [160]
cd(ll) 32.0
Nanocellulose Succinic anhydired Pb(ll) 367.6 - 465.1 [155]
Cd(ll) 259.1 - 344.8
Nanocellulose Ethylenediaminetetraaceti Cd(Il) 38.8 -92.6 [161]
cacid (EDTA) Cu(ll) 87.7 - 149.0
Pb(I1) 192.0 - 333.0
Nanocellulose Anhydrous EDTA Pb(ll) 140.0 [162]
Nanocellulose Succination and amination  Cr(Ill) 95.0 % [157]
Cr(Iv) 98.0 %
(unmodified Cr(lll) 64.0
% Cr(IV) 6.0 %)
NBC, nano banana Carbon disulfide (CS;) in Cd(l1) 154.3 [159]
cellulose presence of sodium
hydroxide (NaOH)
Bacterial cellulose Carboxymethylation Cu(ll) 12.6 [165]
Pb(Il) 60.4

(unmodified Cu(ll) 9.7,

Pb(Il) 22.6)
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3.3 Cellulose-based nanocomposite materials for water treatment

Nanocomposites, in general, comprise multiphase materials where at least one constituent
phase has one dimension in the nanometer range (1-100 nm). When comparing
naocomposite materials with conventional composite materials, the advantages of
nanocomposite materials are their superior thermal, mechanical and barrier properties at
low reinforcement levels (e.g., B5 wt%), as well as their better recyclability, transparency
and low weight [166]. The refered nanocellulose-based composite materials used for water

treatment are shown in Table 11.

Nano-scale cellulose fiber materials (e.g., microfibrillated, nanofibrilled and bacterial
cellulose) are promising candidates for bio-nanocomposite production, due to their
abundance, high strength and stiffness, low weight and biodegradability. It is well known
that the properties of nanocomposite materials depend on addition to the properties of
their individual components, also on morphological and interfacial characteristics arising
from the combination of distinct materials. Therefore, the use of polymers such as cellulose,
starch, alginate, dextran, carrageenan, and chitosan among others, gain great relevance due
to their renewable nature and biodegradability, and also because a variety of formulations

can be exploited depending on the envisaged functionality [167, 168].

Metal nanoparticles have properties that differ from the bulk analogues due to size and
surface effects. Thus, the properties of the final composite materials can be modified with
various size, shape and particle size distribution of the nanofillers as well as by interactions
occurring with the cellulose fibers’ surfaces. The unique material is a composite of
nanocellulose and magnetic nanoparticles [169]. Celluolose nanofibril is decorated with
magnetic nanoparticles that are uniformly distributed on the nanofibril. These materials
combine the biological and mechanical properties of nanocellulose, which are enhanced
with magnetic nanoparticle characteristics. A novel amino-functionalized magnetic cellulose
composite was prepared by a process that involved: (1) the synthesis of magnetic silica
nanoparticles using the co-precipitation method followed by the hydrolysis of sodium

silicate, (2) coating with cellulose (3) grafting of glycidyl methacrylate using cerium initiated
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polymerization and (4) the ring-opening reaction of epoxy groups with ethylenediamine to
yield amino groups. This composite material should be a promising adsorbent for Cr(VI)
removal, with the advantages of high adsorption capacity, rapid adsorption rate, and

convenient recovery under a magnetic field.

The spherical Fes04/BC nanocomposites had high adsorption capacities for Pb(Il), Mn(ll), and
Cr(lll) and were recyclable after the elution of heavy metal ions [170]. Compared with
conventional preparation procedure for cellulose spheres, spherical Fe304/BC
nanocomposites can be readily prepared without sophisticated steps and this adsorption

material has high adsorption and elution capacities

Gels consist of a solid three-dimensional network, including large amounts of solvent and
ensnares it through surface tension effects. Mainly, hydrogels are structures formed from
biopolymers and/or polyelectrolytes, and contain large amounts of trapped water [29, 146].
Composite hydrogels from cellulose and other polymers have been prepared by blending,
complex formation, and interpenetrating networks (IPN) technology. These materials
combine the different properties of cellulose and other polymers. Cellulose-based hydrogel
can be used as matrices to incorporate inorganic nanoparticles for preparing cellulose-
inorganic hybrid hydrogels. This strategy is suitable for fabricating novel cellulose-based

hydrogels with multifunctional properties.

A novel adsorbent, biodegradable collagen/cellulose hydrogel beads (CCHBs), was prepared
by reconstitution from 1-butyl, 3-methylimidazolium chloride ([C4mim]Cl) and the adsorption
properties of the CCHBs for Cu(ll) ion removal from aqueous solutions were investigated
[171]. The maximum adsorption capacity of CCHB3 (collagen/cellulose mass ratio of 3/1) was
found to be 63.6 mg/g. The CCHBs maintained good adsorption properties after the fourth

cycle of adsorption—desorption.
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Another good candidate for the preparationof hydrogels is polyvinyl alcohol (PVA), which
can be cross-linked using several methods [172, 173]. Novel magnetic hydrogel beads (m-
CS/PVA/CCNFs), consisting of carboxylated cellulose nanofibrils (CCNFs), amine-
functionalized magnetite nanoparticles and poly(vinyl alcohol) (PVA) blended chitosan (CS),
were prepared by an instantaneous gelation method. The magnetic hydrogels were
employed as absorbents for the removal of Pb(ll) ions from aqueous solutions and the
fundamental adsorption behavior was studied. Experimental results revealed that the m-
CS/PVA/CCNFs hydrogels exhibited a higher adsorption capacity with the value of
171.0 mg/g, and the carboxylate groups on the CCNFs surface played an important role in
Pb(ll) adsorption. Additionally, Pb(Il)-loaded m-CS/PVA/CCNFs hydrogels could be easily
regenerated in a weak acid solution and the adsorption effectiveness of 90% could be

maintained after the four cycles.

The synergistic adsorption of heavy metal ions and organic pollutants were investigated
using novel supramolecular polysaccharide composites from cellulose (CEL), chitosan (CS)
and benzo-15-crown 5 (B15C5) [174]. Butylmethylimidazolium chloride [BMIm*CI7], an ionic
liqguid (IL), was used as the sole solvent for the dissolution and preparation of the
composites. The [CEL/CS + B15C5] composites obtained retained the properties of their
components, namely superior mechanical strength (from CEL) and excellent adsorption
capability for heavy metal ions and organic pollutants (from B15C5 and CS). Moreover, the
pollutants adsorbed on the composites could be quantitatively desorbed to enable the

[CS + CEL + B15C5] composites to be reused with similar adsorption efficiency.

Chitosan and chitin are two of the most abundant natural biopolymers after cellulose. The
chitosan was converted into chitosan nanoparticles and, to improve its adsorption efficiency,
it was mixed separately with kaolin clay and methylcellulose to form the binary composites
NC+KC and NC+MC [175]. These nanocomposites acted as good adsorbents to remove Pb(Il)
ions from synthetic wastewater. Chitin/cellulose-composite membranes exhibited the
efficient removal of heavy metal ions (mercury, copper and lead) from an aqueous solution
as a result of their microporous structure, large surface area and affinity on metal ions [174].

The uptake capacity of the heavy metal ions on chitin /cellulose-blend membranes increased
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with the chitin content. The amount of metal ions adsorbed onto the unit amount of the
membrane (g.) was in the order of Hg(ll) > Pb(ll) > Cu(ll), indicating a good adsorption of
Hg(ll). Moreover, the chitin/cellulose membranes could be easily regenerated. This work

provided a “green” pathway for the removal of the hazardous materials in wastewater.

Nanocellulose acetate was used as composite material together with zirconium (IV)
phosphate and zeolite [4, 176] for the removal of heavy metals from aqueous solutions.
Cellulose acetate—zirconium (IV) phosphate nanocomposite (CA/ZPNC) showed an ion-
exchange capacity of 1.4 mequiv./g for Na* and was highly selective for Pb(ll) and Zn(ll) over

many other metal ions.

Dyeing wastewater is an important class of pollutants, which can be identified by the naked
eye. Nano-cellulose hybrids containing polyhedral oligomeric silsesquioxane with multi-N-
methylol (R-POSS) [177] and fabricate porous nanocomposite gels based on partially
hydrolyzed polyacrylamide and cellulose nanocrystals [172] could be used as biosorbents for
dyes. Reactive dyes, Yellow B-4RFN and Blue B-RN and methylene blue were investigated
and it was concluded that nano-cellulose hybrids have a potential application as biosorbents

in low concentration dyeing wastewater treatment.
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Table 11. Nanocellulose-based composite materials for water treatment

Composite material Maximum adsorption Reference
capacity (mg/g)
(CCNFs)/poly(vinyl alcohol) (PVA)/ Pb(ll) 171.0 [173]
chitosan (CS)
Amino-functionalized magnetic [170]
cellulose composite Cr(vl) 171.5
Cellulose acetate—zirconium (1V) lon-exchange capacity of [4]
phosphate nanocomposite (CA/ZPNC) 1.4 mequiv/g Na* Pb(l1) and Zn(ll)
Chitin/nanocellulose Hg(ll) 0.8 [175]
Cu(ll) 0.1
Pb(l1) 0.5
Chitosan nanoparticles/kaolin clay Pb(l1) 907 [174]
Chitosan Pb(ll) 976
nanoparticles/methylnanocellulose
Collagen/cellulose hydrogel Cu(ll) 63.6 [171]
Fe304/BC Pb(Il) 65.0 [170]
Mn(ll) 33.0
cr(ilN) 25.0
Nanocellulose acetate (CA)/zeolite (Z) Ni(ll) 28.6 [176]
Cu(ll) 17.0
Nanocellulose hybrids containing Reactive Blue B-RN 14.4 [177]
p(lnlyhedrall oligomeric silsesquioxane Reactive Yellow B-4REN 16.6
with multi-N-methylol (R-POSS)
Nanocellulose/poly(vinyl alcohol) (PVA) Methylene blue [172]

(Maximum adsorption capacity
are not available)
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Several studies on the chemical surface modification of cellulose fibres for water treatment
applications have been published. Based on the literature review, while the reactions and
modification methods as such are well known, the reports of their use to modify
nano/microcellulose for water treatment are very limited. It is well known that the surface
of cellulose microfibrils carries a large number of hydroxyl groups, which makes the
nano/microfibrils suitable for the introduction of new functionalities and more exploration is
needed in this research field. The preparation of a nano/microcellulose-based
multifunctional adsorbent for removal of cations and anions from water has yet to be

reported.
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4. OBJECTIVES AND STRUCTURE OF THE WORK

The overall aim of the thesis was to investigate the potential of modified nano and
microcellulose adsorbents for water treatment applications (Figure 10). The research focus

was on cations and anions. The specific objectives of this study were:

e to prepare five different kinds of nano/microscellulose-based adsorbents (1)
Succinic anhydride modified mercerized nanocellulose for metals removal (Paper
1); (2) aminosilane-modified nanostructured microfibrillated cellulose for
hydrogen sulfide and metals removal (Paper I, 1ll); (3) epoxy-modified
nanostructured microfibrillated cellulose for hydrogen sulfide removal (Paper lll);
(4) hydroxyapatite-modified nanostructured microfibrillated cellulose for
hydrogen sulfide, metals, phosphate and nitrate removal (Papers Ill, IV) and (5)

FesNP -activated microfibrillated cellulose for arsenate removal (Paper V).

OH on \
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[e) HN il ‘J_\‘\ et ca™ o ~0 ca” O ~g ca” g 0 Fe
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Carbonated
Succinic anhydride Aminopropyltriethoxy-  Epichlorohydrin nydroxyapatite Magnetite 0
silane (APS) (HAP, CHA) nanoparticles (Fe')
. Cd(I1) Ni(11) H2S Cd(l1)
° pot

Figure 10. Schematic overview of the contents of this thesis
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e to investigate the effects of solution pH, contact time, and contaminants or
pollutants” concentration as well as regenerability of the spent adsorbents.
Moreover, the reaction mechanism of the adsorption processes was also described

e to fit the experimental data obtained from the isotherm and kinetic studies to
various kinetic and isotherm models that could describe the experimental data. The
fitting results from isotherm and kinetic modeling for the investigated experimental
data range is presented in Papers |, Il, IV and V. Paper Ill presents the fitting results

from isotherm modeling.

5. MATERIALS AND METHODS
5. 1 Synthesis of the adsorbents

Five different nanocellulose adsorbents were synthesized: the synthesis of succinic
anyhdried modified MFC is described in detail in Paper I, the aminosilane (APS) modification
in Papers Il and lll, the epichlorohydrin modification (Epoxy/MFC) in Paper lll, the
carbonated hydroxyapatite (HAP/MFC and CHA/MFC) in Papers Ill and IV and the

nanomagnetic particle activation FeNP/MFC in Paper IV.

Briefly, the succinylated cellulose was prepared using merzerated MFC and the
deprotonation of the free carboxylic acid group was achieved by treatment with a saturated
NaHCOs; aqueous solution (Paper I). The synthesis of aminopropyltriethoxysilane (APS)-
modified microfibrillated cellulose (MFC) was obtained by reacting MFC with a coupling
agent, APTES in an ethanol/water mixture (Papers Il and Ill). Alkaline-treated MFC was
reacted with epichlorohydrin-DMSO solution and 1,4-butanediol diglycidyl ether, resulting in
an Epoxy/MFC adsorbent (Paper Ill). A carbonated hydroxyapatite-MFC (HAP/MFC or
CHA/MFC) adsorbent was developed via the embedding of prepared hydroxyapatite into
MFC (Papers Il and IV). The preparation of the Fe’modified MFC was done by mixing Fe;O4

nanoparticles with NaOH- sulfocarbamide-urea-treated MFC (Paper V).
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5.2 Characterization of the adsorbents

Elemental analysis was conducted to determine the surface coverage of APS/MFC,
Epoxy/MFC and CHA/MFC using Organic Elemental Analyzer Flash 2000 (Thermo Scientific,
Germany) (Papers Il and llI, IV). The surface morphology was examined using a Hitachi S-
4100 scanning electron microscope (SEM). Fourier Transform Infrared Spectroscopy (FTIR)
type Vertex 70 by Bruker Optics (Germany) was used to identify the surface functional
groups of unmodified and modified MFC (Papers I-V). Zetasizer Nano Series model ZEN 3500
(Malvern, the UK) was employed to measure isoelectric points (Papers Il and Ill). The energy
dispersive analysis of X-rays (EDAX) was used to determine the chemical composition of Fe°
and CHA-modified MFC (Papers IV and V). The surface morphology and chemical
composition of FeNP/MFC was also examined using transmission electron microscope

(HT7700 120kV High-Contrast/High-Resolution Digital TEM) (Paper V).
5.3 Adsorption and desorption experiments

Adsorption and desorption experiments as well as the study of adsorption kinetics are
described in detail in Papers I-V. For the adsorption isotherm experiments, solutions
containing known concentrations of adsorbates were mixed with a known dose of adsorbent
for a designated time, after which the adsorbent was separated from the solution. The

equilibrium adsorption capacity (ge, mmol/g) was calculated as follows:

_@-c),

e M (1)

where C; and C, are the initial and the equilibrium concentrations (mmol/L) of adsorbates,

while m and V are the weight of the adsorbent (g) and the volume of the solution (L),

respectively.
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The regeneration efficiency (%RE) of the adsorbent was calculated as follows:

@RE)= I x100 )
0

where qo and g, are the adsorption capacities of the adsorbents (mmol/g) before and after

regeneration, respectively.

The kinetics of the adsorption experiments was investigated by measuring the adsorption
capacity of the adsorbent for a set time that was varied from one minute until equilibrium

was attained (Papers I, I, IV and V).

The effect of the solution pH on the adsorption capacity of the adsorbent for target anions
was studied by performing adsorption experiments. This was executed by adjusting the
solution pH from 2.0 to 9.0 using 0.1 M HCI and 0.1 M NaOH with a known initial target

anion concentration and adsorbent dose (Papers I-V).
5.4 Analysis of solutions

After centrifugation, metal concentrations were analyzed by the inductively coupled plasma
optical atomic emission spectrometry (ICP-OES) model iCAP 6300 (Thermo Electron
Corporation, USA). Zn(ll) was analyzed at a wavelength of 202.548 nm (Papers | and Il), Ni(ll)
at 231.605 nm (Papers |, Il and 1V), Cu(ll) at 324.754 nm (Papers | and 1l), Co(ll) at 228.616
nm (Paper 1), Cd(ll) at 226.502 nm (Paper |, Il and IV), S at 180.731 (Paper lll) and As(V) at
193.696 nm (Paper V). A HPLC (High Performance Liquid Chromatograph, Shimadzu) was
used for the analysis of PO43' and NO*>. The used anion columns were IC SI-50 4E and SI-90G
(Shodex®) and 3.2 mM Na,COs; + 1.0 mM NaHCOsz was used as the eluent. The detailed

description of H,S analysis is presented in Paper Il
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5.5 Modeling of adsorption isotherms and kinetics
5.5.1 Adsorption isotherms

An adsorption isotherm is a quantitative measurement of the adsorption equilibrium during
the adsorption process. Langmuir (Papers I-V), Sips (Papers I-V), Dubinin-Radushkevich
(Paper IlI) and Freundlich (Paper V) isotherms were used for modeling the adsorption.

Modeling calculations were conducted using Microsoft Office Excel 2007 software.
Langmuir model

The Langmuir model is a very simple theoretical model for monolayer adsorption onto a
surface with a finite number of identical adsorption sites. The equation is applicable for
homogeneous systems where the adsorption process has equal activation energy, based on
the following basic assumptions: (a) molecules are adsorbed at a fixed number of well-
defined localized sites, (b) each site can hold one adsorbate molecule, (c) all sites are
energetically equivalent, and (d) there are no interactions between molecules adsorbed on

neighbour sites.

The general Langmuir equation is written as follows:

q,K.C (3)

e

%1KkC,

where g. (mmol/g) is the equilibrium adsorption capacity and q,, (mmol/g) is the maximum
amount of the ions adsorbed per unit weight of the adsorbent. The latter also describes a
formation of the complete monolayer coverage on the surface at a high equilibrium H,S
concentration C. (mmol/L) and practical limiting adsorption capacity. K, (L/mmol) is the
Langmuir equilibrium constant related to the affinity of the binding sites and also indicates

the binding energy of the adsorption reaction between adsorbate and adsorbent.

81



Freundlich isotherm

The Freundlich expression is an empirical equation applicable for the non-ideal adsorption

on heterogeneous surface as well as multilayer adsorption. The model is given as
1
qe=KpCo"™ (4)

If the concentration of the solute in the solution at equilibrium, C,, is raised to the power of

1nf /de is constant at a given

1/nf with the amount of solute adsorbed being g., Ce
temperature. K is a relative indicator of adsorption capacity, while the dimensionless 1/nf
indicates the energy or intensity of the reaction and suggests the favorability and capacity of
the adsorbent/adsorbate system. According to the theory, nf > 1 represents favorable

adsorption conditions.
Sips isotherm

The Sips isotherm model is a combination of the Langmuir and Freundlich isotherm type
models and is expected to describe a heterogeneous surface much better than its two
constituent models. At low adsorbate concentrations, the Sips isotherm approaches the
Freundlich isotherm, whereas it approaches the Langmuir isotherm at high concentrations.

The model can be written as:

_ qm(KSCe)ns (5)

T e)

where gm (mg/g) is the maximum amount of H,S adsorbed per unit mass of adsorbent, Ks
(L/mg), is the Sips constant related to the energy of adsorption, and ns could be regarded as

a parameter characterizing system heterogeneity.
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The Dubinin-Radushkevich (D-R) isotherm model was applied to the data in order to deduce
the heterogeneity of the surface energies of adsorption and the characteristic porosity of the

adsorbent. The linear form of the D-R isotherm is given as follows:

Inge = Ingp — Bp(RTIn(1 +))? (6)

The apparent energy of adsorption, E was calculated by

1
E= oo 2

The constants gp(mol/g) is the D-R constant representing the theoretical saturation capacity

and Bp(mol?/J?) is a constant related to the mean free energy of adsorption per mol of the

adsorbate, R is the ideal gas constant, (8.314 J/mol K), T (K) is the temperature of adsorption

and E (kJ/mol) is the mean free energy of adsorption per molecule of the adsorbate when

transferred to the surface of the solid from infinity in solution.

Isotherm parameters were determined by minimizing the Sum of the Squares of the Errors

(ERRSQ) function across the concentration range studied:

i (qe, exp qe, calc) (8)
i=1
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5.5.2 Kinetic modeling

Investigating the mechanism of adsorption and its potential rate-controlling steps that
include mass transport and chemical reaction processes, two kinetic models (pseudo-first-
order and pseudo-second-order) were employed to analyze the experimental data (Papers

IVand V).

The pseudo-first-order model is widely used for sorption in liquid/solid systems. To
distinguish a kinetic equation based on the adsorption capacity of an adsorbent, the

equation for the pseudo-first-order kinetics is presented as follows:

d
= =k(@— 0 ©

By integrating this particular equation at the boundary conditions g=0att=0and g =q; at

t =t, this can be transformed into a logarithmic function as follows:

In(ge — q¢) = Inqe — kqt (10)

where q; and g. are the adsorption capacity (mg/g) at time t (min) and at equilibrium

respectively, while k; represents the pseudo-first-order rate constant (min>).

The pseudo-second-order model, which assumes that the rate-determining step may be a

chemical surface reaction, is presented as follows:

d

q — —
gt CE q)? (11)
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An integration of Eq. (6) at the boundary conditions, g=0att=0 and q=q; at t=t, would

give:

t_1 + 11: (12)
q:  k2q¢  qe

where g; and g. (mmg/g) represent the amount of metals adsorbed at time t (min) and at
equilibrium, respectively, while k; (1/min) and k; (g /mmol min) are the rate constants of
pseudo-first and pseudo-second order sorption. The initial adsorption rate (min) can be

determined from k; and q. values using:

h =kzq? (13)

To investigate if the film or pore diffusion was the controlling step in the adsorption, a model

of intraparticle diffusion was tested as follows:

g, =X + K,t%¢ (14)

where @, is the amount of metal ion adsorbed at time t, K; is the intraparticle diffusion rate

constant (mmol/g min™®?), and X represents the boundary layer diffusion effects.
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6. RESULTS AND DISCUSSION

6.1 Characterization

The surface morphologies are important characteristics of adsorption materials. The
morphological characteristic of the unmodified and modified MFC was investigated with
FESEM (Papers I-V). SEM-images presented in Figure 11 show the differences between the
surface morphology of studied adsorbents. The fibrous nanostructure of MFC remained
largely unchanged after all modifications. FESEM images also verified that the structure of
the adsorbent material was nano-sized (20- 50 nm). TEM analysis was used to confirm the
distribution of iron nanoparticles on the surface of MFC (Paper V). High resolution TEM
image (Figure 12a) shows overall structure of the studied material and dark field image
(Figure 12b) locations of the nanoparticles. TEM analysis show that most of the material is

composed of very short fibers indicating that hydrolysis of cellulose occurred during the

modification step

Figure 11. The SEM pictures of unmodified and modified MFC (Papers I-V)
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Figure 12. (a) High resolution and (b) dark field TEM images of FeNP/MFC.

The elemental analysis of the unmodified MFC and APS/MFC (Paper Il), CHA or HAP/MFC
(Paper Il and 1V) shows a high level of carbon (33.05 mol-% and 35.46 mol-%) and oxygen
(66.51 mol-% and 60.70 mol-%), and a low level of hydrogen (0.44 mol-% and 0.46 mol-%)
and nitrogen (3.43 mol-% only for APS modified MFC). After modification with aminosilane
(APS/MFC), an obvious increase in nitrogen content corresponds to the introduction of
amine groups on the cellulose surface. The most notable difference in the contents of
elements was observed between the unmodified MFC and CHA or HAP/MFC. The level of
carbon was much lower after modification and the levels of hydrogen and oxygen higher due
to the high amount of the calcium caused by the modification. A clear relationship was
found between the EDAX analysis and the elementary analysis. Low concentrations of C and
high concentrations of Ca and P indicate that MFC can bind to a much larger amount of CHA

than its own mass (Paper IV).

The isoelectric point was determined by zeta potential measurements for unmodified MFC,
APS/MFC and Epoxy/MFC (Papers Il and lll). The isoelectric point for unmodified MFC was
around pH 3.9; for APS/MFC the isoelectric point was found to be at pH 5.65 and for the
Epoxy/MFC at a pH above 6.5. A change in isoelectric point after modification is caused by
the new functional groups on the surface of the modified cellulose (amino and epoxy). The
surface charge dependency on the solution pH of both unmodified and modified MFC
followed a similar trend. A positive surface charge at an acidic pH indicated a protonation of
the surface groups and negative surface charge in alkaline conditions the release of protons

into the solution.
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The functional groups on the adsorbent surface were analyzed by FTIR-spectroscopy (Papers
I-V). The spectrum of unmodified MFC is shown in Figure 13. The band at around 2900 cm™
belongs to O-H stretching, while the O-H bending mode of adsorbed water is registered at
around 1640 cm™. The weak band at 1590 cm™ confirms the presence of the COO- group.
The other weak bands at 1428 cm ™ are assigned to HCH and OCH vibrations and the band at
1366 cm ™ to the CH bending mode. The band at 895 cm™ corresponds to the COC, CCO and
CCH deformation modes. Table 12 summarizes the characteristic absorption bands after
different modifications. Furthermore, FTIR spectra after H,S adsorption on APS/MFC,
Epoxy/MFC and CHA or HAP/MFC as well as Ni(ll), Cd(ll), PO,>” and NO* adsorption was
measured and adsorption mechanism confirmed from the change of bands (Papers Il and IV,

Table 12).

Table 12. The characteristic bands of modified MFC (Papers I-V).

Adsorbent Wavelenght (cm™) Process
1724 Asymmetric and symmetric
stretching of ester C-O
Succinic anhydride MFC 1570 and 1415 Asymmetric and  symmetric
stretching vibrations — COO-
1625 Vibration and bending of N-H
1350 - 1250 Bending of C-N
1100 and 980 The —Si—0-Si— linkage and —Si—-O—
cellulose bond
APS/MEFC: 2574 SH stretching vibration modes

appeared after H,S adsorption

2930 and 2890 Asymmetric and  symmetric
stretching of CH, and CHs of the
epoxy resin

1608, 1580 and 1497 The benzene ring of epoxy or C-C
stretching of aromatic ring
1244 and 920 The C-O stretching of epoxide
Epoxy/MFC ring vibration
1158, 1070 and 1022 The molecular vibrations of C—S
bonds after H,S adsorption
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CHA or HAP/MFC 962-1023 and 562 -643  The asymmetric and symmetric
stretching vibrations of PO43_

1420 The presence of carbonate
(CO5™)

2182-1996 The combination and overtone
bands of PO43_ ions in the
adsorbent

2576 SH stretching vibration modes

appeared after H,S adsorption
bi-modal peak at 1010 Phosphate vibrations in Cd** and
and 980 and peaks at Ni** substituted CHA after
600- 560 adsorption
1450-1370 The nitro-complex stretching
after NO3™ adsorption

FeNP/MFC 580 Vibration of the Fe-O bond
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Figure 13. The FTIR-spectra of unmodified MFC
6.2 Adsorption studies
6.2.1 Effect of solution pH

The removal of metal ions from aqueous solutions by adsorption depends on the solution pH
since the acidity of the solution affects the ionization of the metal ions and concentration of
the counter H' ions of the surface groups. To maximize the removal of heavy metals by the

adsorbents, knowledge of an optimum pH is important.

The adsorption efficiency of all studied metals, H,S, PO,> and NOs ions were shown to be
dependent on the solution pH (Papers I-V). A similar trend was observed for all metal ions,
except As(V): adsorption efficiency increased with the increasing pH (Paper |, II, IV ). At low
pH, protons competed with metals for the adsorption sites and metal adsorption was
inhibited. The maximum adsorption of metals occurred at a pH range of 3 to 7 for succinic
anhydride modified MFC (Paper I). The optimum pH for Cd(l1), Cu(ll) and Ni(ll) adsorption by
APS/MFC was found to be in the pH range of 4-6 (Paper Il) and for CHA or HAP/MFC, the
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results illustrate that the pH does not affect the percentage removal of Ni(ll), Cd(ll), PO,*

and NOs at pH 5 and above. However, at a pH below 5 it has a significant effect (Paper IV).

As(V) was strongly adsorbed on the Fe304/MFC surface from acidic solutions at pH 2. The
acidic conditions caused the positive surface charge of the adsorbent and accordingly, made

the surface more attractive to As(V), which is in H,AsO, form at pH 2 and 5 (Paper V).

Adsorption efficiency increased when approaching a neutral pH and at pH<7, the adsorption
efficiency was highest for all the adsorbents studied. This can be attributed to the increasing
positive surface charge of the adsorbents with decreasing pH (surface protonation) making

the surface more attractive for sulfide species (H,S and HS’) (Paper lIl).
6.2.2 Adsorption kinetics

In order to determine the equilibration time for the maximum adsorption of studied metals,
PO43' and NOs on the modified MFC adsorbents, the adsorption was studied as a function of

contact time (Paper |, I, IV and V).

In the case of succinic-anhydride-modified MFC at lower temperatures, diffusion was slowed
down and therefore the increase of adsorption efficiency occurred later than at room
temperature (Paper 1). Figure 14 shows the effect of contact time on the adsorption of Zn(ll),
Ni(l1), Cu(ll), Co(ll), Cd(ll) and As(V) by modified MFC. The kinetic curve for the studied metal
ions showed that the adsorption was initially rapid for all adsorbents. At the initial
adsorption stage, the surface of all adsorbents contained many available active sites for

metal binding and fast adsorption took place.
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Figure 14. The effect of contact time on the adsorption of Zn(ll), Ni(ll), Cu(ll), Co(Il), Cd(II)
and As(V) by modified MFC

Adsorption kinetics of PO43' and NOs from aqueous solutions by CHA/MFC was also fast; for
PO, more than 85% and for NOs” more than 80% was adsorbed within 5 min (Paper IV). In
the case of a multi-component solution of Ni(ll), Cd(ll), PO,> and NOs, the other
components hardly affected the adsorption of Ni(ll) and for Cd(ll) ions, but the adsorption
capacity of NO3™ decreased drastically and the adsorption kinetics became irregular. This is
due to the fact that metal solutions were prepared using metal nitrate salts for which reason
the total nitrate concentration was much higher than the other compounds in the multi-
component solution. Furthermore, the CHA/MFC residue contains some chlorides, which

may have decreased the nitrate removal efficiency. Also for PO,> maximum adsorption
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capacity decreased and the equilibrium time became longer. This indicates that there are
less adsorption sites for anions on the surface of CHA/MFC. Hence, PO43' and NOs have to
compete with each other for the free adsorption sites. The removal capacity for the different

ions on the CHA/MFC is in the order of Ni%* ~ cd** > P0O,> > NO;". (Paper V).

The kinetics of Ni(ll), Cd(ll), PO,> and NOs adsorption on CHA/MFC (Paper V), As(V)
adsorption kinetics on Fe304/MFC and Cd(ll), Cu(ll), and Ni(ll) on the APS/MFC (Paper )

were also analyzed using pseudo-first-order and pseudo-second-order kinetic models.

The kinetic parameters for adsorption are given in Table 13. Based on the obtained
correlation coefficients, the pseudo-second-order equation was the model that yielded the
best fit for the experimental kinetic data with Ni(ll), Cd(Il) and Cu(ll) for APS/MFC (Paper II).
Both models were found to be in agreement with the experimental data and can be used to
favorably explain the sorption of Ni(ll), Cd(ll), PO,> and NOs on CHA/MFC, but the pseudo-
first-order model gave the best fit to the experimental data since ge,exp aNd Qe model Were very
close to each other (Paper IV). The pseudo-second-order model was better fitted with the
experimental data since the calculated g. was closer to the experimental one, and the

correlation coefficient was 0.957 in the case of As(V) adsorption on FeNP/MFC (Paper V).

93



Table 13. Kinetic parameters for Cd(11), Cu(ll), Ni(ll). PO4>” and NO5"

CHA/MEFC
Pseudo-first-order

Pseudo-second-order

Qe qt k1
Adsorbate  (mmol/g) (mmol/g) (1/min) R?
Cd(Il) 0.495 0.494 4.58 1.000
Ni(l1) 0.497 0.489 4.25 1.000
PO43' 0.207 0.204 3.02 1.000
NOs3 0.415 0.415 1.00 1.000
APS/MFC
Pseudo-first-order
Adsorbate Je Ot kq
(mmol/g) (mmol/g) (1/min) R’
cd(n) 2.910 2.830 0.50 0.642
Cu(ll) 2.930 2.320 0.02 0.798
Ni(11) 2.960 2.980 0.11 0.970
FeNP/MFC
Pseudo-first-order
Qe qt k1
Adsorbate  (mmol/g) (mmol/g) (1/min) R?
cd(n) 1.413 4.92 0.99 0.854

qt kz .
(mmol/g) (g/mg min)
0.495 158.70
0.490 93.40
0.204 71.80
0.451 1.56

Pseudo-second-order

Qt k2 .
(mmol/g) (g/mg min)
2.922 0.34

2.561 0.01

3.148 0.06

Pseudo-second-order

Qe kz .
(mmol/g) (g/mg min)
4.27 0.04

R
1.000
0.998
0.993
0.998

0.927
0.895
0.942

0.957

6.2.3 Equilibrium studies

To determine the adsorption potential of modified MFC for Zn(Il), Ni(ll), Cu(ll), Co(ll), Cd(ll),

As(V), PO,> and NOs, the equilibrium adsorption was studied as a function of varying initial

adsorbate concentration (Paper I-V). In the following sections, adsorption equilibria of

different species are summarized and discussed.
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6.2.3.1 Adsorption of metals

To determine the adsorption potential of modified MFC for Zn(Il), Ni(ll), Cu(ll), Co(ll), Cd(Il)
and As(V), the equilibrium adsorption was studied as a function of varying initial adsorbate
concentration (Paper |, Il, 1V, V). Comparisons of metals adsorption on different adsorption

materials are shown in Table 14. The highest adsorption capacity was obtained for APS/MFC.

Table 14. The maxium adsorption capacites for metal ions

Adsorbents

Succinic APS/MEFC CHA/MEC FeNP/MEFC
Type of metal anhydride/MFC

dm (mmol/g) dm (mmol/g) dm (mmol/g) dm (mmol/g)
Zn(ll) 1.610
Ni(l1) 0.744 2.734 2.021
Cu(ll) 1.900 3.150 1.224
Co(ll) 1.338
cd(i) 2.062 4.195
As (V) 1.414

The adsorption equilibrium data of zn(ll), Ni(ll), Cu(ll), Co(ll) and Cd(ll) were analyzed using
Langmuir and Sips isotherm models (Paper | and Table 10). The results in Table 10 show that
the equilibrium data fit well with both the Sips and the Langmuir isotherms. However, qm
values estimated by the Sips model corresponded to the experimentally obtained values of
dmsexp Slightly better than those estimated by the Langmuir model. Moreover, the correlation
coefficients for the Sips model were higher in most cases. The Ks indicated the highest

affinity of Cd(Il) and the other results are consistent with the Langmuir model.

In the isotherm studies of Ni(ll), Cu(ll), and Cd(ll) ions adsorption on APS/MFC, the
experimental maximum adsorption capacities ranged from 2.72 to 4.20 mmol/g (Paper Il and
Table 11). Langmuir, Sips and Dubinin-Radushkevich models were used to model the
adsorption. The Sips isotherm model provided the best fit to the experimental adsorption
data for these ions, revealing maximum adsorption capacities of 3.09, 2.59, and 3.47 mmol/L

for Ni(ll), Cu(ll) and Cd(Il), respectively.
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The results of the adsorption study showed that CHA-modified MFC was very effective for
Ni(ll) and Cd(ll) removal from an aqueous solution; the adsorption efficiency was > 90 %
(Paper IV). The equilibrium isotherm data was fitted to the Langmuir and Sips models. The
results in Table 10 show that for adsorbates, the q., value estimated by the Sips model
corresponded to the experimentally obtained gm,exp better than that estimated by the
Langmuir model. For Ni(ll), the Langmuir model seemed to provide a better approximation
for gm, but the R? values were higher for all the metals with the Sips model. The relatively
poor correlation coefficients (R2 values < 0.990) observed for all the metal ions with both the
Langmuir and Sips models may be attributed to the unequal distribution of the adsorption
surface area and active sites in samples due to the high water concentration of CHA/MFC.

Very high K, values of Ni** and Cd*" ions correlated well with their fast adsorption.

Fe®bearing materials are widely used in arsenic adsorption because of the selectivity and
affinity of Fe® toward inorganic arsenic species. Therefore, only the adsorption of As(V) was
studied using Fe%bearing adsorbent (Paper V). The maghemite nanoparticles (Fe;Oq)-
modified MFC showed greatly improved uptake properties of As(V). As shown in Table 10,
according to the correlation coefficients (R?), the order of the three models used was
Langmuir, Freundlich and Sips. Thus, the Langmuir model was the most suitable to describe
the adsorption process of arsenic onto an adsorbent and the adsorption was a monolayer
adsorption process. The maximum adsorption capacity (qm,) for As(V) from the Langmuir
model was 2.460 mmol/g. The values of R, which denotes the adsorption nature, were
calculated. The results (0.706-0.964) indicated that the adsorption process was favorable.
Furthermore, the value of 1/n obtained (Table 15) from the Freundlich model was less than
1, which also revealed the favorable adsorption of arsenic onto an adsorbent. Comparison of
the adsorption capacities of Fe® nanoparticles and FeNP/MFC for the removal of As(V)
observed that the capacities of FeNP/MFC was relatively higher. The maximum adsorption
Langmuir capacity is 2.460 mmol As(V)/g for FeNP/MFC and 0.042 mmol As(V)/g for Fe’.
These results are consistent with the results of some other Fe® .nanoadsorbents for arsenate

removal with batch experiments [178]
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Table 15. The isotherm modeling parameters for metal ions

Adsorbent Type of metal Modeling parameters
Langmuir
am(mmol/g) Kt R
Ni(I1) 1.500 59.213 0.902
cu(ll 0.716 12.318 0.964
Co(ll) 1.879 58.889 0.849
Cd(l1) 1.304 3.548 0.984
Succinic Zn(l1) 1.954 691.004 0.923
anhydride/MFC Sips
Om,exp Ns KS RZ
(mmol/g)
Ni(ll) 1.600 0.426 53.677 0.864
Cu(ll) 0.722 0.737 10.335 0.977
Co(ll) 1.828 0.808 56.190 0.857
Cd(ln) 1.321 0.737 3.256 0.991
Zn(ll) 1.954 0.579 555.179 0.962
Langmuir
Gm (Mmol/g) Ky R
cd(In 3.611 61.298 0.892
Cu(Il) 3.078 4.072 0.770
Ni(l1) 2.663 52.194 0.969
APS/MFC Sips
dm (mmol/g) s Ks R
Cd(l1) 3.472 1.100 53.667 0.894
Cu(ln 2.593 2.387 5.761 0.965
Ni(I1) 3.092 1.038 62.973 0.970
Dubinin-Radushkevich
do (mmol/g) By E R’
Cd(l1) 1.445 0.007 8.111 0.964
Cu(ll) 1.446 0.007 8.379 0.805
Ni(ll) 1.048 0.007 8.392 0.981
Langmuir
am(mmol/g) Kt R
Ni%* 2.277 293.040 0.931
cd* 1.028 676.279 0.878
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Sips

am (mmol/g)  ny Ks R’
Ni%* 0.616 0.735 5.984  0.965
CHA/MFC cd* 1.688 0.293 1.950  0.917
Langmuir
am(mmol/g) Kt R
As(V) 2.460 0.167 0.968
FeNP/MFC
Sips
dm(mmol/g)  ns Ks R?
As(V) 6.282 0.019 0.866  0.919
Freudlich
K n (1/n) R?
As(V) 0.296 1.167 (0.857) 0.968

6.2.3.2 Adsorption of H,S

In the adsorption study of H,S, the experimental maximum adsorption capacities were
104.0, 13.4 and 12.7 mg/g for APS/MPS, HAP/MPS and Epoxy/MPS, respectively. The
adsorption mechanisms were analyzed by the Langmuir, Freundlich and Sips isotherm
models. The results of the isotherm modeling are shown in Table 16. The poor fitting results
of the isotherm models tested may be attributed to the high water concentration of the
used adsorbents. Wet adsorbents were used in this study because a dry modified MFC
became very hard and lost its adsorption capacity. When wet adsorbent was used, it was
difficult to know the exact water concentration of the adsorbent. Therefore, the samples
were not homogenous with regard to the adsorbent. Furthermore, the volatility of H,S could
also affect the fitting results. Reference samples were used for detecting the volatility and
the average volatility was +/- 0.44 mg/L per sample. The values of R, were very close to
unity for all the adsorbents and concentrations, suggesting that the APS/MFC, HAP/MFC and
Epoxy/MFC are favorable for the adsorption of H,S under conditions used in this study.
These results are consistent with the Freundlich model, which gave nf > 1 for all the

adsorbents suggesting favorable adsorption.
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Table 16. The results of the isotherm modeling for H,S.

APS/MFC
Langmuir
Am (Mg/g) K¢ (L/mg) R®
1807.564 0.000967 0.759
Freundlich
Ke N R?
1.215150 1.081 0.644
Sips
Am (Mg/g) Ks (L/mg) ns R’
0.513 0.816887 1.081 0.677
HAP/MFC
Langmuir
Am (Mg/g) Ke(L/mg) R’
1549.752 0.000148 0.687
Freundlich
Ke ng R?
0.005306 2.062 0.770
Sips
Gm (Mg/g) Ks (L/mg) N R®
709.476 0.003689 2.180 0.770
Epoxy/MFC
Langmuir
Am (Mg/g) K¢ (L/mg) R’
1267.150 0.000269 1.000
Freundlich
Ke ne R?
0.004806 2.268 0.959
Sips
Am (Mg/g) K (L/mg) ns R®
173.170 0.010727 2.390 0.958
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6.2.3.3 Adsorption of P043' and NO;3

The results of the adsorption study showed that CHA-modified MFC was very effective for
PO,> removal from an aqueous solution; the adsorption efficiency was > 90%. The
adsorption efficiency for NO3” was > 50% (Paper IV). Equilibrium isotherm data was fitted
using the Langmuir and Sips models (Table 17). Among these models, the Sips model was in

good agreement with the experimental data with high R? values.

Table 17. The modeling parameters for PO43' and NOs'.

Langmuir

Adsorbate Qm,exp gm(mmol/g) K. R?

(mmol/g)
PO43' 0.843 0.911 6.995 0.977
NOs 0.209 0.180 3.665 0.561

Sips

Adsorbate m,exp dm(mmol/g)  ns Ks R?

(mmol/g)
PO43' 0.843 0.974 0.673 4.559 0.979
NOs 0.209 7.591 4.538 2.945 1.000
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6.2.3.4 Adsorption of Ni(ll), Cd(ll), PO,> and NO3 in multi component solution

Adsorption of Ni(ll), Cd(ll), PO,> and NOs were also studied with solutions containing all
components at three different initial concentrations: 0.5, 2.5 and 5 mmol/L, and NO53 for 1.8,
9.0 and 18 mmol/L (due to the nitrate content of metal solutions). These experiments
confirm the effectiveness of CHA/MFC in Ni(ll) and Cd(ll) cases; no differences can be
observed for the adsorption efficiency. Considering the removal efficiencies for PO,> and
NO;s" , the adsorption efficiency was much higher for the one adsorbate solution. This
indicates that there are fewer adsorption sites for anions on the surface of CHA/MFC, due to

mutual competition between PO,> and NO3 .
6.3 Adsorption mechanism

Papers Il, IV and V present the suggested adsorption mechanisms of metal ions for APS/MFC,

CHA/MFC and Fe304/MFC.

In the case of APS/MFC (Paper Il) the amino groups are mainly responsible for the uptake of

Cd(I1), Cu(ll) and Ni(ll) ions as follows:

M** + RNHS — M(RNH,)* (15)

However, aminosilane-modified MFC was able to adsorb metals because of the amino (-NH;)
on aminosilane and/or hydroxyl (-OH) groups on cellulose fiber. Nitrogen and oxygen atoms

have free electron doublets that can react with metal cations.

Another possible mechanism is the ion-exchange reaction of M?* with the surface hydroxyl
groups via the Si—-O—M-0-Si bridging species (shown in Paper I, Figure 9). It is also possible
that metal ions might react with one amine group and ion-exchange with an adjacent

hydroxyl group (shown in Paper Il, Figure 9).
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In the case of CHA/MFC, the ion-exchange between the calcium and the bivalent ion is a
possibility. The heavy metal replaces the calcium in the CHA lattice, according to the

reaction:

Cayy(PO,)o(0H), + xMe™ © (Cayy )Me (PO,) (OH), +xCa®™  (16)

Dissolution - precipitation is another suggested mechanism, which takes place in two steps:
firstly, CHA is dissolved in solution; subsequently, the phosphate ion reacts with the metal to

form a new insoluble phase. This mechanism is shown in the reactions below:

Ca,,(P0O,).;(OH), + 14H* & 10Ca** + 6H,PO; + 2H,0 (17)

10Me®* + 6H,PO; + 2H,0 < Me,,(P0,).(OH), + 14H* (18)

Furthermore, FTIR-measurements confirmed the reaction between metal ions and

phosphate groups (bi-modal phosphate peak in FTIR-spectra).

The adsorption of PO,> and NO3™ were also confirmed by FTIR-measurements (Paper IV). The
adsorption of PO,> does not induce any major changes in the FTIR spectra of CHA/MFC,
however, the peaks of PO,> are more intensive after adsorption due to an increase in the
amount of phosphate. The adsorption of NO3;™ caused the new bands at around 1450-1370

cm™, which can be assigned to the nitro-complex stretching.

Paper V presents that the adsorption properties of Fe® are mainly due to the presence of
OH,", OH’, and O™ functional groups on the adsorbent’s surface. Fe® surface develops surface
charges due to the different pH of water and, by adsorbing metal ions, completes
coordination shells with OH groups, which either bind to or release H*. At neutral and acidic
conditions (less than 8), OH," and OH forms on surfaces are dominant and responsible for

the selective binding of molecular and ionic forms of arsenic species.
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As(V) adsorption onto hydrated Fe oxide/hydroxide from an aqueous solution can be

expressed by the following formulae:

MFC — FeOH(s) + H3AsO,,, > MFC — FeAsO; +HJ, , + H,0 (19)
MFC — FeOH(s) + H3AsO, ., < MFC — FeAsO}~ + 2H(,., + H,0 (20)

The results of pH studies confirmed the observations above. EDX results provided evidence
of the interaction between arsenic and nano-magneitc particles moieties resulting in the

formation of the FeAsO; ™ -complex.

6.4 Regeneration study

In Paper I, Zn(ll), Ni(ll), Co(ll) and Cd(ll) were desorbed from succinic-anhydride-modified
nanocellulose using 1M nitric acid. Zn(ll) ions desorption from the adsorbent was also
conducted using 1M formic acid, 1M ascorbic acid and 1M acetic acid. After the first cycle of
regeneration, the adsorption capacities of the adsorbents for Zn(ll), Ni(ll),Co(Il) and Cd(ll)
decreased 11-25% and after second cycle they decreased 72-86%. The result also suggests
that 15 s ultrasonic treatments after HNO3 could effectively regenerate the adsorbent with

regeneration efficiencies ranging from 96% to 100%.

In the study of Cd(Il), Cu(ll) and Ni(ll) desorption from APS-modified MFC, 0.1 M HNOs, 0.1 M
NaOH and 0.1 M EDTA were used (Paper Il). The results showed that the adsorption capacity
remained the same or even improved after treatment with NaOH. After the first cycle of
regeneration, the adsorption capacities of the adsorbents for Ni(ll), Cu(ll) and Cd(ll) still
remained the same. These results indicate the suitability of an alkaline regenerant for APS-

modified MFC.

Ni(Il) and Cd(Il) were desorbed from CHA/ MFC using 0.01 M, 0.1M and 1.0 M HNO3, and
PO,*> and NO; were desorbed using 0.01 M, 0.1M and 1 M NaOH. The adsorption efficiency
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for metals was radically affected by regeneration with 0.1 M and 1 M HNOs; the adsorbent
lost its adsorption capacity completely. The results showed that 0.01 M HNOs is a potential
regenerant for Cd(Il): the adsorption capacity remained the same for Cd(ll) after the fourth
cycle. For Ni(ll) the adsorption capacity decreased after every treatment; for the first cycle it
was 99.7%, but after four cycles, the regeneration efficiency was 24.48% using 0.01 M HNO;
as regenerant. Also for PO,>" adsorption capacity decreased after every treatment; from
64.2 % to 15.2 % during four treatments with 0.01 M NaOH. In general, it can be concluded
that the weaker acid (0.01 M HNOs) is a more effective regenerant for metals and the
weaker base (0.01 M NaOH) is a more effective regenerant for PO,>. The results showed

that NOs’ is not regeneration viable at all.

The results of the regeneration study in Paper V indicate that FeNP/MFC could not be used
repeatedly using an adsorption—desorption cycle when NaOH was used as regenerant. After
four cycles, the regeneration efficiency decreased by as much as 98 %. However,
nanomaterials as adsorbents do not produce large volumes of waste sludge when disposal is
a competitive option compared to the recycling of the used adsorbent. The results of

regeneration studies for all of the studied adsorbents are summarized in Table 18.
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Table 18. Ther results of regeneration studies.

Succinic Anhydride/MFC

Type of Type of No. Of Regeneration
adsorbate regenerant cycle efficiency (%)
Zn(Il) HNOs (0.1M) 2 95.28
Ni(l1) HNOs (0.1M) 2 95.76
Cu(ln) HNOs (0.1M) 2 106.25 Paper |
Co(ll) HNO; (0.1M) 2 106.25
cd() HNOs (0.1M) 2 95.52
APS/MFC
Type of Type of No. Of Regeneration
adsorbate regenerant cycle efficiency (%)
Ni(I1) NaOH (0.1M) 2 155.34
Cu(ll) NaOH (0.1M) 2 110.82 Paper ||
cd() NaOH (0.1M) 2 101.20
CHA/MFC
Type of Type of No. Of Regeneration
adsorbate regenerant cycle efficiency (%)
Ni(l1) HNOs 0.01M 4 24.48
Cu(ll) HNO; 0.01M 4 99.98 Paper IV
PO, NaOH 0.01M 4 12.52
NO;5 NaOH 0.01M 3 7.92
FeNP/MFC
Type of Type of No. Of Regeneration
adsorbate regenerant cycle efficiency (%)
As(V) NaOH(0.1M) 4 69.16 Paper V
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7. CONCLUSIONS

The adsorptive removal of Zn(ll), Ni(ll), Cu(ll), Co(I1), Cd(l1), As(V), H,S, PO,> and NO5~ from
aqueous solutions by five different nanostructured microfibrillated cellulose-based
adsorbents was investigated in this thesis. The model adsorbents that were employed to
study the adsorptive behavior of nanocellulose-based adsorbents were succinic-anhydride-
modified mercerized nanocellulose for metal removal, aminosilane-modified nanostructured
microfibrillated cellulose for hydrogen sulfide and metals removal, epoxy-modified
nanostructured microfibrillated for hydrogen sulfide removal, hydroxyapatite-modified
nanostructured microfibrillated cellulose for hydrogen sulfide, metals, phosphate and nitrate
removal, and Fe’® nanomagnetic-particle-activated microfibrillated cellulose for arsenate

removal.

The adsorbents were characterized by FTIR, Elementary analyzer and SEM for verifying the
functional groups of the surfaces and the surface morphology. The fibrous nanostructure of
MFC remained largely unchanged after modifications. Hence, there were enough sites for
the studied ion adsorption on the surface. Overall, the SEM analysis showed rather different

surface morphologies due to different modifications.

Batch adsorption studies were conducted in order to optimize the experimental conditions
to achieve maximum removal efficiencies. Overall, the studied adsorbents showed potential
utility for the adsorption of the studied compounds. Modeling adsorption isotherms and
adsorption kinetics gave information about the adsorbents’ surface properties and the
adsorption mechanism. In this study, various isotherm models were used to find the best

fitting equations. The major results and findings of this thesis are presented below:

1. The use of succinic-anhydride-modified mercerized nanocellulose and aminosilane-
modified nanostructured microfibrillated cellulose for removal of heavy metals from
aqueous solutions exhibited promising results. The adsorption of metal ions was
shown to be dependent on the solution pH. The kinetic studies demonstrated that

during short contact times, adsorption by adsorbents was very fast for all the metals.
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The results obtained for H,S removal studies exhibited that aminosilane, epoxy and
hydroxyapatite-modified nanostructured microfibrillated cellulose can be used as
promising alternatives for H,S removal from aqueous solutions. The bonding of H2S

through the surfaces of the adsorbents are shown by the ATR-FTIR analysis.

Carbonated-hydroxyapatit.-modified nanocellulose exhibited the ability to remove
cations and anions using the same adsorbent. The results of adsorption study showed
that the adsorbent was ve,y effective for Ni(ll), Cd(ll) and PO,> removal from an
aqueous solution; the adsorption efficiency was > 90%. The adsorption efficiency for
NOs was > 50%. The results of the adsorption kinetic study indicate that adsorption
was very fast for all the studied compounds. The competing anions, especially
chloride and phophate, adversely affected the nitrate removal by competing with

nitrate for similar binding sites.

The maghemite nanoparticles (Fe®)-modified MFC was found to be a highly promising
adsorbent for removal of As(V) from an aqueous solutions due to its magnetic
properties, high surface area and a high adsorption capacity. The adsorption of As(V)
was found to be effective at the lower pH range; maximum adsorption capacity was
found to be the highest at pH 2. A comparison of the adsorption capacities of Fe°
nanoparticles and FeNP/MFC for the removal of As(V) inidicated that the capacities
of FeNP/MFC were relatively higher.

The research results of this thesis can be used as a foundation for future research in which

modified MFC adsorbents can be employed in pilot/full-scale applications. In addition to

batch studies, column studies are needed. Future investigations will focus upon the

adsorption studies of various solution matrices, such as real wastewater samples for

example. Multi-pollutant removal from municipal wastewater is a major challenge and an

interesting matrix for adsorption studies. If nanocellulose-based adsorbents are used in full-

scale applications, significantly higher amounts of adsorbents are needed for preparation,

which brings more challenges to the process.
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In this study, the removal of Zn(II), Ni(II), Cu(II), Co(II), and Cd(II) ions from aqueous solutions was inves-
tigated using succinic anhydride modified mercerized nanocellulose. The modified adsorbents were char-
acterized using FTIR and SEM analyses. FTIR results showed the bands related to carboxyl groups and
SEM-images clear increase in crystallinity after modification of nanocellulose. The effects of pH, contact
time, regeneration, and the concentration of metals were studied in batch mode. The maximum metal
uptakes ranged from 0.72 to 1.95 mmol/g following the order of: Cd > Cu > Zn > Co > Ni. Adsorption iso-
therms were demonstrated using Langmuir and Sips models with wet and dry weight of adsorbent. Both
models were representative to simulate adsorption isotherms. Regeneration of the modified nanocellu-
lose was accomplished using nitric acid and ultrasonic treatment.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Investigation of heavy metals contaminated water has become
essential focus of environmental scientists in recent years. The
heavy metals in water could be derived from natural sources like
volcanoes, weathering and erosion of bed rocks and ore deposits
but also numerous anthropogenic activities, such as mining, indus-
tries, wastewater irrigation, and agriculture activities [1-3].

Heavy metals are essential to living organisms at low concen-
trations, but many of them are toxic at elevated concentrations
[4]. Exposure to heavy metals has been linked with developmental
retardation, various cancers, kidney damage, autoimmunity, and
even death in extreme cases [5]. Therefore, their removal from con-
taminated, water is required prior to discharge. Metal removal
from the waste streams is of relevance not only due to their toxic-
ity but also due to the possibility to reuse metals in various indus-
trial applications.

* Corresponding author. Tel.: +358 40 747 7843; fax: +358 15 336 013.
E-mail address: sanna.hokkanen@Iut.fi (S. Hokkanen).
1 Tel.: +358 40 747 7843; fax: +358 15 336 013.

1385-8947/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2013.02.054

Conventional methods employed for the removal of heavy me-
tal ions from industrial effluents include chemical precipitation,
flocculation, membrane separation, ion exchange, evaporation,
and electrolysis. Most of these methods are often costly or ineffec-
tive, especially in removing heavy metal ions from dilute solutions
[6-8].

Adsorption has been shown to be one of the most efficient and
technically feasible methods for the metal removal from aqueous
solutions. Activated carbon is the most widely used adsorbent
throughout the world for this purpose. However, it possesses disad-
vantages related to high operating costs, low selectivity, and its
complex thermal regeneration requirements. Therefore, develop-
ment of alternative adsorption materials is constantly under an
intensive study. For example, natural bentonite [9,10], combination
of natural zeolite-kaolin-bentonite [11], fruit peel [12,13], chitosan
[14-16], and anaerobic granular sludge [17,18] have been tested for
heavy metal removal. Heavy metal adsorption by inherently formed
iron-based water treatment residuals (WTRs) and a boron process-
ing waste (BW) has also seldom studied [19,20]. Promising materi-
als for metal recovery are adsorbents functionalized with different
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chelating agents. This is due to the strong affinity of chelate forming
groups towards metal ions, selectivity, and the possibility to regen-
erate the metal loaded adsorbent by a simple acid treatment
[21,22].

Cellulose is regarded as the most abundant and renewable bio-
polymer in nature. The ongoing global trend to promote the pro-
duction and usage of sustainable and biodegradable materials
from natural resources have increased interest towards novel,
high-value cellulose-based products and it is one of the most
affordable raw materials available for the preparation of various
functional materials. Moreover, nano- and microcelluloses are con-
sidered to be amongst the most potential bio-based materials for
future high-end applications [23,24]. There are very few functional
groups in cellulose fiber that are able to capture metals. Hence,
many methods have been used to utilize cellulose as a metal scav-
enger through some derivatizations. Some of these methods are
based on using carboxylate and amine groups as chelating agents
[25-27] or catalytic and selective oxidation of primary hydroxyl
groups of cellulose [28,29]. Succinylation reaction has also shown
to be an alternative in cellulose modification [24,30-32].

Gurgel proposed the mercerization treatment as a way of
increasing the fibers specific surface area and to make the hydroxyl
groups of cellulose macromolecules more easily accessible for the
modification with succinic anhydride (succinylation) and as con-
tinuation of that study they have described the preparation of
two new chelating materials containing amine groups from succ-
inylated mercerized cellulose [8,33].

As noted above, there are a few studies of modified cellulose as
adsorbent for heavy metals, but, to the best of our knowledge,
there are no studies on modification of nano- and microcellulose
for this purpose. Modification of nano- and microcellulose can pro-
vide effective, stable, and regenerable adsorbents for metal recov-
ery from various kinds of wastewaters. This study describes the
preparation and evaluation of mercerized and succinic anhydride
modified micro/nano cellulose to adsorb Zn(II), Ni(II), Cu(II), Co(II)
and Cd(II) ions in aqueous solutions. Studies on pH dependence,
adsorption kinetics and isotherms were investigated. Regeneration
studies, using different acids at different concentrations, were also
examined.

2. Materials and methods
2.1. Materials

Microfibrillated cellulose (MFC) was purchased from University
of Ouluy, Finland. All chemicals used in this study were of analytical
grade and supplied by Sigma-Aldrich. Stock solutions of 1000 mg/L
were prepared by dissolving appropriate amounts of Zn(II), Ni(II),
Cu(II), Co(II) and Cd(II) nitrate salts in deionized water. Adjustment
of pH was accomplished using 0.1 M NaOH or 0.1 M HNOs.

2.2. Cellulose mercerization

Microfibrillated cellulose (MFC) (30 g) was treated with 0.20L
of NaOH solution (20 wt.%) at room temperature at least 16 h with
magnetic stirring. The alkali-cellulose was separated from the solu-
tion using centrifuge and washed with distilled water down to pH
7.

2.3. Synthesis of celluloses

Mercerized cellulose (20 g) was reacted with succinic anhydride
(35 g) under pyridine reflux (0.17 L) for 24 h. The modified cellu-
lose was centrifugated and filtered, washed in sequence with
dimethylformamide (DMF), ethanol 95%, distilled water, HNOs

(0.01 mol/L), distilled water and finally with acetone. In order to
liberate carboxylate functions for a better chelating function than
the carboxylic group, succinylated cellulose was treated with a sat-
urated sodium bicarbonate solution for 30 min under constant stir-
ring and afterwards filtered and finally washed with distilled water
and then acetone.

2.4. Characterization of celluloses

Fourier transform infrared spectroscopy (FTIR) type Vertex 70
by B Bruker Optics (Germany) was used to identify the surface
groups of the synthesized nanocellulose. Attenuated Total Reflec-
tance (ATR) technique was used. The FTIR spectra were recorded
at 4cm™! resolution from 400 to 4000 cm™' and 100 scans per
sample. The surface morphology of the different treatment phases
was examined using a Hitachi S-4100 scanning electron micro-
scope (SEM).

2.5. Batch adsorption studies

Applicability of modified cellulose for Zn(II), Ni(II), Cu(II), Co(II)
and Cd(II) removal was studied using batch experiments in a reac-
tion mixture of 0.02 g of adsorbent and 0.004 L of metal solution
containing each metals at concentrations ranging from 0.1 to
10.0 mmol/L. using own decanter glass for each metal reaction
mixture. The kinetic study was carried out using five different con-
tainers for each metal solution (0.05L) and 5 g of adsorbent was
weighted in each container. 0.002 L samples were pipetted from
the reaction mixtures according to schedule. The contact time
was varied from 5 to 1140 min resulting overall 90 samples. Imple-
mentation under the same conditions as in the other adsorption
tests (0.02 g adsorbent and 0.004 L metal solution, reacting in
own sample container) would been very difficult because of large
number of samples. Agitation was conducted under magnetic stir-
ring and measurements conducted at the room temperature and
temperature of 10 °C.

After centrifugation metal concentrations were analyzed by an
inductively coupled plasma optical atomic emission spectrometry
(ICP-OES) model iCAP 6300 (Thermo Electron Corporation, USA).
Zn(Il) was analyzed at a wavelength of 202.548 nm, Ni(ll) at
231.605 nm, Cu(Il) at 324.754 nm, Co(II) at 228.616 nm, and Cd(II)
at 226.502 nm.

The amount of metal ions adsorbed per unit mass of modified
nanocellulose (mmol/g) was calculated as follows:

Qe: (CiXACE)V (1)

where C; and C. are the initial and the equilibrium concentrations
(mmol/L), while M and V are the weight of the adsorbent (g) and
the volume of the solution (L), respectively.

2.6. Regeneration studies

The regeneration of the modified nanocellulose was studied in
Zn(11), Ni(II), Cu(II), Co(Il) and Cd(II) solutions. At first adsorbents
were loaded by metal ions by mixing 5 g of the adsorbent with
0.015 L of 1.8-3.4 mmol/L metal solution. Bigger dose was used
in order to make separation of the adsorbent easier. After attaining
equilibrium, the spent adsorbent was separated from the solution
by centrifuge. Metal ions were eluted using 1 M HNOs. The effect
of different acids for the regeneration was tested with Zn(Il) ions
using 0.1 M formic acid, ascorbic acid, and acetic acid. The regener-
ation efficiency (%RE) of the adsorbent was calculated as follows:

(%RE) :% x 100 @)

0
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where qo and ¢, are the adsorption capacities of the adsorbents
(mmol/g) before and after regeneration, respectively.

3. Results and discussions
3.1. FTIR analyses and SEM pictures

Characterization of succinic anhydride treated nanocellulose
was accomplished by FTIR spectroscopy. Fig. 1 illustrates the FTIR
spectra of pure cellulose (a) and modified cellulose (b). In spectrum
a, the absorbances at 3378, 2875, 1628, 1381, 1325-1210, 1158,
and 1052 cm™! are associated with pure cellulose. The strong
adsorption at 3378 cm™! is due to the stretching of hydroxyl
groups and at 2875cm™! to the C-H stretching. The band at
1628 cm™! relates to the bending mode of the absorbed water.
The peak at 1381 cm™' and attributed to the O-H bending and
the peaks 1325-1210 O-H-stretch. The absorption band at
1158 cm™! corresponds to C-O antisymmetric bridge stretching
[8,22].

A new peak at 1724 cm™! assigned to asymmetric and symmet-
ric stretching of ester C-O was observed in the spectrum of modi-
fied cellulose indicating occurrence of esterification reaction
between cellulose and succinic anhydride during synthesis. Fur-
thermore, after modification appearance of the bands at 1581
and 1425cm™' corresponding to asymmetric and symmetric
stretching vibrations of the ionic carboxylic groups verified the
introduction of carboxylic groups on the surface [8,34]. Noticeably,
the —OH stretching adsorption band at 3378 cm™! did not signifi-
cantly change upon cellulose succinylation. This is because only
the surface hydroxyls that are accessible to succinic anhydride
can be succinylated during the chemical reaction [35].

SEM image of the raw cellulosic material used in this study is
shown in Fig 2a. Cellulose microfibrils are typically composed of
1000-2000 glucan chains of the same polarity and they are spa-
tially separated from each other [36]. Through the homogenization
process, the cellulose bundles are split and degraded leaving
microfibrillated cellulose strands with dimensions of 10-100 nm
[37]. Because of the homogenization process the ratio of surface
area to volume for the fibers is significantly increased.
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It has been observed that the treatment of cellulose by alkalic
solutions makes cellulose molecules to move segmentally, which
leads to random chain folding and formation of folded-chain crys-
tallites [38]. Fig 2b shows that treatment with 20% NaOH, caused
the microfibrils become wavy and assemble into large bundles.
These bundles were not present in the original disintegrated MFC
(Fig. 2a). The formation of the cellulose bundles seems to be in-
duced by partial swelling of the microfibril fragments, whose sur-
faces tend to adhere to one another.

The effect of the succinic anhydride treatment is shown in
Fig. 2c. The fact that after succinylation procedure the nanocellu-
lose fibers had very coarse surfaces strongly suggests that the con-
siderable increase in roughness observed by these micrographs is
associated with polymer growth induced by the chemical coupling
of succinic anhydride with the surface OH groups. Specific surface
area of the adsorbent increased with the increasing roughness of
the surface, hence there are lot of sites for metal ions adsorption
on the surface. Overall, the SEM analysis showed rather different
kind of surface morphologies after different treatments of
nanocellulose.

3.2. Adsorption studies

3.2.1. Effect of pH

The removal of metal ions from aqueous solutions by adsorp-
tion depends on the solution pH since acidity of the solution affects
the ionization of the metal ions and concentration of the counter
H* ions of the surface groups. To maximize the removal of heavy
metals by the adsorbents, knowledge of an optimum pH is impor-
tant. To study the effect of H* concentration on metal removal, the
solution pH was varied from two to seven. The effect of pH on the
adsorption of Zn(II), Ni(II), Cu(II), Co(II) and Cd(II) by the modified
nanocellulose is presented in Fig. 4.

It is apparent from the figure that the extent of the metal re-
moval was dependent on pH. The adsorption capacities of metals
on modified nanocellulose increased with increasing pH. When
the pH values were lower (pH < 3), the concentration of protons
competing with metal ions for the active sites was higher [33].
The adsorbent surface was positively charged and metal ions with

1425 I
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Fig. 1. FTIR spectrum of MFC (a) and succinic anhydride modified nanocellulose (b).
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(a) Raw nanocellulose (MFC)

$4800 30.0kV 6.9mm x2.00k 2012-05-16

(b) Mercerized nanocellulose

54860 30.0kV 6:8mm 200k 2020516, 5

2(‘) Olunlw

Fig. 2. SEM images of MFC (a), mercerized (b) and succinic anhydride modified (c) nanocellulose.

positive charge had difficulties to approach the functional groups
due to electrostatic repulsion. Thus adsorption capacities were
found to be lower at lower pH values. With increasing pH
(pH > 3), the concentration of protons decreased and the adsorbent
surface charge became negative when electrostatic attraction in-
creased between the metal ions and the adsorbent. The maximum
adsorption of metals occurred at pH range from 3 to 7. Any precip-
itation of metals was not observed at pH 7, but in order to be sure
pH 5 was selected for the other experiments.

3.2.2. Effect of contact time

The effect of contact time on the adsorption of metals by
modified nanocelluloses is shown in Fig. 3. Experiments were
performed besides of room temperature at temperature of 10 °C
in order to see how modified nanocellulose is performing at

colder temperatures. During short contact times, adsorption
was very fast for all the metals (within 5min more than 50%
was adsorbed) due to the presence of numerous active sites on
the adsorbent surface. For Ni(Il), Cu(Il) and Co(II) adsorption effi-
ciency remained rather similar until 90 min at room temperature
and 120 min at 10 °C after which it started to increase again. This
indicates that part of the metals was instantly adsorbed and after
further mixing new adsorption sites became available possible
due to the diffusion of metals inside the pores of cellulosic mate-
rial. At colder temperatures, diffusion was slowed down and
therefore the increase of adsorption efficiency occurred later than
at room temperature. For Zn(Il) and Cd(II) over 99% adsorption
efficiency was instantly attained at both temperatures indicating
that these metals were absorbed by readily available adsorption
sites.
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Fig. 3. Effects of contact time on adsorption of metal ions by modified nanocel-
lulose at the room temperature and temperature of 10 °C.
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Fig. 4. Effect of pH on adsorption of metal ions by modified nanocellulose.

3.2.3. Adsorption isotherms

Adsorption isotherms describe the relationship between the
amount of adsorbate that is adsorbed and the concentration of dis-
solved adsorbate in the liquid at equilibrium. Because of the high
water concentration of the modified nanocellulose the isotherms
were determined for the both wet and dry weight of the adsorbent.
Dry weight was defined by drying 1 g of wet cellulose in an oven at

90 °C for 4 h and then storing it in a desiccator until its weight was
unchanged. Water content of the modified nanocellulose was
found to be 81%. In this study, the adsorption mechanisms were
analyzed by one two-parameter (Langmuir) and one tree-parame-
ter (Sips) isotherm models, which are commonly used to describe
experimental results in a wide range of concentrations.

Langmuir isotherm model, which is probably most often ap-
plied adsorption isotherm, was originally developed to describe
the gas-solid phase adsorption (in 1916). This model has produced
a good concordance with a wide variety of experimental data and
is expressed as follows:

1 g
Lte

where g. (mmol/g) is the equilibrium adsorption capacity, qm
(mmol/g) is the maximum amount of the metal ion per unit weight
of the adsorbent to form a complete monolayer coverage on the sur-
face bound at high equilibrium metal ion concentration C. (mmol/L)
and K (L/mmol) is the Langmuir equilibrium constant related to the
affinity of binding site. g, represents the practical limiting adsorp-
tion capacity when the surface is fully covered with metal ions,
assisting in the comparison of adsorption performance, and K; indi-
cates the bond energy of the adsorption reaction between metal and
material. The Langmuir isotherm defines the equilibrium parame-
ters of monolayer adsorption on homogenous surfaces by uniformly
distributed adsorption sites [15].

Modeling calculations were conducted using Microsoft Office
Excel 2007 software. Isotherm parameters were determined by
minimizing the Sum of the Squares of the Errors (ERRSQ) function
across the concentration range studied:

i

P 2
(qe,exp - qe.ta]c) <4)
=1

Fig. 4 shows that Langmuir isotherm model appeared to fit to
the experimental data well and the correlation coefficients of the
equations indicate that this model can explain metal ion adsorp-
tion by the modified celluloses satisfactorily (Table 1).

The estimated g, values were very close to the experimentally
obtained maximum metal uptakes for all the metal ions. The values

Table 1
The Langmuir and Sips parameters for Zn(II), Ni(II), Cu(Il), Co(Il) and Cd(II) ions
adsorption.

Type of metal qm (mmol/g) Gmexp (MMOI/g) Ki R?
Langmuir
Zn(II) wet 0.306 0.285 59.213 0.902
Zn(II) dry 1.610 1.500 59.213 0.902
Ni(IT) wet 0.141 0.135 12318 0.964
Ni(II) dry 0.744 0.716 12318 0.964
Cu(II) wet 0.361 0.342 58.889 0.849
Cu(II) dry 1.900 1.879 58.889 0.849
Co(II) wet 0.254 0.248 3.548 0.984
Co(II) dry 1.338 1.304 3.548 0.984
Cd(I1) wet 0.392 0.371 695.101 0.923
Cd(I1) dry 2.062 1.954 691.004 0.923
Gm (MMOI/g)  gmexp (Mmolfg)  ng Ks S
Sips
Zn(IT) wet 0.306 0.301 0.426 53.677 0.993
Zn(II) dry 1.610 1.600 0.426 53.677 0.864
Ni(II) wet 0.141 0.140 0.540 4.694 0.949
Ni(II) dry 0.744 0.722 0.737 10.335 0.977
Cu(II) wet 0.361 0.347 0.808 56.190 0.857
Cu(In) dry 1.900 1.828 0.808 56.190 0.857
Co(II) wet 0.254 0.253 0.606 2.490 0.989
Co(IT) dry 1.338 1.321 0.737 3.256 0.991
Cd(I1) wet 0.392 0.389 0.579 555.179 0.962
Cd(11) dry 2.062 1.954 0.579 555.179 0.962




S. Hokkanen et al./Chemical Engineering Journal 223 (2013) 40-47 45

were in the range from 0.141 to 0.392 mmol/g and from 0.744 to
2.062 mmol/g using the wet and dry weight of the modified nano-
cellulose, respectively.

The major variations in K; values of metal ions indicate that the
adsorption energies between the adsorbent and metal ions were
different. High K value of Cd(II) (695.2 and 691.0 mmol/L) corre-
lated with very fast adsorption and also K; values of the other me-
tal ions are consistent with the results of kinetic study.

The Langmuir model is often too simple to describe the complex
adsorption phenomena due to the surface heterogeneity or interac-
tions between adsorbing species. Therefore, the Sips isotherm,
which takes the surface heterogeneity into account, was tested as
well. The Sips isotherm is a combination of the Langmuir and Fre-
undlich isotherms and can be derived using either equilibrium or
thermodynamic approach [39,40]. It has a form of

ns
q. = 1qm(KSC&‘) - (5)
+ (KsCe)

where Ks (L/mmol) is the affinity constant and ns describes the sur-
face heterogeneity. When ns equals unity, the Sips isotherm returns
to the Langmuir isotherm and predicts homogeneous adsorption. At
high adsorbate concentrations, it predicts a monolayer sorption
capacity of the Langmuir isotherm [41,42].

The plots of the Sips isotherm are illustrated in Fig. 5 and the
examination of the results is presented in Table 1. Fig. 5 shows that
the equilibrium data fitted as well with Sips as Langmuir isotherm.
However, gy, values estimated by Sips model corresponded to the
experimentally obtained values of Gp,exp a little better than those
estimated by Langmuir model. Moreover, correlation coefficients
for Sips model were higher in most of the cases. The Ks indicated
the highest affinity of Cd(II) and the other results are consistent
with the Langmuir model. The heterogeneity factor (ns) values
were smaller than unity for all the metal ions with wet and dry
adsorbent indicating heterogeneous adsorption [41].

Adsorption capacities obtained for different metals should be
further compared. Based on the species distribution calculated by
MINEQL software [43]. Cu(Il) should be the most efficiently re-
moved by succinyl modified cellulose. Stability constants of metal
succine complexes in aqueous phase follow the order:
Cu > Cd > Zn > Co > Ni. However, in the present study the observed
order is Cd > Cu > Zn > Co > Ni suggesting that the immobilization
of the functional group seems to play an important role. The pri-
mary hydration number (N) of the studied metals follows the or-
der: Ni>Cu>Co>Zn>Cd and the hydrated radius (Ry) the
opposite order: Cd >Zn > Co > Cu > Ni. Cd(Il) has the lowest and
Ni(II) the highest ratio of these parameters (N/Ry). The metals with
lower N/Ry value have higher Columbic forces towards amorphous
oxide surfaces [44] and therefore could have higher affinity to-
wards cellulose surface, which also shows amorphous features
[45]. This could explain the highest adsorption efficiency obtained
for Cd(II) in this study as well as the fastest adsorption of Cd(II) and
Zn(II) observed in the kinetic experiments (Fig. 3). Comparison of
the adsorption efficiencies obtained in the present study to some
earlier work is presented in Table 2. The similar mercerization
treatment and the modification with succinic anhydride as Gurgel
et al. [8] was used in this study. It seems that modification by suc-
cinyl groups produced the most effective adsorption material for
most of the metals.

Even though the promising results obtained in this study it
should be noted that preparation of nanocellulose is an expensive
process at the moment. Therefore, practical applications of the
studied adsorbent are still far away in the future. It seems that
microcellulose modified in the similar manner gives better adsorp-
tion efficiency possible due to the fact that nanocellulose is more
easily aggregated. Possible, further optimization of the synthetic
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Fig. 5. Adsorption isotherms for Zn(II), Ni(II), Cu(II), Co(II) and Cd(II) adsorption by
modified nanocellulose.

route would improve the quality of the product. However, nanocel-
lulose with its unique properties remains highly interesting
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Table 2
Comparison of the Langmuir parameters obtained for the adsorption of different metals by modified cellulose based adsorbents.
Adsorbent Activating agent Modifying agent Metal ion qm (mmol/g) Ky (L/mmol) Ref.
Cellulose (CeINN) Phosphorous oxychloride Ethylenediamine Cu(I1) 1.639 [35]
Ni(IT) 0525
Zn(II) 1.059
Cellulose (Celen) Thionyl chloride Ethylenediamine Cu(I1) 1.491 1.588 [36]
Ni(II) 1.516 1.155
Zn(1I) 1.118 0.196
Co(Il) 2.011 1.532
Mercerized cellulose Pyridine Succinic anhydride Cu(In) 2.421 196.687 [8]
cd(Ir) 2.222 204.361
Pb(I1) 2413 1036.5
Mercerized nanocellulose Pyridine Succinic anhydride Co(II) 1.338 3.548 This study
Ni(II) 0.744 12318
cu(ln) 1.900 58.889
Zn(1l) 1.610 59.213
cd(In) 2.062 691.004

material to work with and most likely its preparation will be less
expensive in the future increasing its practical applicability.

3.3. Adsorption mechanism

The surface of the succinic anhydride and sodium bicarbonate
solution treated nanocellulose contains ester functions including
sodium ions or hydroxyl ions as functional groups. Based on the
chemical interactions that might have occurred during metal re-
moval by the adsorbent the mechanisms could be expressed as
follows:

M" + n(~COONa) « (—COONa),M T +nNa’

M"™ 4 n(-~COOH) « (—~COOH),M 1 +nH"

where (-COONa) or (-COOH) represents the surface functional
groups of modified nanocellulose and n is the coefficient of the reac-
tion component depending on the oxidation state of the metal ion.
M™ represents metals: Zn®*, Ni%*, Cu*, Co®", or Cd?".

3.4. Regeneration study

Stability of the adsorbent was investigated by regeneration
experiments. This procedure is necessary to restore the original
adsorption capacity of the adsorbent and it also enables recovering
valuable metals from wastewater streams. In this study, Zn(II),
Ni(Il), Co(Il) and Cd(Il) were desorbed from succinic anhydride
modified nanocellulose using 1 M nitric acid. Zn(II) ions desorption
from the adsorbent was also conducted using 1 M formic acid, 1 M
ascorbic acid and 1M acetic acid. Results with using HNO3 as
regenerant presented in Table 3 were obtained for different metals
at the same conditions (metals concentration: 200 mg/L; dose of
adsorbent: 3 g; volume of regenerant: 0.015L).

The regeneration results after adsorption suggest that adsorp-
tion efficiency was affected by regeneration. After the first cycle
of regeneration, the adsorption capacities of the adsorbents for
Zn(1I), Ni(II),Co(II) and Cd(Il) decreased 11-25% and after second
cycle decreased 72-86%. The result also suggests that 15 s ultra-
sonic treatments after HNOs; could effectively regenerate the
adsorbent with regeneration efficiencies ranging from 96% to 100%.

It seems that during the regeneration process the fibers of the
succinic anhydride modified nanocellulose were intertwined or
accumulated causing decrease in adsorption efficiency, but were
again in the free spaces for the metal ions on the surface of adsor-
bent after ultrasonic treatment. This indicates the suitability of
HNOs as the regenerant for succinic anhydride modified nanocellu-
lose, but the ultrasonic treatment is necessary. The results of

Table 3
Regeneration of modified nanocellulose for Zn(1I), Ni(II), Co(Il) and Cd(Il) by 1M
HNO;.

No. Adsorption capacity Regeneration

efficiency (%)

Before regeneration  After regeneration

(mg/g) (mg/g)

Zn

1. 0.0106 0.0080 75.47
2. 0.0106 0.0015 14.15
After ultrasonic ~ 0.0106 0.0101 95.28
Ni

1. 0.0118 0.0088 74.57
2. 0.0118 0.0022 18.64
After ultrasonic ~ 0.0118 0.0113 95.76
Co

1. 0.0122 0.0100 89.28
2. 0.0122 0.0031 27.68
After ultrasonic ~ 0.0122 0.0119 106.25
cd

1. 0.0067 0.0053 79.10
2. 0.0067 0.0019 28.36
After ultrasonic ~ 0.0067 0.0064 95.52

regeneration using the other acids without ultrasonic treatment
after Zn(II) adsorption are presented in Table 4.

Table 4 suggests that the regeneration efficiency using the other
acids than HNO3; was very low for Zn(Il) ions. It should be noted
that the regeneration efficiency between the first and the second
regeneration cycle remained almost the same. It may indicate that
the weak acids like ascorbic, formic and acetic acids are not suit-
able for regeneration process or the concentration of the acid solu-
tions were not high enough.

A poor desorption of metal ions from adsorbent surface using
acidic treatment may indicate that new amorphous contacts joint
together by hydrogen bonds and additional Van der Waals bonds

Table 4
Regeneration of modified nanocellulose for Zn(1I) by 0.1 M formic acid, ascorbic acid
and acetic acid.

No. Type of acid Adsorption capacity Regeneration

(0.1 M) Before After efficiency (%)

regeneration regeneration
(mg/g) (mg/g)

1. Formic acid 0.0033 0.0014 42.43

2. Formic acid 0.0033 0.0013 39.39

1. Ascorbic acid 0.0051 0.0014 27.45

2. Ascorbic acid 0.0051 0.0013 25.49

1. Acetic acid 0.0050 0.0012 24.00

2. Acetic acid 0.0050 0.0011 22.00
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between nanofibrils were formed. Therefore, free-adsorption sur-
face area decreased and the high-power ultrasound treatment
was needed for regeneration.

4. Conclusion

Succinic anhydride modified mercerized nanocellulose was
found to effectively adsorb Zn(II), Ni(Il), Cu(II), Co(Il) and Cd(II)
from aqueous solutions. The maximum adsorption capacities of
adsorbent (Langmuir/Sips) ranged from 0.14/0.16 to 0.37/
0.40 mmol/g. Because of the high water concentration of the mod-
ified nanocellulose the isotherms were also determined using the
dry weight of the adsorbent. The same results using dry weight
of adsorbent were from 0.71/0.74 to 1.96/2.08 mmol/g. Both mod-
els were representative to simulate adsorption isotherms. More-
over, modified nanocellulose could be regenerated after
ultrasonic treatment with regeneration efficiencies ranging from
96% to 100%. On the whole, the succinic anhydride-modified nano-
cellulose showed the potential to be applied in different water
treatment applications for the removal of heavy metals.
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Abstract The aim of the present study was to
investigate the adsorption properties of aminopropyl-
triethoxysilane (APS) modified microfibrillated cellu-
lose (MFC) in aqueous solutions containing Ni(II),
Cu(Il) and Cd(II) ions. The modified adsorbents were
characterized using elemental analysis, Fourier trans-
form infrared spectroscopy, SEM and zeta potential
analysis. The adsorption and regeneration studies were
conducted in batch mode using various different pH
values and contact times. The maximum removal
capacities of the APS/MFC adsorbent for Ni(II), Cu(II),
and Cd(II) ions were 2.734, 3.150 and 4.195 mmol/g,
respectively. The Langmuir, Sips and Dubinin-Rad-
ushkevich models were representative to simulate
adsorption isotherms. The adsorption kinetics of Ni(II)
Cu(Il), and Cd(II) adsorption by APS/MFC data were
modeled using the pseudo-first-order, pseudo-second-
order and intra-particle diffusion kinetics equations. The
results indicate that the pseudo-second-order kinetic
equation and intra-particle diffusion model were ade-
quate to describe the adsorption kinetics.
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Introduction

The removal of heavy metal pollutants from waste-
waters has become a critical issue because of their
adverse effects on human health and the environment
(Linetal. 2011; Huang et al. 2011). Heavy metals such
as Cd(II), Cu(Il) and Ni(II) are toxic, non-biodegrad-
able, and often accumulate in the food chain (Muham-
mad et al. 2011). Several industrial fields such as
mining, metal plating, the metallurgical industry, and
the manufacturing of plastics, fertilizers, and pigments
produce waste waters containing heavy metals
(Muhammad et al. 2011; Huang et al. 2008; Huang
etal. 2009). The removal of metals from waste streams
is important not only due to their toxicity but also to
the possibility to recover and reuse metals in many
industrial applications.

Conventional methods including chemical precipita-
tion, flocculation, membrane separation, ion exchange,
evaporation, and electrolysis have been used to remove
heavy metal ions from various industrial effluents. These
methods are often costly or ineffective, especially in
removing heavy metal ions from dilute solutions (Ng
et al. 2002; Bayramoglu et al. 2002). Adsorption has
shown to be one of the most efficient and technically
feasible methods for metal removal from aqueous
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solutions. So far, activated carbon has been the most
popular material in wastewater treatment for heavy
metal removal. However, the high cost and difficult,
energy consuming regeneration of this material makes
its application less economically attractive on an indus-
trial scale (Babel and Kurniawan 2003). Consequently,
to reduce the operational costs, the search for alternative
adsorbents has intensified in recent years. For example,
natural bentonite (Babel and Kurniawan 2003), orange
peel (Ajmal et al. 2000), chitosan (Repo et al. 2010;
Bhatnagar and Sillanpéd 2009; Guibal 2004), anaerobic
granular sludge (van Hullebusch et al. 2005; Virkutyte
et al. 2005) and activated carbon (Bhatnagar and
Sillanpdad 2010) have been tested for heavy metal
removal. However, these materials usually have low
adsorption capacities in as-received forms and further
modifications are required to improve their applicability.

Cellulose is the most abundant renewable biopoly-
mer in nature. Moreover, it is one of the most
promising raw materials available in terms of cost
for the preparation of various materials with designed
properties and functionalities by means of self-
assembly of different guest substrates, such as metal
oxide thin films, small molecules, polymers, biomac-
romolecules, nanoparticles, carbon nanotubes and
colloidal spheres (Huang and Gu 2011).

Nano- and micro-celluloses, consisting of a wide
variety of minuscule particles from nano-sized whis-
kers to micron-sized microfibril aggregates, are con-
sidered to be amongst the most potential bio-based
materials for future high-end applications. Being
environmentally friendly, nanocellulose could be one
of the most promising nanomaterials in environmental
applications such as water purification, and biological
and environmental monitoring, such as sensors and
bioimaging (Razaqetal. 2012; Lan et al. 2012; Li et al.
2012.; Moritz and Geszke-Moritz 2013). The feasi-
bility of nano- and micro-celluloses is further pro-
moted by their large surface area, chemical
accessibility and functional flexibility.

However, cellulose by itself cannot be satisfactorily
applied for chelating or adsorbing heavy metal ions,
and that is why many attempts have been made to
utilize cellulose as a metal ion adsorbent through
chemical and physical modification (Abdelmouleh
et al. 2004; Vismara et al. 2009; Dahou et al. 2010; Ma
et al. 2011; Zhao et al. 2009). Chemical modification
using coupling agents enabled an interface to create a
chemical bridge between the reinforcement and
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matrix. For that purpose, silanes are recognized as
efficient coupling agents and they are already exten-
sively used in composites and adhesive formulations
(Rider and Arnott 2000). C-aminopropyltriethoxysi-
lane (APS) is a kind of silane coupling agent bearing
one amino group in one molecule. This silane coupling
agent is easily hydrolyzed to the silanol group, and can
be further dehydrated with surface hydroxyl groups of
cellulose. Moreover, the amino groups could bind
heavy metal anions and thus improve the adsorption
capacity. Aminosilanes, especially APS, are most
extensively studied literature as coupling agents
between natural fibers and thermoplastics or thermo-
sets (Bisanda and Ansell 1991; Maldas et al. 1989
Abdelmouleh et al. 2005; Serier et al. 1991; Matuana
et al. 1998).

It is expected that amino functionalized cellulose
poses a rather similar adsorbing environment than
chitosan whom primary amino groups play an impor-
tant role in complexing metal cations as well as anions.
It has been observed that metals are coordinated by
amino groups and hydroxyl groups (Wang et al. 2005),
which are also present in amino functionalized cellu-
lose. The affinity for different metals has followed
an order of Cu(ll) > Hg(I) > Zn(Il) > Cd(I) >
Ni(IT) > Co(Il) ~ Ca(Il) independently on the size
and hardness of the ion (Rhazi et al. 2002). Similar
behavior is also expected for the amino functionalized
cellulose.

In this study, aminosilane (APS) modified nano-
structured microfibrillated cellulose (MFC) was used
to adsorb Cd(II), Cu(ll) and Ni(II) from aqueous
solutions. The effects of metal concentration, contact
time, and pH on the adsorption were considered. The
results related to the adsorption capacity and regen-
eration of the adsorbent used are very promising.

Materials and methods
Chemicals and solutions

All solutions were prepared in Millipore milliQ high-
purity water. The reactant 3-aminopropyl-triethoxysi-
lane (APTES) >98 % and all other chemicals used in
this study were of analytical grade and supplied by
Sigma-Aldrich (Germany). Metal stock solutions of
1000 mg/L. were prepared by dissolving appropriate
amounts of Ni(II), Cu(Il) and Cd(II) nitrate salts in
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deionized water. The pH was adjusted using 0.1 M
NaOH or 0.1 M HNOs.

Microfibrillated cellulose

Microfibrillated cellulose (MFC I) was purchased
from the University of Oulu, Finland. Bleached birch
(Betula pendula) chemical wood pulp obtained in dry
sheets was used as a cellulose raw material after
disintegration in deionized water. The polysaccharide
content in the pulp was determined with high perfor-
mance anion exchange chromatography (HPAEC-
PAD) (Zuluaga et al. 2009), the lignin content by using
(TAPPI-T 222 om-02) and the extractive content with
(SCAN-CM 49:03). The cellulose content of the pulp
was 74.8 % and the content of hemicelluloses (xylan
and glukomannan) was 24.7 %. The amount of lignin
was 0.4 % and that of acetone soluble extractives
0.08 %. Prior to homogenizing, the bleached birch
pulp was grounded in a Valley beater at a consistency
of 2.0 % for 50 h, utilizing 5,503 g of weight. The
pulp was then diluted at a consistency of 0.7 % and
homogenized with a homogenizer (Invensys APV
2000, Denmark) at a pressure of 350-1,200 bar to
create MFC 1.

Modification of microfibrillated cellulose

Microfibrillated cellulose (MFC 1) (1.0 g) was reacted
with a coupling agent, APTES (20 g) in a 80/20 v/v
ethanol/water mixture under magnetic stirring for 2 h.
The modified cellulose was centrifugted and washed
once with an 80/20 v/v ethanol/water mixture and two
times with distilled water (Abdelmouleh et al. 2005).

Optimization of the synthesis

The optimization of the synthesis is important due to a
large infected area of the nano-size material. The
concentration of the coupling agents and the synthesis
time were optimized. The optimal amount of coupling
agents was determined by adding different amounts (0,
10, 20, 25 and 30) of APTES to 1.0 g of cellulose
suspension in an 80/20 v/v ethanol/water mixture and
by stirring for 2 h. The optimal synthesis time was also
tested using stirring times of 1, 2, 4, 6 and 24 h.
Because of the high water concentration of the
modified nanocellulose, the isotherms were deter-
mined for the dry weight of the adsorbent. The dry

weight was defined by drying 1 g of wet cellulose in an
oven at 105 °C for 4 h and then storing it in a
desiccator until its weight remained unchanged. The
water content of the modified nanocellulose was 98 %.

Characterization of APS modified MFCs

Fourier transform infrared spectroscopy (FTIR) type
Vertex 70 by B Bruker Optics (Germany) was used to
identify the surface groups of the synthesized nano-
cellulose. An attenuated total reflection (ATR) -FTIR
spectra were recorded at 4 cm™" resolution from 400
to 4,000 cm™"' and 100 scans per sample. FESEM
(Zeiss Ultra Plus, Germany) was used for imaging the
samples. As pretreatment, the samples were filtered to
a polycarbonate membrane with a pore size of 0.2 um,
followed by rapid freezing with liquid nitrogen and
freeze-drying in a vacuum overnight. The dried
samples were then sputter-coated with platinum. A
voltage of 10 kV and a working distance of 5 mm
were used when imaging the samples. The instrument
used for C, H and N determination was Organic
Elemental Analyzer Flash 2000 (Thermo Scientific,
Germany). Approximately 2.5 mg of the sample in a
capsule made of tin (assay of C, H and N) was burned
at 920-1,000 °C. The quantity of each element is
expressed in a percentage of dry mass. The surface
charge and point of zero charge of the modified and
unmodified cellulose were determined by isoelectric
point titration as a function of pH by using Zetasizer
Nano ZS (ZEN3500, Malvern).

Acid/based titration was used to determine the
carboxyl group content of unmodified MFC. A few
milligrams of model compounds or 0.40 g of unmod-
ified MFC were dissolved in 10 mL of distilled water
at room temperature. The coloured indicator was
added (0.50 mL of 5 % (w/v) phenolphthalein) into
the solution. The solution was titrated with 0.10 M
HCl under magnetic stirring. The titration was stopped
at the visual endpoint when the color change was
stable. The titration procedure was repeated three
times. The carboxyl group content of the sample is
obtained according to
COOH = Cct * muct (1)

mmyrc
where Cpc is the concentration of HCl (mmol/g),
mycy, 1s the acid consumption during the titration (mg)
and mypc is the mass of MFC solution sample (mg).
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All presented values are the mean value of three
parallel measurements.

Batch adsorption experiments

Batch adsorption tests were performed at room
temperature to obtain equilibrium isotherms. For
isotherm studies, adsorption experiments were carried
out by stirring 0.05 g of APS modified MFC with a
0.015 L metal solution containing each metal at
concentrations ranging from 0.1 to 10.0 mmol/L.
The adsorption efficiency study of unmodified MFC
was performed in the same conditions using a solution
containing each metal at concentrations of 0.5 and
2.0 mmol/L.

The effect of contact time was studied in a reaction
mixture of 0.30 g of adsorbent and 0.350 L of solution
containing each metal at concentrations of 0.34 mmol/
L. The mixtures were agitated under magnetic stirring
using an individual decanter glass for each metal
reaction mixture. Samples of 2 mL were pipetted from
the reaction mixtures according to schedule. The
contact time was varied from 1 to 2,880 min.

After centrifugation, metal concentrations were
analyzed by an inductively coupled plasma optical
atomic emission spectrometry (ICP-OES) model
iCAP 6300 (Thermo Electron Corporation, USA).
Ni(II) was analyzed at a wavelength of 231.605 nm,
Cu(Il) at 324.754 nm and Cd(II) at 226.502 nm.

In order to obtain the adsorption capacity (g), the
amount of ions adsorbed per mass unit of APS
modified MFC (mg/g) was calculated with the
following formula:

(Ci - Ce)
qe = M 14 (2)
where C; and C. are the initial and the equilibrium
concentrations (mmol/L), while M and V are the
weight of the adsorbent (g) and the volume of the
solution (L).

The removal efficiency (R %) of the adsorbent was
calculated with the following formula:

|:Ci — Ce

i

R(%) =

} x 100 (3)
Regeneration studies

The regeneration of the modified MFC was studied in
Ni(II), Cu(Il) and Cd(II) solutions. At first, adsorbents
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were loaded by metal ions by mixing 1 g of the
adsorbent with 0.015 L of 1.8 to 3.4 mmol/L metal
solution. After attaining equilibrium, the spent adsor-
bent was separated from the solution by centrifuge.
Metal ions were eluted using 0.1 M HNOj3, 0.1 M
NaOH and 0.1 M EDTA. The regeneration efficiency
(%RE) of the adsorbent was calculated as follows:

(%RE) = 17 % 100 4)
q0

where g, and g, are the adsorption capacities of the

adsorbents (mmol/g) before and after regeneration,

respectively.

Results and discussions
Characterization of APS modified MFC

The characterization of APS treated MFC was accom-
plished by FTIR spectroscopy, SEM images, an
elementary analyzer and zeta potential measurements.
Figure 1 shows the FTIR spectrum of APS modified
(I) and pure MFC (II). The spectrum of both materials
showed a broad —OH absorption band in the region of
3,250-3,500 cm . For APS treated MFC, the absence
of the characteristics of free NH, modes (3,470 cm™")
is attributed to the hydrogen bonding between almost
all of the NH, groups and the nearby attached hydrogen
atoms (Abdelmouleh et al. 2004; Metwalli et al. 2006).
Two absorbing peaks emerged at 2,920 and
2,850 cm ™', corresponding to the tension and vibra-
tion of —CH,. A new peak appeared at 1,625 cm™',
implying the vibration and bending of N—H. The bands
at 1,575 and 1,480 cm ™" are typical for the deforma-
tion modes of the NH, groups hydrogen bonded to the
OH functions of both silanol moieties and cellulosic
substrate. The peaks from 1,350 to 1,250 cm™! may
imply the extension bending of C—N. The large intense
bands around 1,100 and 980 cm™~! are related to the
—Si—O-Si- linkage and —Si-O—Cellulose bond (Wu
et al. 2000; Barbot et al. 2007; Wu et al. 1999).

The morphological characteristic of the unmodified
and modified MFC was investigated with FESEM.
Figure 2a shows a typical surface morphology for both
APS modified and unmodified cellulose fiber. The
fibrous nanostructure of MFC remained largely
unchanged after modification. Hence there were
enough sites for metal ion adsorption on the surface.
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Fig. 1 FTIR spectra of 8
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Fig. 2 SEM picture of unmodified and APS modified MFC

Overall, the FESEM analysis showed rather different
surface morphologies due to modification by APS.
FESEM images also verified that the structure of the
adsorbent material was nano-sized (50 nm).
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Table 1 The content of N in APS modified MFC obtained
from elemental analysis

Material M Content of Molar percentages
(mg) amine
groups

(mmol/g)

C H N o

Unmodified 2.61
MFC

APS/MFC 253 23

33.05 0.44 66.51

3546 048 343 60.70

The elemental analysis of unmodified and APS
modified MFC (Table 1) shows a high level of carbon
(33.05 and 35.46 mol%) and oxygen (66.51 and
60.70 mol%), and a low level of hydrogen (0.44 and
0.46 mol%) and nitrogen (3.43 mol% only for APS
modified MFC). After modification with aminosilane,
an obvious increase in nitrogen content can be
observed, which corresponds to the introduction of
amine groups on the cellulose surface. Thus, the
elemental analysis results also confirm the success of
grafting.

The isoelectric point was determined by zeta
potential measurements for both unmodified MFC
and APS/MFC. For APS/MFC, the isoelectric point
was found to be at pH 5.65, while it was roughly pH
3.9 for unmodified MFC (Fig. 3). The latter is
consistent with earlier results obtained for nanocell-
ulosic materials (Lee et al. 2011). A change in the
isoelectric point after modification is caused by the
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Fig. 3 Zeta potentials as a function of pH

amino groups on the surface of the modified cellulose.
The isoelectric point was shifted towards alkaline pH
close to the value determined for example for chitosan
(pH ~ 6.5), which is also an amino-functionalized
natural biopolymer (Ahire et al. 2007).

The surface charge dependency on the solution pH
of the both unmodified and modified MFC followed a
similar trend. A positive surface charge at acidic pH
indicated a protonation of the surface groups and
negative surface charge at alkaline conditions the
release of protons into the solution. However, nano-
cellulose with quaternized amine groups have shown
overall positive surface charge even at pH 8.3
(Olszewska et al. 2013) indicating its higher cationic
nature compared to the cellulose with primary amino
groups used in this study.

Synthesis optimization

Synthesis was optimized with respect to the contact
time and concentration of APTES by following metal
adsorption on the modified MFC. Figure 4a, b shows
that 40 % (0.20 g) of the APTES concentration of the
nanocellulose weight and a 2 h contact time were the
optimal conditions for interaction between all avail-
able hydroxyls of MFC fibers and silanes.

The interaction of silane coupling agents with
natural fibers may mainly proceed through hydrolysis,
self-condensation or oligomer condensation, adsorp-
tion (and grafting) (Salon et al. 2007; Arkles et al.
1992) (Fig. 5). In hydrolysis reaction, the silane
monomers are hydrolyzed in the presence of water
liberating alcohol and yielding reactive silanol groups.
During the hydrolysis process, the condensation of
silanols (aging) also takes place. The reaction is shown
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Effect of the contact time between APS and MFC
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Fig. 4 Optimizing synthesis conditions. a Effect of the contact
time between APS and MFC. b Effect of the concentration of
APS

in Fig. 5. Figure 4a shows that the adsorption capacity
of APS/MFC decreased after 2 h of synthesis. This
may indicate that the condensation reaction dominated
after 2 h; hence, the amount of free silanols decreased.
The condensed silanol groups cannot be adsorbed by
the hydroxyl groups of MFC. In general, the amount of
binding sites for metal ions decreases if the synthesis
time is excessive.

The reactive silanol monomers or oligomers are
physically adsorbed to hydroxyl groups of MFC via
hydrogen bonds of the cellulose surfaces (surface
coating), which depends on the molecular size of silanol
monomers/oligomers formed (Fig. 5) (Salonetal. 2007,
Arkles et al. 1992). Free silanols also adsorb and react
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Fig. 5 Silane monomers
are hydrolyzed in the
presence of liberating
alcohol and yielding
reactive silanol groups. The
hydrogen bonds between
silanols and hydroxyl
groups of fibers can be
converted into the covalent
bonds liberating water
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with each other, thereby forming rigid polysiloxane
structures linked with a stable —Si—O-Si— bond.
Grafting occurs as a general rule under heating
conditions, when the hydrogen bonds between the
silanols and the hydroxyl groups of fibers can be
converted into covalent —Si—-O-C- bonds liberating
water. The residual silanol groups in the fibers will
further condense with each other. The bonds of —Si—
O-C- may not be stable towards hydrolysis; however,
this bond is irreversible when the water is removed at a
raised temperature. This step is not possible with MFC
because drying makes nanocellulose material stone-
like, rendering its use as an adsorbent impossible.

Adsorption studies

Effect of pH

The removal of metal ions from aqueous solutions by
adsorption is dependent on the solution pH because it

affects the adsorbent surface charge, the degree of
ionization, and the speciation of adsorbates. Figure 6
shows that at solution pH = 2, the adsorption effi-
ciency of Cd(II), Cu(Il) and Ni(Il) by APS/MFC was
nearly zero. In an acidic environment (pH < 3), a
relatively high concentration of protons strongly
competed with cationic metal ions for free amine
sites, and thus, the adsorption of metal ions signifi-
cantly decreased. On the other hand, the protonation of
the amine groups led to a strong electrostatic repulsion
towards the metal ions to be adsorbed. With an
increasing pH, the competition of protons with metal
ions for the amine groups became less significant, and
more amine groups existed in their neutral form. This
reduced the electrostatic repulsion between the surface
and metal ions enhancing adsorption.

At alkaline conditions (pH > 7), metal ions pre-
cipitate as M(OH),(s), and the amount of aqueous
forms of M>*, M(OH)*, M(OH)M(OH)3,M(OH)3
and M(OH)3™ vary with the solution pH. Hydroxyl
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Fig. 6 Effect of pH on the adsorption of Cd(II), Cu(Il), and
Ni(II) ions by APS/MFEC (dose 0.86 g/L; metal ion concentra-
tion 50 mg/L; contact time 20 h)

forms of metal species are not adsorbed effectively on
the anionic surfaces. For Cu(Il), hydroxyl forms are
dominating already at pH 7, where the amount of Cu”"
is 22.7 %, Cu,0H,>" 14.1 %, CusOH,** 14.1 %, and
CuOH"' 6.5 % (Visual MINTEQ). This explains
decreasing adsorption capacity of Cu(Il) at these
conditions

Figure 6 also indicates that Cd(II) adsorption
decreased when the solution pH exceeded 6 and its
adsorption was completely inhibited at pH 7. Ni(Il)
adsorption decreased when the solution pH exceeded
5. Cd(II) and Ni(II) do not form hydroxides in this pH
range (Visual MINTEQ), but it is likely that at more
alkaline conditions amino groups bound on the
cellulose surface contribute to a fast hydrolysis
reaction of the Si—-O-C bond leading the leaching of
APTES into the solution. This observation was
confirmed by studying the leaching of the APTES
from the surface of APS modified MFC by reaction
with alkaline solutions at pH ranging from 6 to 9. The
experiments were carried out by stirring 0.05 g of APS
modified MFC with a 0.015 L alkaline solution over a
period of 8 h. After centrifugation, the nitrogen
concentrations were analyzed by using a photometric
analyzer (Thermo Scientific Aquakem 250, Finland).
Table 2 shows that when pH was varied from 6 to 9 the
leaching of the functional groups from the surface of
the adsorbent increased. This has also been observed
earlier for APTES modified silica gel (Etienne and
Walcarius 2003). As a result, the optimum pH for
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Table 2 The effect of the pH for the leaching of APTES
(=nitrogen) into the solution

pH of the Nitrogen concentration
solutions of solution (pg/L)
6 240
7 310
8 1,200
9 1,700
35 -
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Fig. 7 Effect of contact time on the uptake of Cd(II), Cu(Il),
and Ni(Il) ions by APS/MFC (initial concentration 50 mg/L;
dose 0.86 g/L; pH 5.0)

Cd(II), Cu(Il) and Ni(II) adsorption by APS/MFC was
found to be in the pH range of 4-6, and all further
experiments were carried out at pH = 5.

Effect of contact time

In order to establish the equilibration time for the
maximum adsorption capacity and to define the rate of
the adsorption process, the adsorption capacities of
Cd(I, Cu(I) and Ni(IT) on APS/MFC were measured
as a function of time and the results are shown in Fig. 7.
As shown in Fig. 7, all metals were rapidly
removed by adsorbent. During the first 5 min, 97 %
of Cd(I), 75 % of Cu(Il) and 83 % of Ni(Il) were
removed by APS/MFC, indicating that these metals
were absorbed by readily available adsorption sites.
It is seen that the adsorption rate was initially fast
with 50 % of the Cd(Il) adsorbed within 1 min, and
adsorption equilibrium was attained in <8 min. For
Cu(I) and Ni(II), 50 % adsorption was completed
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Table 3 Kinetic parameters for Ni(II), Cu(Il) and Cd(II) adsorption on APS/MFC

Metal Co (mmmol/L) Qe exp (Mmol/g) e (mmol/g) k; (min~") R?
Pseudo-firs-order

Cd(II) 0.34 291 2.33 0.5038 0.642
Cu(II) 0.34 2.93 2.32 0.0235 0.798
Ni(II) 0.34 2.96 2.98 0.1190 0.970
Metal Cy (mmol/L) Ge.exp (Mmol/g) qe (mmol/g) ko (min™") R?
Pseudo-second-order

Cd(II) 0.34 291 2.92 0.3380 0.927
Cu(II) 0.34 2.93 2.56 0.0123 0.895
Ni(II) 0.34 2.96 3.1484 0.0566 0.942

within 80 and 8 min, respectively, and adsorption
equilibrium was attained within 160 and 35 min,
respectively. An inspection of the uptake—time curves
shows that the maximum uptake follows the order
Cd(I) > Ni(IT) > Cu(Il) at all time intervals. The
kinetic curves for Cd(II) and Ni(II) ions show that the
adsorption was initially rapid. The fast rate observed
in this study may, to some extent, be attributed to the
higher concentration of functional groups on the APS/
MEC surface enabled by its nanostructure.

It is known that the adsorption process could be
controlled by various mechanisms such as mass transfer,
diffusion, chemical reactions and particle diffusion
(Unlua and Ersoz 2006). In order to clarify the
adsorption process, several adsorption models such as
pseudo-first-order and pseudo-second-order models
were used to identify the rate and kinetics of adsorption
of Cd(II), Cu(II), and Ni(IT) on the APS/MFC adsorbent.

The linear pseudo-first-order equation is repre-
sented by

In(g. — q;) = Ing, — (5)

ky
2303
where k; (min~") is the pseudo-first-order adsorption
rate constant, ¢, is the amount of metal adsorbed at
time ¢ (min), and ¢. denotes the amount of metal
adsorbed at equilibrium, both in mmol/g.

The linear pseudo-second-order equation can be

expressed as

t 1 t
- 4 6
@ kg qe ©

where k&, [g/(mmol min)] is the adsorption rate
constant of the pseudo-second-order.

The kinetic parameters for adsorption of Cd(II),
Cu(Il), and Ni(II) are given in Table 3. The experi-
mental g, values are in agreement with the calculated
values of both pseudo-first-order and pseudo-second-
order kinetics.

Based on the obtained correlation coefficients, the
pseudo-second-order equation was the model that
yielded the best fit for the experimental kinetic data
with Ni(II), Cd(Il) and Cu(Il). This suggests that
chemical sorption is the rate-limiting step of the
adsorption mechanism and that mass transfer is not
involved in the solution (Monier et al. 2010; Atia et al.
2008; Guibal et al. 1998; Repo et al. 2010). Mean-
while, the data was found not to fit the pseudo-first
order model, as indicated by the low R? values
(Table 3). Generally, all the R? values were rather low
for both of the pseudo kinetic models, which can be
attributed to very fast adsorption occurring at the
beginning of the experiments. However, the results
can be used to notify the fastest removal rate of Cd(II)
indicated by its highest rate constant value.

To investigate if the film or pore diffusion was the
controlling step in the adsorption, a model of intrapar-
ticle diffusion was tested as follows:

q =X + K> (7)

where g, is the amount of metal ion adsorbed at time ¢,
K; is the intraparticle diffusion rate constant (mmol/
g min~*%), and X represents the boundary layer
diffusion effects. As the value of X decreases, the
effect of boundary layer diffusion decreases. The plot
of adsorption capacity versus the square root of time
(Fig. 7) gives a straight line that does not pass through
the origin. This indicates that the adsorption of metals
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by modified MFC is controlled by intraparticle
diffusion along with the boundary layer diffusion,
and adsorption may take place through a multi-step
mechanism comprising (I) external surface adsorption
or instantaneous adsorption, (II) intraparticle diffusion
and (IIT) interaction between the adsorbate and active
site. At the final stage, the intraparticle diffusion starts
to slow down due to the low metal concentration in the
solution (Guibal et al. 1998; Cheung et al. 2007).

Adsorption studies and isotherms

The equilibrium adsorption isotherm is fundamental in
describing the interactive behavior between the adsor-
bate and adsorbent, and the relationship between the
concentration of adsorbed and dissolved adsorbate at
equilibrium. For the adsorption isotherm studies, the
initial metal ion concentrations were in the range of
10-300 mg/L.

In this study, the adsorption mechanisms were
analyzed by one two-parameter (Langmuir) and one
tree-parameter (Sips) isotherm models, which are
commonly used to describe experimental results in a
wide range of concentrations.

The Langmuir isotherm model was originally
developed to describe the gas—solid phase adsorption.
It models the monolayer coverage of the adsorptive
surface. The model assumes that adsorption occurs at
specific homogeneous adsorption sites within the
adsorbent, and intermolecular forces decrease rapidly
with the distance from the adsorptive surface. The
Langmuir adsorption model further assumes that all
the adsorption sites are energetically identical and
adsorption occurs on a structurally homogeneous
adsorbent. The Langmuir equation is expressed as
follows:

_ quLCe' (8)
“=T¥K.C,
where ¢g. (mmol/g) is the equilibrium adsorption
capacity and ¢, (mmol/g) is the maximum amount
of the metal ions adsorbed per unit weight of the
adsorbent. The latter also describes the formation of
complete monolayer coverage on the surface at high
equilibrium metal ion concentration C. (mmol/L).
Furthermore, ¢, represents the practical limiting
adsorption capacity when the surface is fully covered
with metal ions, assisting in the comparison of
adsorption performances of different adsorbents. Kj
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(L/mmol) is the Langmuir equilibrium constant
related to the affinity of the binding sites and indicates
the bond energy of the adsorption reaction between
metal and material (Ho et al. 2002; Repo et al. 2010).

Modeling calculations were conducted using
Microsoft Office Excel 2007 software. Isotherm
parameters were determined by minimizing the Sum
of the Squares of the Errors (ERRSQ) function across
the concentration range studied:

P
Z (qe‘exp - qe,calc)z (9)
i=1

Figure 8 shows that the Langmuir isotherm fit
rather well with the experimental data, and especially
for Ni(II), the adsorption was supported also by the
estimated ¢,,, value and high R? value (Table 4). For
Cu(Il), however, the Langmuir model could not
predict the experimental behavior indicating more
complex adsorption phenomena than simple mono-
layer formation. Significant variations in K| values of
metal ions indicate that the adsorption energies
between the adsorbent and metal ions were different.
The high K values of Cd(II) and Ni(II) ions correlated
well with theast adsorption and low Ky value of Cu(II)
with the slower adsorption seen in kinetic
experiments.

The Langmuir model is often too simple to describe
the complex adsorption phenomena due to the surface
heterogeneity or interactions between adsorbing spe-
cies. The Sips isotherm is a three-parameter isotherm
appearing as a combination of the Langmuir and
Freundlich isotherms and is therefore also called the
Langmuir—Freundlich (Sips) isotherm (Guibal et al.
1998; Ho et al. 2002). Generally, the Sips isotherm is
an appropriate equation to fit the experimental equi-
librium data of a wide variety of adsorbents. It takes
the following form:

_ qm(KSCe)nA
T =1 (KsCo)™
where g, is the total number of binding sites (mg/g),
K is the median association constant (mL/mg) and n;
is the heterogeneity factor. If the value for n, is <1, the
Sips isotherm will become a Freundlich isotherm,
which indicates that it is a heterogeneous adsorbent.
While the value for n, is getting closer to one the Sips
isotherm equation reduces to the Langmuir equation
and adsorption takes place on the homogeneous
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surface (Allen et al. 2004; Repo et al. 2010). Table 4
shows that all ng values obtained were higher than 1,
indicating more homogeneous binding sites.

The plots of the Sips isotherm are illustrated in
Fig. 8 and the examination of the results is presented
in Table 4. Results show that for Cd(II), the ¢, value
estimated by the Sips model corresponded to the
experimentally obtained gm.exp Significantly better
than that estimated by the Langmuir model. For Ni(II),
the Langmuir model seemed to provide a better
approximation for g, but the R? values were higher
for all the metals with the Sips model. The results for
the maximum adsorption capacity of the experimental
data for Ni(II) (2.734 mmol/g), Cu(Il) (3.150 mmol/g)
and Cd(II) (4.195 mmol/g) correlated quite well with
the results given by the elementary analysis for the
amount of active sites (2.3 mmol/g). However, higher
capacities indicate that part of the metals were
adsorbed by other surface groups than amines. It is
also possible that the amount of amino groups varied
from sample to sample due to the high water content
and heterogeneous structure of the modified MFC.

The different behavior of the studied metals may be
attributed to the formation of hydroxides, which is
observed for Cu(Il) (Visual MINTEQ). This may
cause the highly heterogeneous adsorption of Cu(Il),
while Cd(II) and Ni(II) are adsorbed more homoge-
neously (no hydroxide formation within the pH range
used). Relatively poor correlation coefficients (R?
values < 0.990) observed for all of the metal ions with
both Langmuir and Sips models may be attributed to
the unequal distribution of the adsorption surface area
and active sites in samples due to the high water
concentration of APS modified nano cellulose.

It can be seen that APS/MFC has a relatively high
adsorption capacity for Cd(II), Cu(Il) and Ni(Il) ions,
indicating that it has significant potential for the removal
of these metal ions from aqueous solutions. A compar-
ison of the adsorption efficiency of APS/MFC to some
commercial as well as cellulose-based adsorbents/ion-
exchangers is presented in Table 5. It can be seen that
APS/MEFEC provides clearly better adsorption properties
compared to the commercial adsorption resins as well as
some other cellulose based materials.

The Dubinin-Radushkevich (D-R) isotherm model
was applied to the data in order to deduce the
heterogeneity of the surface energies of adsorption
and the characteristic porosity of the adsorbent. The
linear form of the D-R isotherm is given as follows:

Cu
350 -
3.00 :
o 250 1 N L L
>~ ® A
— X
g 2004,y
A
é 150 1 9
[7] ¥ i
100 %A AExpenm.entaI Data
I Langmuir
050 { A i
® Sips

0.00 T T T T T T 1
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

Ce[mmol/dm3]

3.00 Ni

i

ge[mmol/g]
&
o

1.00 r A Experimental Data
050 1 Langmuir
A Sips

000 050 100 150 200 250 300 350 400
Ce[mmol/dm?3]

4.50 cd
A
4.00
3.50 o ol
3.00
250 {5 :
gl |

ge[mmol/g]
"
8
5

A Experimental Data

1.00
i Langmuir
050 ;5 ? gmu
¢ ® Sips
0.00 (\ T T T T T T T 1
0.00 020 0.40 060 080 1.00 1.20 140 1.60

Ce[mmol/dm3]

Fig. 8 Adsorption isotherms of Ni(II), Cu(Il) and Cd(II) on
APS/MFC (dose 0.67 mg/L, contact time 12 h; pH 5)

1\2
lnqelan—BD<RTln<l+F> ) (11)

The apparent energy of adsorption, E was calcu-

lated by
1
E=— 12
(2Bp)'? (12

The constants gp(mol/g) is the D-R constant
representing the theoretical saturation capacity and
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Table 4 Isotherm constants of APS/MFC for Ni(II), Cu(II) and Cd(IT)

Type of metal ¢m (mmol/g) Gm,exp (Mmol/g) ng Ks R?
Sips
Cd(II) 3472 4.195 1.100 53.667 0.894
Cu(II) 2.593 3.150 2.387 5.761 0.965
Ni(II) 3.092 2.724 1.038 62.973 0.970
Type of metal gm (mmol/g) Gm.exp (Mmol/g) K. R?
Langmuir
Cddn) 3.611 4.195 61.298 0.892
Cu(II) 3.078 3.150 4.072 0.770
Ni(II) 2.663 2.734 52.194 0.969
Type of metal gp (mmol/g) Gm.exp (Mmol/g) By E R’
Dubinin-Radushkevich
CddI) 1.445 4.195 0.007 8.111 0.964
Cu(II) 1.446 3.150 0.007 8.379 0.805
Ni(II) 1.048 2.734 0.007 8.392 0.981
Table 5 Comparison of APS/MFC to other adsorption materials
Adsorbent Metal pH Contact time (min) gm (mmol/g) Reference
Amberlite IRC-748 Cu(Il) 5 1,440 1.69 Ling et al. 2010

Cdn) 0.61
Lewatit CNP 80 Ni(II) 8 120 0.32 Pehlivan and Altun 2007

Cu(II) 0.16

Cd(I) 0.04
MCGT Cu(II) 5 7 1.50 Donia et al. 2012
Cellulose acetate/zeolite composite fiber Cu(II) 5 - 0.18 Ji et al. 2012

Ni(II) 0.19
EABC Cu(II) 45 10-80 0.98 Shen et al. 2009
CelNN/ethylenediamine Cu(II) 5 - 1.63 Torres et al. 2006

Ni(II) 0.53
Succinic anhydried modified cellulose Cu(Il) - 242 Gurgel et al. 2008

Cd(Ti) - 222
EMMB Cu(Il) 53 10 1.43 Karnitz et al. 2009

Cd(n) 53 1.33
APS/MFC Cu(Il) 5 300 2.74 This study

Cd(I) 300 3.45

Ni(II) 300 2.63

Bp(mol?/J?) is a constant related to the mean free
energy of adsorption per mol of the adsorbate, R is the
ideal gas constant, (8.314 J/mol K), T(K) is the
temperature of adsorption and E(kJ/mol) is the mean
free energy of adsorption per molecule of the
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adsorbate when transferred to the surface of the solid
from infinity in solution. The constants g, and Bp
were calculated from the intercept and the slope,
which were determined by the plot of Ing. against
[RTIn(1 + 1/Ce)]*
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The D-R isotherm parameters are given in Table 4.
If the value of E lies between 8 and 16 kJ/mol the
nature of the sorption process is chemical, while
values below 8 kJ/mol indicate a physical adsorption
process. The values of the apparent energy of adsorp-
tion (8.392, 8.379 and 8.111 kJ/mol) obtained indi-
cated chemisorptions between Ni(II), Cu(Il) and
Cd(II) ions, respectively (Chen et al., 2008).

The removal efficiency of unmodified MFC was
also studied. Table 6 shows that the interaction
between unmodified MFC and metal ions is observed
due to the carboxylic groups on MFC surface. The
value of the carboxyl group content obtained by the
acid/based titration for unmodified MFC sample is
1.062 mmol/g. The interactions between metals and
carboxylic groups can be expressed as follows:

M""n(—COOH) — (—COOH),M T +nH" (13)

where (-.COOH) represents the carboxylic groups of
unmodified MFC and n is the coefficient of the
reaction component depending on the oxidation state
of the metal ion. The comparison between APS/MFC
and unmodified MFC indicate the radically better
removal efficiency of APS/MFC.

Adsorption mechanism

Amino groups are mainly responsible for the uptake of
Cd(I), Cu(I) and Ni(II) ions as follows (Repo et al.
2010):

Table 6 The adsorption efficiency of unmodified MFC and
APS/MFC using tree different concentration of Cu(II), Ni(II)
and Cd(II) solutions

Concentration of metal MEC q, APS/MFC g,
solution (mg/L) (mmol/g) (mmol/g)
Ni(II)
50 0.0400 1.2449
100 0.0138 2.3938
200 0.2556 2.7344
Cu(Il)
50 0.0708 0.8757
100 0.0944 1.8681
200 0.2596 2.3367
Cd(II)
50 0.0708 0.8756
100 0.0084 1.2449
200 0.0400 2.6992

M** + RNH;} — M(RNH,)*" (14)

However, aminosilane modified MFC is able to
adsorb metals because the amino (-NH;) on amino-
silane and/or hydroxyl (~OH) groups on cellulose
fiber. Nitrogen and oxygen atoms have free electron
doublets that can react with metal cations. At higher
solution pH values of 5-6 (lower proton concentra-
tions), fewer protons are available to protonate -NH,
to -NH;*. The removal efficiency (R %) of the
adsorbent decreases by increasing the initial metal
ion (M?>") concentration due to the saturation of
binding sites (Kudryavtsev et al. 1990). The adsorp-
tion yield was calculated using Eq. (2). At the
beginning of the M>" adsorption process on amino-
silane modified MFC, the ions tie with two ligands to
form [M(RNH2)2]2+complexes as shown in Fig. 9(1).
Based on the adsorption energy values obtained from
D-R isotherm, chemical adsorption takes place and
bonds between nitrogen and metals are coordinative.
Other coordination sites of metal ion are occupied by
water molecules or hydroxyl groups of cellulose as in
the case of chitosan (Wang et al. 2005). At higher M+
concentrations, some of the [M(RNH,),]** complexes
convert into [M(RNH,)]*" (Fig. 9(2)), leading to a
higher adsorption capacity. At low concentrations, all
M?" ions present in the solution could interact with
two binding sites, leading to a higher adsorption yield.
As seen in Fig. 10, when the dilute solutions, i.e.
30 mg/L, were used, over 85 % of metals were
removed. This confirms the high sensitivity of the
adsorbent to such cations, which is a crucial parameter
to design the Cd(II), Cu(ll) and Ni(II) separation
process based on adsorption. As mentioned earlier,
some of the amine groups might be hydrogen-bonded
to the cellulose surface hydroxyl groups, as shown in
Fig. 9(3), diminishing their availability for adsorption.

Another possible mechanism is the ion-exchange
reaction of M>" with the surface hydroxyl groups via
the Si-O-M-O-Si bridging species, as shown in
Fig. 9(4). It is also possible that metal ions might react
with one amine group and ion-exchange with an
adjacent hydroxyl group, as shown in Fig. 9(4).

For cationic metal ions, there is a direct relationship
between the charge to radius ratio (Z/r) and adsorption
capacity (Demirbas et al. 2005; Breviglieri et al. 2000).
Thus, according to the Z/r ratio of the cations Cd(II)
(2.11), Cu(II) (2.74) and Ni(Il) (2.90), the selectivity
sequence is expected to be Ni(Il) > Cu(Il) > Cd(II) for
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divalent ions. The results in Table 3 confirm this. It
should be noted that this selectivity sequence is different
compared to chitosan (see introduction).

The maximum removal capacities of the APS/MFC
adsorbent for Ni(II), Cu(Il), and Cd(II) ions were
2.734, 3.150 and 4.195 mmol/g, respectively.

Regeneration study

The stability of the adsorbent was investigated by
regeneration experiments. This procedure is necessary
to restore the original adsorption capacity of the
adsorbent, and it also enables recovering valuable
metals from wastewater streams. In this study, Cd(Il),
Cu(II) and Ni(II) were desorbed from APS modified
MFC using 0.1 M HNO3, 0.1 M NaOH and 0.1 M
EDTA. Results presented in Table 7 were obtained for
different metals at the same conditions (metal con-
centration of 100 mg/L; adsorbent dose of 0.020 g;
regenerant volume of 0.010 L).

Table 7 shows that the adsorption efficiency was
radically affected by regeneration with HNO; and
EDTA treatment; the adsorbent lost its adsorption
capacity completely. The adsorption capacity
remained the same or even improved after treatment
with NaOH. After the first cycle of regeneration, the
adsorption capacities of the adsorbents for Ni(Il),
Cu(Il) and Cd(II) still remained the same. These
results indicate the suitability of an alkaline regenerant
for APS modified MFC.

Conclusions

The nanostructured APS modified MFC adsorbent for
heavy metals was successfully prepared using a very
quick and easy method. Moreover, preparation of the
adsorbent was carried out without environmentally
harmful chemicals. The modified MFC was very
effective for Ni(Il), Cu(Il) and Cd(II) removal from
contaminated water. The adsorption of Ni(II), Cu(Il),
and Cd(II) ions was shown to be dependent on the
solution pH, and the optimum pH value for the
adsorption was 5. The kinetic study demonstrated that
the kinetic mechanism for the adsorption of metal ions
followed a pseudo-second-order model, which pro-
vided the best correlation with the experimental data.
Also the intraparticle diffusion model was well fitted.
In the isotherm studies, the experimental maximum

adsorption capacities ranged from 2.72 to 4.20 mmol/
g. The Sips isotherm model provided the best fit to the
experimental adsorption data for these ions, revealing
maximum adsorption capacities of 3.09, 2.59, and
3.47 mmol/L for Ni(II), Cu(l) and Cd(I), respec-
tively. The regeneration of APS/MFC was best
accomplished by an alkaline regenerant.
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In the present study, microfibrillated cellulose (MFC) was modified by aminopropyltriethoxysilane (APS), hydroxy-
carbonated apatite (HAP), or epoxy in order to produce novel nanostructured adsorbents for the removal of hydrogen
sulphide (H;S) from the aqueous solutions. Structural properties of the modified MFC materials were examined using a
scanning electron microscope, Fourier transform infrared spectroscopy and acid/base titration. These methods were used
to verify the presence of nanostructures on the adsorbents surfaces as well as functionalities suitable for HyS adsorption.
Adsorption of H, S by prepared adsorbents was investigated in batch mode under different experimental conditions, i.e. vary-
ing pH and H;S concentrations. H, S uptake was found to be 103.95, 13.38 and 12.73 mg/g by APS/MFC, HAP/MFC and
epoxy/MFC, respectively from 80 mg/L H3S solution. The equilibrium data were best described by the Langmuir isotherm
for HAP/MFC and APS/MFC and the Sips isotherm for epoxy/MFC.

Keywords: adsorption; hydrogen sulphide; nanocellulose; water treatment; isotherms

1. Introduction

Hydrogen sulphide (H,S) is one of the important toxic
industrial compounds which can occur at objectionable lev-
els in natural water and wastewaters being a very important
pollution index for water quality. H,S dissolves in ground
water causing irritating rotten egg smell and unpleasant
taste making water undrinkable. H,S concentrations can be
detected by human beings as low as 0.003—0.2 mg/L.[1]
At a low concentration, H,S can produce personal dis-
tress while at a higher concentration it can result in loss
of consciousness, permanent brain damage or even death
through asphyxiation. Exposure for 30 min at concentra-
tions of 300 mg/L can cause unconsciousness and more
than 30 min at concentrations of greater than 600 mg/L have
been fatal.[2—4]

Hydrogen sulphide is introduced into water environ-
ments through two main routes: (1) sulphate can be reduced
to hydrogen sulphide under anaerobic conditions; (2) water
generated from industrial processes, such as the petrochem-
ical industries, always contains some amounts of hydrogen
sulphide.[5,6] In solution, hydrogen sulphide can exist in
three forms, H,S, HS™ and S?7, depending on the pH,
and all these forms have been reported to harmful to
organisms.[7] It can also influence the biogeochemistry of

sediments, because hydrogen sulphide inhibits the ability
of phosphorus to bind in sediments thereby increasing the
internal loading of phosphorus in aqueous environment.[8§]

Various methods have been used to remove H,S from
water and wastewater with varying degrees of success.
In general, adsorption is the one of the most promising
methods for the removal of a wide variety of aquatic
pollutants. The focus has now shifted for development
of the selective adsorbents for the removal of inorganic
pollutants from water. Different adsorbents such as metal
oxides,[9,10] activated carbon,[11-14] activated carbon
fibre cloth-supported metal oxides [15] and sludges [16,17]
have been well studied for the removal of H,S; however,
they may not be suitable in practice due to their high
cost. Furthermore, most of the adsorption studies related to
H,S removal have been conducted in gaseous phase. How-
ever, hydrogen sulphide is a very problematic inorganic
compound in high-salinity groundwater.[18,19] Therefore,
it is important to find cost-efficient adsorbents for effi-
cient hydrogen sulphide removal from aqueous solutions.
In recent years, nano-technology has emerged as one of
the promising technologies in water treatment and vari-
ous nano-adsorbents have been developed and examined
for their efficacy in water purification. The recent process
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developments of nanocellulose have enabled energy con-
sumption to be reduced by a total of 98%, representing
a saving of 29,000 kWh per tonne. In future, nanocellu-
lose can be produced in large scale, which is a promising
route to reduce the cost of nanocellulose, and thereby
increase the use of nanocellulose in environmental protec-
tion applications.[14-20]

Nano- and microcelluloses, which cover a wide variety
of tiny particles from nano-sized whiskers to micron-sized
microfibril aggregates, are considered to be amongst the
potential bio-based materials for versatile applications such
as electronic components, textiles, high adsorbency prod-
ucts, thermoplastic products, nourishing, cosmetics and
pharmaceuticals.[21] Due to its biocompatibility, nanocel-
lulose could also provide attractive alternatives for envi-
ronmental applications such as water purification. The
feasibility of nano- and microcelluloses is further pro-
moted by their high surface area, chemical accessibility
and flexibility of functionalization making them potential
to possess novel and improved performance compared with
present synthetic water treatment chemicals. Cellulose is
inexpensive and abundant in hydroxyl groups, which can
anchor other functionalities through a variety of chemical
modifications.

There are only a few reports available dealing with
adsorptive removal of contaminants by nanocellulose and
adsorption of H, S from aqueous matrix. Therefore, a poten-
tial novel solution to a serious environmental problem is
investigated in this study. Three different modified nanocel-
luloses are employed as adsorbents to remove hydrogen sul-
phide from aqueous solutions. The equilibrium isotherms of
hydrogen sulphide of these adsorbents under different pH
are studied. The developed adsorbents were also charac-
terized by Fourier transform infrared spectroscopy (FTIR)
to identify the role of different functional groups present
on adsorbents surface during H,S adsorption. Scanning
electron microscopy (SEM), zeta-potential analyse and ele-
mental analysis provided an insight on the characteristics
of adsorbents.

2. Materials and methods
2.1. Materials

Microfibrillated cellulose (MFC), bleached birch pulp
(Betula Verrucosa and Betula Pendula) was obtained as
dry sheets and used as cellulose source after disintegra-
tion in deionized water. Prior to homogenizing, pulp was
ground to MFC in a Valley beater at the consistency of
2.0% for 50 h, utilizing 5503 g of weight. The sample was
then diluted at the consistency of 0.7% and homogenized
with a homogenizer (Invensys APV 2000) at a pressure of
3501200 bar to create nanofibrillated cellulose. MFC was
purchased from the University of Oulu, Finland. All the
chemicals used in this study were of analytical grade and
supplied by Sigma-Aldrich.

2.2. Adsorbents
2.2.1. APS-modified MFC

MFC (2 g) was reacted with a coupling agent, aminopropy-
Itriethoxysilane, APS (20 g) in a 80/20v/v ethanol/water
mixture under magnetic stirring for 2 h at room temperature.
The modified cellulose was centrifuged and washed with
80/20v/v ethanol/water mixture and distilled water three
times.[21]

2.2.2. HAP-modified MFC

MFC (3.0 g) and NaOH-urea solution containing NaOH
(7.0g), urea (12.0g) and distilled water (1 mL), were
reacted together under magnetic stirring during 1 h at room
temperature. The solution was then cooled at 5°C for
12-18 h.[13,22]

After cooling, 50 mL of MFC-NaOH-urea solution was
mixed with 25 mL of CaCl, - 2H, 0O solution (0.402 mol/L)
and 25 mL of NaH,PO4 - H,0 (0.802 mol/L) under vigor-
ous stirring (for how long) at room temperature. The mixture
was then transferred into an oven where the temperature
was set to 160°C for 6 h. After heating, cellulose/HAP mix-
ture was centrifuged at 4000 rpm for 5 min. Cellulose/HAP
mixture was washed four times by water and ethanol and
centrifuged.[22]

2.2.3.  Epoxy-modified MFC

MFC (5.7 g) was mercerized using 200 mL of 8 M NaOH
solution at room temperature for 20 min. Then, the solution
was centrifuged and washed several times with ultra-
pure water. After mercerization MFC was prepared by
crosslinking in a mixture composed of 20 mL of 6.25M
NaOH, 50mL of epichlorohydrin and 75 mL of dimethyl
sulfoxide (DMSO). MFC-NaOH-epichlorohydrin-DMSO
solution was stirred for 2 h at 50°C. Then, the solution was
centrifuged and washed with ultra-pure water until filtrate
became neutral.[23]

Treated MFC was added into reacting solution con-
taining 32.5mL of DMSO, 17.5mL of 1,4-butanediol
diglycidyl ether and 17.5mL of 1 M NaOH. This mix-
ture was stirred for 2 h at room temperature. After reaction
MFC/epoxide was centrifuged, washed until neutrality and
filtered.[23]

2.3. Solutions

A pH buffer was prepared by dissolving appropriate
amounts of sodium hydroxide and 1(4)-ascorbic acid
in ultra-pure water to achieve concentrations of 2 and
0.2 mol/L, respectively.[24,25]

Hydrogen sulphide solution was prepared using sodium
sulphide-y-hydride (Na,S - 3H,0) at the concentration of
116.25mg/L. This corresponds the 30 mg/L of hydrogen
sulphide.[25]
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2.4. Instrumentation

H,S concentration was analysed by an inductively coupled
plasma optical atomic emission spectrometry (ICP-OES)
model iCAP 6300 (Thermo Electron Corporation, USA).
The operating parameters are shown in Table 1.

A vapour-generating device was used to produce H,S
through the reaction of sodium sulphide-y-hydride with
hydrochloric acid (10 M HC]) in the reaction coil. The acid
was added using an own pump system to the sample flow
via a T-piece placed in junction of the sample coil and the
reaction coil.[24] The instrumentation is shown in Figure 1.

2.5. Characterization of modified MFC

FTIR type Vertex 70 by Bruker Optics (Germany) was
used to identify the surface functional groups of the syn-
thesized nanocellulose. The FTIR spectra were recorded
at 4cm™! resolution from 400 to 4000cm~! and 100
scans per sample. The surface morphology of the dif-
ferent adsorbents was examined using a Hitachi S—4100
SEM. Surface charge and a point of zero charge of the
modified and unmodified MFC were determined by isoelec-
tric point titration as a function of pH by using Zetasizer
Nano ZS (ZEN3500, Malvern). The determination of C,

Table 1. ICP operating parameters.

RF power 1350 W
Nebulizer gas flow 0.5 mL/min
Auxiliary gas flow 0.2 mL/min
Plasma gas flow 15L/min

Sample flow rate
Acid flow rate
S wavelength

3.529 mL/min
0.643 mL/min
180.731; 180.034 nm

Own esternal pump for
Acid

Reaction Coil

T- junction

r—i

m_]
aUnoUn

Buffered samples

Figure 1. Schematic representation of ICP instrumentation.

H, N and O was obtained using Organic Elemental Ana-
lyzer Flash 2000 (Thermo Scientific, Germany). About
2.5mg of the sample in a capsule made of tin (assay of
C, H and N) or silver (assay of O) was burned at 920—
1000°C. The quantity of each element is expressed in
percentage of dry mass. After reaction between H,S and
hydroxy-carbonated apatite (HAP)/MFC, solubility prod-
uct equilibrium constant (Ksp) of calcium sulphide (CaS)
was determine by acid/based titration. 22 mg HAP/MFC
was dissolved in 10ml of distilled water and 0.5mL of
0.5% phenolphthalein indicator was added to the solution
under the magnetic stirring. The solution was titrated with
0.10M HCI. The titration procedure was repeated three
times.

2.6. Batch adsorption experiments

Batch adsorption tests were performed with different adsor-
bents at room temperature and 10min stirring time to
obtain equilibrium isotherms. For isotherm studies, adsorp-
tion experiments were carried out by stirring 0.020-0.038 g
of modified MFC with 0.010L of H,S solution (pH 6)
with concentrations ranging from 5.0 to 80.0 mg/L under
nitrogen gas flow. Nitrogen gas was used to inhibit the evap-
oration of sulphide from the solution. Reference samples
were used as duplicates to determine the amount of evap-
orated sulphide during 10 min reaction time. The optimal
time for adsorption was studied using the hydrogen sulphide
solution without adsorbent as reference samples under the
same conditions were the batch adsorption tests were per-
formed. It was observed that after 10 min the evaporation
of the higher H,S concentrations increased significantly.
After 10 min, 3 mL of sample was injected into test tube
containing 3 mL of buffer.

Nebulized
Sample

f

Drain
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In order to obtain the adsorption capacity (g.), the
amount of ions adsorbed per mass unit of modified cel-
lulose (mg/g) was calculated with the following formula:

(G —C)
Ge=—7— V. )]
where Cj and C; are the initial and the equilibrium adsorbate
concentrations (mmol/L), while M and V' are the weight of
the adsorbent (g) and the volume of the solution (L).

3. Results and discussions

3.1. FTIR, SEM analyses, zeta-potential analyse and
elemental analysis

3.1.1. FTIR of unmodified MFC and APS/MFC

The spectrum of unmodified MFC is shown in Figure 2.
The band found at around 2900 cm~! belongs to O—H
stretching, while the O—H bending mode of adsorbed
water is registered at around 1640 cm~!. The weak band
at 1590 cm™! confirms the presence of the COO— group.
The other weak bands at 1428 cm™! are assigned to HCH
and OCH vibrations and the band at 1366 cm~! to the CH
bending mode. The band at 895 cm™! is corresponding to
the COC, CCO and CCH deformation modes.[26,27]
Figure 3 shows the FTIR spectrum of (a) APS/MFC
and (b) APS/MFC after H,S adsorption. In both spec-
tra two absorbing peaks were observed at 2920 cm™~! and
2850cm™! corresponding to the tension and vibration
of —CH,. A new peak appeared at 1625cm™! implying
the vibration and bending of N—H. The bands at 1575
and 1480 cm™! are typical for the deformation modes of

the NH, groups hydrogen bonded to the OH function
group of both silanol moieties and cellulosic substrate.
The peaks from 1350 to 1250 cm™! may imply the exten-
sion bending of C—N. The large intense bands around
1100 and 980 cm™! are related to the —Si—O—Si— link-
age and —Si—O—cellulose bond.[27-31] A new peak at
2574cm™! corresponding SH-stretching vibration modes
appeared after H,S adsorption.[32]

3.1.2. FTIR of HAP/MFC

The FTIR spectra of the HAP modified MFC (a) before and
(b) after H,S adsorption are shown in Figure 4. A weak
band corresponding to hydroxyl stretching is observed at
around 3330cm~'. The bands at around 1640 cm™' are
assigned to the bending mode of OH- groups and band at
601 cm~! ascribed to the liberation mode of the O—H vibra-
tion. The asymmetric and symmetric stretching vibrations
of PO;™ are found at 962-1023 cm™~' and 562643 cm™!,
respectively. The bands at 1420cm™! corresponding to
CO%’CO%’ are present due to the presence of carbon-
ate (CO%’), which is also indicated by the band around
878 cm~1.[33,34] The peaks in the region between 2182
and 1996 cm™! may assignable to the combination and
overtone bands of POZ’ ions in the adsorbent.[19] After
H,S adsorption, new bands due to SH-stretching vibration
modes appeared at 2574 cm™!.[35]

3.1.3. FTIR of epoxy/MFC

FTIR spectrum of MFC/epoxy composite (a) before and
(b) after adsorption is shown in Figure 5. It shows a

8

o ;
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Figure 2. FTIR spectra of unmodified MFC.
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broad peak in the region between 3125 and 3425cm™!
corresponding to the hydroxyl (OH)-stretching vibration
of free and hydrogen bonded —OH groups.[27—40] The
absorbance peak observed at 1650 cm™~! indicates the (OH)
bending vibration of absorbed water.[33,36,37] The peaks
at 1422 and 1358 cm™! may be attributed to CH, and CH;
bending vibration of cellulose fibres, respectively.[34] The
absorption peaks around 1000—1100 cm™! may correspond

to C—O stretching of cellulose fibre. The peaks at 2930
and 2890 cm~! may belong to the asymmetric and symmet-
ric stretching of CH; and CHj; of the epoxy resin.[36,40]
The peaks at 1608, 1580 and 1497 cm™! can be assigned
to the benzene ring of epoxy or C—C stretching of aro-
matic ring. The peaks appearing at 1244 and 920 cm™!
may be attributed to the C—O stretching of epoxide ring
vibration.[36,37,41—43] New peaks after H,S adsorption

o
S
b) After adsorption
o |
“ ) APS/MFC
2655
F o |
Z ©
8
&
=
£
@
c
® o
(=3
1575-1480
o |
«
-3470
3500-3250
T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure 3.  FTIR spectra of APS/MFC (a) before and (b) after H>S adsorption.
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Figure 4. FTIR spectra of HAP/MFC (a) before and (b) after H,S adsorption.
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Figure 5. FTIR spectra of epoxy/MFC (a) before and (b) after H»S adsorption.

at 1158, 1070 and 1022 cm~! are characteristic for the
molecular vibrations of C—S bonds.[44]

3.1.4. SEM pictures, zeta-potential analyse and
elemental analysis

Morphological characteristics of APS/MFC, HAP/MFC
and epoxy/MFC were investigated by SEM analysis.
Figure 6(a) and 6(b) shows a typical non-homogenous
surface morphology for both APS modified and unmod-
ified cellulose fibre. Comparison of unmodified area
(Figure 5(a)) and APS modified (Figure 6(b)) adsorbent
shows an observed increase in surface area after modifica-
tion. Observed crystalline sizes of 100 nm or lower confirm
the presence of nanostructured surface.

It has been observed (Figure 6(c)) that the treatment
of cellulose by alkaline solutions before the activation
of the cellulose membrane by epoxy reagents makes
cellulose molecules to move segmentally, which leads
to random chain folding and formation of folded-chain
crystallites.[45—47]

The SEM images of HAP/MFC (Figure 6(c) and 6(d))
show that the surface of the cellulose is completely cov-
ered by the HAP layers. This indicates the success of the
synthesis and increase in the surface area due to the HAP
treatment. For HAP/MFC crystalline sizes were around 50—
100 nm. Overall, the SEM analysis showed rather different
kinds of surface morphologies after different treatments of
nanocellulose.

Figure 6(e) shows that treatment with NaOH, made
the microfibrils wavy and assemble into large bundles.

The effect of the epoxy reagents treatment is shown in
Figure 6(f). After epoxydation procedure the nanocellulose
fibres had very coarse surfaces. This strongly suggests that a
considerable increase in roughness observed in these micro-
graphs is associated with polymer growth induced by the
chemical coupling of epoxy with the surface OH groups.
Specific surface area of the adsorbent increased with the
increasing roughness of the surface (crystalline sizes as low
as 10 nm can be observed), which increases the number of
the sites for H,S adsorption.

The isoelectric point was determined by zeta-potential
measurements for unmodified MFC, APS/MFC and
epoxy/MFC. The measurements for HAP/MFC were not
possible due to the very alkaline surface of the adsorbent.
For APS/MFC isoelectric point was found to be at pH 5.65.
The isoelectric point for unmodified MFC was around pH
3.9 (Figure 7). A change in isoelectric point after modi-
fication is caused by the amino groups on the surface of
the modified cellulose. As can be seen from Figure 7, the
epoxy/MFC surface acquired a negative charge at pH above
6.5, which was its isoelectric point.

The elemental analysis results of unmodified and mod-
ified MFC are shown in Table 2. A high content of carbon
(31.91% and 37.38%) and oxygen (55.110% and 50.60%),
and low content of hydrogen (4.98% and 6.39%) and nitro-
gen (3.18% only for APS modified MFC) were observed.
After modification with aminosilane (APS/MFC), an obvi-
ous increase in nitrogen content corresponds to the intro-
duction of amine groups on the cellulose surface. The most
notable difference in contents of elements was observed
between the unmodified MFC and HAP/MFC. The level of
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Figure 6. The SEM images of (a) unmodified MFC (b) APS/MFC, (c-d) HAP/MFC, (e) MFC after treatment of cellulose by alkaline

solutions and (f) epoxy/MFC.

carbon was much lower with HAP/MFC and the levels of
hydrogen and oxygen higher due to the high amount of the
calcium caused by the modification.

3.2. Adsorption studies
3.2.1. Effect of pH

The removal of hydrogen sulphide from aqueous solu-
tions by adsorption depends on the solution pH because
it affects adsorbent surface charge, the degree of ioniza-
tion and the speciation of adsorbate. The adsorption of H,S
on prepared adsorbents was examined at different pH rang-
ing from 6 to 9 and results are presented in Figure 8. In

the case of HAP/MFC, the Ca’>" would be precipitated
after pH increases to 7 and CasS is also a precipitate.[43]
Therefore, hydrogen sulphide cannot be adsorbed on the
surface of HAP/MFC at such high pH. Ksp of CaS was
6.02 x 1078 (mol/L)? at the temperature of 25°C. The
value was determined from the resulting information of HC1
titration.

It was observed that at solution pH 9, the adsorption of
H,S by all the adsorbents was lowest. At this pH, nega-
tively charged HS™ was dominating in the solution phase
(Visual MINTEQ) and based on the zeta-potential measure-
ments, the surface charge of the adsorbents was also found
to be negative indicating electrostatic repulsion between
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Figure 7. Zeta potential as a function of pH of different adsor-
bents.

Table 2. The content of C, H, N and O in unmodified and
unmodified MFC obtained from elemental analysis.

Adsorbent %
Percentage of dry weight
Unmodified MFC 2.61mg C H N o
3191 4.98 55.11

APS/MFC 2.53 mg
C H N O
39.38 6.39 3.18 50.60
HAP/MFC 2.48 mg
C H P (calculated) O
7.05 0.35 70.24 21.65
Epoxy/MFC 2.23 mg

C H N (6]
41.23 598 52.73
e
e
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c
.0 p—
e 1 1 — mApS/MFC
S I
2 J J _ EHAP/MFC
<C
m Epoxy/MFC
6 \/
7
8 9

pH

Figure 8. Effect of HS solution initial pH on adsorption using
APS, HAP and epoxy-modified MFC.

the surface and dissolved species. Adsorption efficiency
increased when approaching the neutral pH and at pH < 7,
the adsorption efficiency was highest for all the adsorbents
studied. This can be attributed to the increasing positive sur-
face charge of the adsorbents with decreasing pH (surface
protonation) making surface more attractive for sulphide
species (H,S and HS™).

3.2.2. Adsorption capacities of APS/MPS, HAP/MPS
and epoxy/MPS

The experimental maximum adsorption capacities were
103.95, 13.38 and 12.73 mg/g for APS/MPS, HAP/MPS
and epoxy/MPS, respectively. In this paper, the maxi-
mum adsorption capacity was compared also with the
couple of reported results of adsorption for gaseous H,S
because there are only few reports, including the maximum
adsorption capacities of hydrogen sulphide in water. The
maximum adsorption capacities were 12.00, 45.00—68.00,
and 58.87mg/g (the Thomas model) for crushed oyster
shell, cupric oxide, and ferric and alum water treatment
residuals, respectively.[21,48—50] The maximum adsorp-
tion capacities for gaseous H,S were 2.3-71, 0.53—12.00,
14.00-1530.00, 117.17-206.97 and 24.20-228.10 mg/g
for activated carbons, montmorillonites, an activated
carbon catalyst, silica—aluminas and mixed zinc/cobalt
hydroxides.[50-54]

3.2.3.  Adsorption isotherms

Adsorption isotherms indicate how the adsorbate (H,S)
interacts with adsorbents and how adsorption uptakes vary
with adsorbate concentrations at given pH values and tem-
peratures. In this study, initial H,S concentrations were in
the range of 5.0-80.0 mg/L for the adsorption isotherm
studies.

The isotherms were determined for dry weight of the
adsorbent due to the high water concentration of the modi-
fied nanocellulose. Dry weight was defined by drying 1 g of
wet cellulose in an oven at 105°C for 4 h and then storing it
in a desiccator until its weight remained unchanged. Water
contents of APS/MFC, HAP/MFC and epoxy/MFC were
98%, 71% and 64%, respectively.

In this study, the adsorption mechanisms were analysed
by the Langmuir, Freundlich and Sips isotherm models,
which are commonly used to describe experimental results
in a wide range of concentrations.

3.2.4.  Langmuir isotherm

The Langmuir model is a very simple theoretical model
for monolayer adsorption onto a surface with finite number
of identical adsorption sites.[55] The Langmuir model was
originally developed as a theoretical equilibrium isotherm
for a gas phase adsorption. The equation is applicable for
homogeneous systems where adsorption process has equal
activation energy, based on the following basic assump-
tions: (a) molecules are adsorbed at a fixed number of
well-defined localized sites, (b) each site can hold one adsor-
bate molecule, (c) all sites are energetically equivalent and
(d) there are no interactions between molecules adsorbed
on neighbour sites.[56]
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The general Langmuir equation is written as follows:

QmKLCe
= dmPLTe 2
4 1 +KLCe ( )

where g. (mmol/g) is the equilibrium adsorption capac-
ity and ¢, (mmol/g) is the maximum amount of the ions
adsorbed per unit weight of the adsorbent. Latter also
describes a formation of the complete monolayer cover-
age on the surface at high equilibrium H,S concentration
C. (mmol/L) and practical limiting adsorption capacity. K|,
(L/mmol) is the Langmuir equilibrium constant related to
the affinity of the binding sites and also indicates the bind-
ing energy of the adsorption reaction between adsorbate and
adsorbent.

3.2.5. Freundlich isotherm

Freundlich expression is an empirical equation applicable
for non-ideal adsorption on heterogeneous surface as well
as multilayer adsorption.[55,56] The model is given as

ge =K CY". 3)

If the concentration of the solute in the solution at equilib-
rium, Ce, is raised to the power of 1/nf with the amount
of solute adsorbed being g, cim /4. 1s constant at a given
temperature. Ky is a relative indicator of adsorption capac-
ity, while the dimensionless 1/xf indicates the energy or
intensity of the reaction and suggests the favourability
and capacity of the adsorbent/adsorbate system. Accord-
ing to the theory, nf > 1 represents favourable adsorption
conditions.

3.2.6. Sips isotherm

The Sips isotherm model is a combination of the Lang-
muir and Freundlich isotherm type models and is expected
to describe heterogeneous surface much better than these
two. At low adsorbate concentrations, the Sips isotherm
approaches the Freundlich isotherm, whereas it approaches
the Langmuir isotherm at high concentrations. The model
can be written as

_ dm (KS Cc)nS

=— 4
1+ (KsCo)s” @

€

where ¢, (mg/g) is the maximum amount of H,S adsorbed
per unit mass of adsorbent, Kg (L/mg) is the Sips constant
related to the energy of adsorption, and ng could be regarded
as a parameter characterizing the system heterogeneity.
Modelling calculations were conducted using Microsoft
Office Excel 2007 software. Isotherm parameters
were determined by minimizing the Sum of the Squares
of the Errors (ERRSQ) function across the

APS/MFC
120
100 +
— 80 - ® ===Langmuir
20 L 4
Eﬂ Sips
\g 60 *
40 == Freunlich
® Experimental
20 Data
0 ® ‘
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16
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X .
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?n
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Figure 9. Adsorption isotherms of HS on APS/MFC,
HAP/MFC and epoxy/MFC.

concentration range studied

(qe,exp - qe,calc)z- (5)

M=

i=1

The experimental equilibrium data for H,S adsorption on
APS/MFC, HAP/MFC and epoxy/MFC, calculated from
Equation (1), were fitted with Langmuir, Freundlich and
Sips isotherms, Equations (2)~4). The plots of H,S adsorp-
tion are presented in Figure 9. The calculated constants
of the three isotherm equations along with R? values are
presented in Table 2.

For APS/MFC, all the isotherm models tested showed a
poor fit to the experimental data with low R?. The R? values
of the three models descended in the order of: Langmuir >
Sips > Freundlich.
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For HAP/MFC, R? values descended in the order of:
Freundlich = Sips > Langmuir. Poor fitting results were
observed with all the models. In the case of H,S adsorp-
tion on epoxy/MFC, the tested models fitted better with
the experimental data than for APS/MFC and HAP/MFC.
The Langmuir model was found to represent the equilibrium
data best with R? value of 1000 suggesting the homogenous
surface adsorption of H,S on epoxy/MFC (Table 3).

In addition to low correlation coefficients (R*> < 0.95),
Figure 7 shows that generally the equilibrium data did not
fit well with the tested isotherms.

Table 3. Isotherm constants of APS/MFC, HAP/MFC and
epoxy/MFC for H,S adsorption.

APS/MFC
Langmuir
am (mg/g) K, (L/mg) R
1807.564 0.000967 0.759
Freundlich
Ky ny 'S
1.215150 1.081 0.644
Sips
g (mg/g) Ks (L/mg) ns R
0.513 0.816887 1.081 0.677
HAP/MFC
Langmuir
am (mg/g) K (L/mg) R
1549.752 0.000148 0.687
Freundlich
Ky ny R
0.005306 2.062 0.770
Sips
gm (mg/g) K (L/mg) ng R?
709.476 0.003689 2.180 0.770
Epoxy/MFC
Langmuir
qm (mg/g) K (L/mg) R?
1267.150 0.000269 1.000
Freundlich
Ky ny R
0.004806 2.268 0.959
Sips
dm (mg/g) K (L/mg) ng R?
173.170 0.010727 2.390 0.958

Table 4. Calculated Ry values for H)S adsorption on
APS/MFC, HAP/MFC and epoxy/MFC.

RL
Adsorbents
Co (mg/L) APS/MFC HAP/MFC Epoxy/MFC
5 1.001 1.001
10 1.001 1.003
20 1.019 1.003 1.008
30 1.039 1.004 1.013
50 1.048 1.007 1.018
30 1.068 1.012 1.022

The essential feature of the Langmuir isotherm can
be expressed by means of parameter Ry, a dimensionless
constant referred to as separation factor or equilibrium
parameter for predicting whether an adsorption system
is favourable or unfavourable. Ry, is calculated using the
following equation:[55]

1

= 6
T K.Co (6)

Ry
where Cy is the initial H,S concentration (mg/L). As the
Ry values lie between 0 and 1, the adsorption process is
favourable. The values of R included in Table 4 are very
close to unity for all the adsorbents and concentrations, sug-
gesting that the APS/MFC, HAP/MFC and epoxy/MFC
are favourable for the adsorption of H,S under conditions
used in this study. These results are consistent with the Fre-
undlich model, which gave nf > 1 for all the adsorbents
suggesting favourable adsorption.

Poor fitting results of the isotherm models tested may be
attributed to the high water concentration of the used adsor-
bents. Wet adsorbents were used in this study because a dry
modified MFC becomes very hard and loses its adsorption
capacity. When wet adsorbent is used, it is difficult to know
the exact water concentration in each sample. Therefore, the
samples were not homogenous with regard to the adsorbent.
Furthermore, the volatility of H2S could also affect the fit-
ting results. Reference samples were used for detecting the
volatility and the average volatility was +/— 0.44mg/L
per sample.

3.3.  Mechanisms of adsorption

Huang and Yang [56] used XPS for analysing the surface
groups of amino-functionalized silica-based adsorbents
before and after reaction with H,S. They observed the
formation of a NH} HS— group due to a weak chemical
reaction between H,S and surface amine groups (—NH)
in the 3-aminopropyl functional silica xerogel and MCM-
48. Tian et al. (2009) achieved comparable results using
aminosilane-modified-activated carbon for the removal of
H,S from gas streams.[57] Based on the findings, H,S is
thought to react with the amine groups by proton trans-
fer, which is similar to the reaction taking place during
aqueous absorption processes with amines. The reaction
between amine groups (—NH,) fixed on MFC and H, S can
be presented as follows:

—MFC — NH,+H,S - —MFC — NH{SH™  (7)

The result of FTIR confirms the findings above. After the
adsorption of H,S the —NH, bands weakened slightly
and new bands due to SH-stretching vibration modes
appeared. These results suggest a presence of similar weak
interactions between H,S and —NH, on the surface of
APS/MEC.
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Figure 10. The adsorption of H, S on the surface of HAP/MFC.
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Figure 11. The adsorption of H,S on the surface of
epoxy-modified MFC.

The reaction between H,S and HAP/MFC is illustrated
in Figure 10. In this reaction pathway, positively charged
calcium ions are forming complexes with sulfate ions.[58]
A new peak on the FTIR spectrum at the region of thiols
(2574 cm™!) after adsorption indicates the bond formation
between H,S and the surface of HAP/MFC. Furthermore,
the surface PO-bands did not weakened by the adsorption
of H,S. This proved that the adsorption sites of H,S on the
HAP/MEFC surface were not P—OH groups.

Finally, the reaction mechanism between H, S and epoxy
groups is illustrated in Figure 11.[59] As can be seen,
this reaction is favourable in acidic conditions, which is
also supported by the poor adsorption performance of
epoxy/MFC observed at alkaline pH. However, the FTIR
spectrum after adsorption of H,S confirms the reactions
between epoxy groups and hydrogen sulphide.

4. Conclusions

The characteristics and mechanisms of H,S adsorption by
APS, HAP, and epoxy-modified MFC from aqueous solu-
tions were studied. The obtained results clearly suggest that
all the developed adsorbents could be successfully utilized
for the removal of H, S from the aqueous environments. The
H, S removal capacity of the studied adsorbents followed the
order of: APS/MFC > HAP/MFC > Epoxy/MFC with
APS/MFC having much higher capacity than the other
two adsorbents. The adsorption performance was strongly
dependent on the initial pH of the solution. The optimum
pH was found to be 6 for all the adsorbents. The experimen-
tal data were fitted using the Langmuir, Freundlich and Sips
isotherms showing favourable adsorption of H, S for all the
MFC-based adsorbents studied. In summary, the prepared
adsorbents could provide a viable solution for the treatment
of H,S contaminated waters.

CaSH
O.

|
+ IS > C-O—P—0--CaSH+ H,

0]
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The adsorption of Ni?*, Cd?*, PO3~ and NO3 by carbonated hydroxyapatite (CHA) modified microfibrillat-
ed cellulose (MFC) was studied in the aqueous solution. The modified adsorbent was characterized using
elemental analysis, FTIR, SEM and EDAX analysis. The adsorption studies were conducted in batch mode.
The effects of pH, contact time, the concentration of metals and the regeneration efficiency were studied.
The removal of Ni?*, Cd?*, PO3~ and NO3 was not pH dependent. The maximum removal capacities of the
CHA/MEC adsorbent for Ni%*, Cd?*, PO3~ and NO3 were 2.021, 1.224, 0.843 and 0.209 mmol/g, respec-
tively. The Langmuir and Sips models were representative to simulate adsorption isotherms. The results
of adsorption kinetic indicate that adsorption was very fast for all studied compounds.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Phosphates (PO3) and nitrates (NO3) are essential, often
limiting, nutrients for growth of organisms in most ecosystems

* Corresponding author. Tel.: +358 40 747 7843; fax: +358 15 336 013.

[1]. Primarily, PO3~ can enter into freshwater ecosystems through
agricultural runoff, domestic sewages and industrial effluents [2,3].
POz~ and NOs are directly responsible for the extraordinary
growth of algae in water bodies such as rivers and lakes [4,5].
Removal of these nutrients, especially PO3~ by advanced treatment
is beneficial when the euthrophication impacts are expected in the
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receiving aquatic environment [6,7].
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There are a wide range of technologies used to remove phos-
phorus and nitrates from wastewaters, such as physical, chemical,
biological and combination methods, which typically require con-
siderable capital investment and maintenance costs for infrastruc-
ture and operational costs [8]. Among all the approaches proposed,
the use of adsorbents with high phosphorus and nitrate sorption
capacity to remove them in wastewaters have become popular
worldwide. These adsorbents include minerals (limestone, opoka,
wollastonite, bauxite and zeolites), soils (laterite and marl), indus-
trial byproducts (fly ash, red mud, burnt oil shale and slag materi-
als) and man-made products (lightweight aggregates) effluents
[2,3].

Literature shows that excellent and efficient phosphorus and
nitrate adsorbents are all characterized by their high aluminum,
iron or carbonated contents and that they can effectively
remove phosphorus from wastewaters by the adsorption
and/or precipitation of chemically stable phosphorus phases
[9-14]. Thus, substrates with high contents of aluminum, iron or
calcium may have the potential to be phosphorus-removing
adsorbents.

The removal of heavy metals from wastewater has become a
critical issue because of their adverse effects on human health
and the environment [15,16]. Adsorption has been proved to be a
useful method also for the treatment of wastewater contaminated
by metal ions. Nowadays, almost all the adsorbents developed for
the removal of heavy metal ions and rely on the interaction of the
target compounds with the functional groups that are present on
the surfaces of the adsorbents.

As indicated above, the wastewaters vary in terms of the pollu-
tant composition depending on the origin of the industry. There are
also water waters that contain as well as nutrients and heavy met-
als, for example storm wastewater and municipal wastewater. In
the cases where a complex water composition and several of the
pollutants need to be removed, it would be interesting to find a
single adsorbent that has the potential to be utilized for treatment
of that kind of wastewater due to the ability of removal of nutri-
ents and heavy metals.

For these aims, we attempted in this work to study the adsorp-
tion and regeneration of nickel (Ni), cadmium (Cd), PO3~ and NO3
using the same adsorbent, carbonated hydroxyapatite (CHA) mod-
ified nanocellulose (CHA/MFC). CHA has a composition and struc-
ture analogous to the bone apatite and shows higher bioactivity
than pure hydroxyapatite (HA) [17-19]. Due to small size and high
specific surface area, CHA nanostructures can effectively interact
with the cellulose structures, resulting in the enhancement of
properties of their nanocomposite [20]. To make the adsorption
process more economical and to also enable recovering valuable
metals from wastewater streams it is necessary to regenerate the
spent adsorbent.

2. Materials and methods
2.1. Raw material and chemicals

Microfibrillated cellulose (MFC) was purchased from University
of Oulu, Finland. Bleached birch (Betula Verrucosa and Pendula)
chemical wood pulp was used as the raw material of MFC. The cel-
lulose, xylan and glucomannan contents of the pulp were 74.8%,
23.6% and 1.1%, respectively. The amount of lignin was 0.4% and
acetone soluble extractives 0.08%. Prior to homogenising, the
bleached birch was ground in a Valley beater to a dry weight of
2.0% over 50 h, yielding 5503 g of weight. The samples where then
diluted to a dry weight of 0.7% and homogenised with a homoge-
niser at a pressure of 350-1200 bar to create MFC (Suopajarvi
et al. 2013).

All solutions were prepared in Millipore milliQ high-purity
water. All chemicals used in this study were of analytical grade
and supplied by Sigma-Aldrich (Germany). Metal stock solutions
of 1000 mg/L were prepared by dissolving appropriate amounts
of Ni** and Cd?* nitrate salts in deionized water. PO3~ and NO3
stock solution were prepared dissolving dose of NaHPO,4-7H,0
and NaNOs salts in deionized water. Adjustment of pH was accom-
plished using 0.1 M NaOH or 0.1 M HNOs.

2.2. Synthesis of CHA modified MFC

MEFC (3.0 g) and NaOH-urea solution containing NaOH (7.0 g),
urea (12.0 g) and distilled water (100 mL), were mixed under mag-
netic stirring for 5 min at room temperature. The solution was then
cooled to 5 °C for 12-18 h (Jia et al., 2010).

After cooling, 50 mL of MFC-NaOH-urea solution was mixed
with 25 mL of CaCl,-2H,0 solution (0.402 mol/L) and 25 mL of
NaH,P04-H,0 (0.802 mol/L) under vigorous stirring for 2 h at room
temperature. The mixture was then transferred into an oven where
the temperature was set to 160 °C for 6 h. After heating, HCA/MFC
mixture was centrifuged at 4000 rpm for 5 min. HCA/MFC mixture
was washed four times by water and ethanol and centrifuged [21].

2.3. Characterization of modified MFC

Fourier transform infrared spectroscopy (FTIR) type Vertex 70
by B Bruker Optics (Germany) was used to identify the surface
groups of the synthesized nanocellulose. An attenuated total
reflection (ATR) -FTIR spectra were recorded at 4 cm™~! resolution
from 400 to 4000 cm™' and 100 scans per sample. FESEM (Zeiss
Ultra Plus, Germany) was used for imaging the samples. As pre-
treatment, the samples were filtered to a polycarbonate membrane
with a pore size of 0.2 pm, followed by rapid freezing with liquid
nitrogen and freeze-drying in a vacuum overnight. The dried sam-
ples were then sputter-coated with platinum. A voltage of 10 kV
and a working distance of 5 mm were used when imaging the sam-
ples. HPLC (High Performance Liquid Chromatograph, Shimadzu)
was used for the analysis of PO3~ and NO3. The used anion col-
umns were IC SI-50 4E and SI-90G (Shodex®) and 3.2 mM Na,.
CO3 + 1.0 mM NaHCO3 was used as the eluent.

Surface charge and a point of zero charge of the modified and
unmodified MFC were determined by isoelectric point titration as
a function of pH by using Zetasizer Nano ZS (ZEN3500, Malvern).
The determination of C, H, N and O was obtained using Organic Ele-
mental Analyzer Flash 2000 (Thermo Scientific, Germany). About
2.5 mg of the sample in a capsule made of tin (assay of C, H and
N) or silver (assay of O) was burned at 920-1000 °C. The quantity
of each element is expressed in percent of dry mass.

2.4. Batch adsorption experiments

Batch experiments were performed at ambient temperature
using the optimum conditions of all pertinent factors such as dose,
pH and contact time. For isotherm and adsorption capacity studies
the experiments were carried out by stirring 0.250 g of adsorbent
with 0.025 L NaHPO, solution containing adsorbate at concentra-
tions ranging from 0.1 to 20.0 mmol/L and 0.025 L NaNOs solution
containing adsorbate at concentrations ranging from 0.1 to
10.0 mmol/L. The same experiments for Ni and Cd were
carried out by stirring 0.099 g of adsorbent with 0.020 L metal
solutions containing metals concentration ranging from 0.1 to
15 mmol/L.

The effect of contact time was studied in a reaction mixture of
1.2 g of adsorbent and 0.350 L of solution containing each adsor-
bates at concentrations of 1.7 mmol/L. Agitation was conducted
under magnetic stirring using own decanter glass for each metal
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reaction mixture. 2 mL samples were pipetted from the reaction
mixtures according to schedule. The contact time was varied from
1 to 2400 min.

After centrifugation metal concentrations were analyzed by
an inductively coupled plasma optical atomic emission
spectrometry (ICP-OES) model iCAP 6300 (Thermo Electron
Corporation, USA).

In order to obtain the adsorption capacity (q), the amount of
ions adsorbed per mass unit of CAH/MFC (mg/g) was calculated
with the following formula:
qe = % v. (1)
where C; and C. are the initial and the equilibrium concentrations
(mmol/L), while M and V are the weight of the adsorbent (g) and
the volume of the solution (L).

2.5. Regeneration studies

The regeneration of the modified MFC was studied in Ni%*,
and Cd?* solutions. At first adsorbents were loaded by metal ions
by mixing 1g of the adsorbent with 0.015L of 1.8-3.4 mmol/L
metal solution, 1 mmol/L phosphate solution and 0.5 mmol/L
nitrate solution. After attaining equilibrium, the spent adsorbent
was separated from the solution by centrifuge. Metal ions were
eluted using 0.1 M HNO; and 0.01 M HNO; phosphate and
nitrate were eluted using 0.1 M NaOH and 0.01 M NaOH. The
regeneration efficiency (%RE) of the adsorbent was calculated
as follows:

(%RE) = & x 100 @)
9o

where qo and g, are the adsorption capacities of the adsorbents
(mmol/g) before and after regeneration, respectively.

3. Results and discussions
3.1. Characterization of CHA/MFC

Characterization of CHA treated MFC was accomplished by FTIR
spectroscopy, FESEM images, elementary analyzer and zeta poten-
tial measurements. The FTIR analysis was carried out to under-
stand the chemical structure of modified and unmodified

nanocellulose. Fig. 1 shows the FTIR spectra of both pristine
unmodified MFC and CHA/MFC. In both spectra two absorbing
peaks were observed at 2900 corresponding to the tension and
vibration of —CH, [22]. A weak band at around 3330 cm™! corre-
sponding to hydroxyl stretching is observed. The other characteris-
tic peaks for pure MFC are the CH and OCH in-plane bending
vibrations at 1428 cm~!, the CH deformation vibration at
1366 cm™!, the COC, CCO, and CCH deformation modes and
stretching vibrations in which the motions of the C-5 and C-6
atoms are at 895 cm™' [16].

In spectra of CHA/MFC the bands at around 1640 cm ™! are indi-
cated to the bending mode of OH— groups and band at 601 cm™!
ascribed to the liberation mode of the O—H vibration. The asym-
metric and symmetric stretching vibrations of PO}~ are found at
962-1023 cm™' and 562-643 cm™!, respectively. The bands at
1420 cm™! corresponding to CO3~ are present due to the presence
of carbonate (C03~), which is also indicated by the band around
878 cm ! [23,24].

The spectrum of MFC shows that the band found at around
2900 cm™! belongs to O—H stretching, while the O—H bending
mode of adsorbed water is registered at around 1640 cm~'. The
weak band at 1590 cm ™! confirms the presence of the COO— group.
The other weak bands at 1428 cm™' are assigned to HCH and OCH
vibrations and the band at 1366 cm~"! to the CH bending mode. The
band at 895 cm ™! is corresponding to the COC, CCO and CCH defor-
mation modes [25].

The elemental analysis of unmodified and CHA modified MFC
(Table 1) shows a high level of carbon (C) (31.91% and 11.04%)
and oxygen (0O) (55.11% and 21.65%) and low level of hydrogen
(H) (4.98% and 1.70%), respectively. After modification with CHA,
an obvious increase in nitrogen (N) and the other elements can
be observed, which corresponds to the introduction of CHA onto
the cellulose surface.

The X-ray diffraction results are supported by EDX analysis of
the composite surfaces. The contents of elements (Fig. 2) on the
surface in a weight and atomic percent are collected in Table 1.
Besides, the elemental concentration distribution of solid sample
can be analyzed using the mapping analysis of SEM/EDAX. The ele-
mental distribution mapping of EDAX for the sample of CHA trea-
ted MCA is illustrated in Fig. 2. The bright points represent the
signal of phosphorus or calcium element from the solid sample.
Both elements were spread over the surfaces of MFC. Results indi-
cated that CHA produces chemical bond with MFC.

o
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Fig. 1. FTIR spectra of unmodified MFC (a) and CHA/MFC (b).
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Table 1
The elemental analysis results of unmodified and modified MFC.

Percentage of dry weight (%)

Unmodified MFC 2.61 mg C H (0]
31.91 4.98 55.11
Percentage of dry weight (%)
HAP/MFC 2.48 mg N C H [0} Ca, Na, P and Cl (calculated)
1.7 11.04 1.65 21.65 63.93
61 9 _ The elemental distribution
c 13.75 21.48 Fispping (of EDAX
N 06.44 08.42 Ca
(]
48 Na
P
(=]
Ca
36
KCnt
24
12
0 -
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
Energy - keV

Fig. 2. EDAX spectra, contents of elements and the elemental distribution mapping for the sample of CHA treated MCA.

The SEM images of unmodiriede MFC (Fig. 3a) and CHA/MFG
(Fig. 3b) show that the surface of the cellulose is completely cov-
ered by the CHA layers. This indicates the success of the synthesis
and increase of the surface area due to the CHA treatment.

Clear relationship was found between EDAX analysis and the
elementary analysis (Fig. 2) in CHA/MFC. Low concentrations of C
and high concentrations of Ca and P indicate that MFC can bind
to a much larger amount of CHA than its own mass. Cl, Na and N
originate from the starting materials of synthesis; urea, NaOH,
CaCl, and NaH,PO4.

3.2. Adsorption studies

3.2.1. Effect of pH

The removal of metal ions from aqueous solutions by adsorp-
tion depends on the solution pH, because it affects the adsorbent’s
surface charge, the degree of ionization, and the speciation of
adsorbates.

Adsorption of Ni?*, Cd**, PO3~ and NO3 by CHA/MFC was stud-
ied using the initial pH range from 2 to 8. At higher pH values, most
metal ions precipitate as hydroxides. Nickel can be removed by
precipitation as hydroxide at pH ranging from 10 to 11 and cad-
mium by precipitation as hydroxide at pH ranging from 8 to 11.
Therefore, the effect of pH was not investigated at pH values above
8. After 20 h of contact time, equilibrium pH values were mea-
sured, as well as the residual metal concentrations. The effect of
initial pH for adsorption is presented in Fig. 4a. The results illus-
trate that the results the pH does not affect the percentage of
Ni2*, Cd?*, PO3~ and NO3 removed for pH 5 and above. However
in the pH below 5 it has a significant effect.

Fig. 3. The SEM images of (a) MFC and (b) CHA/MFC.
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Table 2
Kinetic parameters for of Ni**, Cd?*, PO3~ and NO3.

Type of metals qe ( l/g I do-first-order Pseudo-second-order

q., (mmol/g) k1 (1/min) R 4., (mmol/g) k> (g/mg min) R*
cd 0.495 0.494 4.58 1.000 0.495 158.7 1.000
Ni 0.497 0.489 4.25 1.000 0.490 93.4 0.998
PO4 0.207 0.204 3.02 1.000 0.204 71.8 0.993
NO; 0.415 0.415 1.00 1.000 0.451 1.56 0.998

Fig. 4b. shows that the buffering properties of CHA/MFC
depended on the adsorbates. For all adsorbates the final pH was
alkaline regardless of the initial pH range 2-10. The change was
smaller for metals: for the initial pH range 3-6 for Ni** and 2-6
for Cd?* the final pH values were almost constant (8.5-9). The pla-
teau parts of final pH versus initial pH plots, correspond to the pH
range where the buffering effect of HAP surface takes place. In that
area acidic, as well as basic solutions are buffered after the reaction
with CHA/MFC to value 8.5-9. In the initial pH range 6-10, the final
pH changed to value of 11.5 for Ni?* and 12 for Cd?". These values
are close to the pH of CHA/MFC (11.6). Generally, Ni* and Cd?*
aqueous concentrations diminished rapidly at initial pH 6 with
the increase of final pH, due to both adsorption of hydrolytic
species and precipitation of insoluble hydroxides.

At the initial pH range 2-6 for PO}, the final pH values were
around 10.5. At the higher initial pH range the final pH increased
gradually until to pH value of 11.4. For NO3, at the initial pH range
2-6, the final pH increased gradually until to pH value of 11.4 and
thereafter remained unchanged.

The buffering characteristics of CHA are causing the acid-base
reactions of the reactive surface sites. According to Wu et al. and
Smiciklas et al. the reactions responsible for the surface properties
of CHA in aqueous solutions are [26,27]:

=P0~ + H" — =PHOQ" 3)

=CaOH, — =CaOH’ + H" (4)

For the alkaline initial pH values consumption of protons from
the solution by the protonation of surface =PO— and =CaOH°
groups caused the increase of final pH. In the acidic solutions the
positively charged =CaOH?* and neutral =POH? sites predomi-
nate on CHA/MFC surface, making it positive. Secondly, decrease
of final pH occurs in the alkaline pH conditions due to OH— con-
sumption via deprotonation of surface =CaOH?* and =POH? sites.
Thereby, in alkaline solutions CHA/MFC surface becomes negative
due to neutral =CaOH° and negatively charged =PO— species pre-
dominate in those conditions [26,27].

3.2.2. Effect of contact time

The effect of contact time on the adsorption of Ni%*, Cd®*, PO3~
and NO3 by modified CHA/MFC is shown in Fig. 5a-d using single
component solution and multi component solution (Ni%*, Cd?*,
P03, NO3 in same solution). The adsorption was very fast for all
the studied components in the both cases. For metals more than
95%, for PO3~ more than 85% and for NO3; more than 80% was
adsorbed within 5 min in the case of single component solution.
This indicates the presence of numerous active sites on the adsor-
bent surface. On the basis of these results, it can be observed that
CHA/MFC can be used to remove these ions, however, the removal
capacity for the different ions on the CHA/MFC is in order of
Ni?* ~ Cd** > PO~ > NO3.

As shown in Fig. 5a-d, in the case of multi component solution,
the other components are hardly effecting on the adsorption of
Ni?* and for Cd?* ions. This indicates that the adsorbent had
enough adsorption sites for both metals. Instead, in the presence

of other ions the adsorption capacity of NO3 decreased drastically
and the adsorption kinetics became irregular (Fig. 5d). This is due
to the metal solutions were prepared by dissolving appropriate
amounts of Co(Il) and Ni(Il) nitrate salts in deionized water for
which reason the total nitrate concentration was much more
higher than the other compound in multi component solution. In
a recent publication [28,29] were observed that chloride and car-
bonate ions, for example, influenced the nitrate adsorption. Fur-
thermore, the CHA/MFC residue contains some chlorides (Fig. 2)
which may have decreased the nitrate removal efficiency. For
PO3~ maximum adsorption capacity decreased and the equilibrium

100 (a)
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© —t— Cd?*
o 24
60 ~&- Nj?
—— PO
== NOy
50
40
30 r T T T T T T 1
3 3 4 5 6 7 8 9
pH
125 (b)
115
105
g ——
g s - i
- i PO
== NOy
8.5
7.5
6.5 v . v T v )
0 2 4 6 8 10 12

Inital pH

Fig. 4. (a) Effect of initial pH on adsorption and (b) relationships between initial
and final pH values obtained after equilibration of CHA/MFC with Ni2* and Cd**
solution.
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Fig. 5. (a-d) Effect of contact time on adsorption of Ni**, Cd**, PO3~ and NO3 by the
adsorbent in single and multi component solution (at initial concentration for Ni%*,
Cd*, PO}~ 1.7mmol/L and for NO3 5.7 mmol/L respectively; dose of each
adsorbent: 3 g/L; volume of solution: 0.350 L).

time was 90 min, while in the case PO3~ one-component solution,
it was 5 min. This indicates that there are less adsorption sites for
anions on the surface of CHA/MFC. Hence, PO3~ and NO3 have to
compete with each other for the free adsorption sites.

The kinetics of Ni%*, Cd%*, PO3~ and NO3 adsorption on CHA/
MEFC was also analyzed using pseudo-first-order and pseudo-sec-
ond-order kinetic models. The pseudo-first-order kinetic model is
commonly used to predict adsorption kinetics and is expressed
as [30]:

k]

log(qe — qr) =108 () — 5355 ¢ ®)
The pseudo-second-order rate equation is:

t 1 1

— =t 6

a @k o ©

The adsorption kinetics can be considered as a pseudo-second
order reaction non linear, which can be described by the following
equation:

qgkzt

T4 gkt "

qt
where ¢, and g. (mg/g) are the adsorption capacity at time t and at
equilibrium, respectively, k; (1/min) and k, (g/mg min) are the
adsorption rate constant.

Fig. 6 and Table 2 indicate that both models were found to be in
good agreement with experimental data and can be used to favor-
ably explain the sorption of Ni?*, Cd?*, PO3~ and NO3 on CHA/MFC,
but the pseudo-first-order model gave the best fit to the experi-
mental data since geexp and gemodel Were very close to each other.

3.2.3. Adsorption isotherms

Adsorption isotherm studies are important to determine the
efficacy of adsorption. The equilibrium adsorption isotherm is fun-
damental in describing the interactive behavior between the
adsorbate and adsorbent, and the relationship between the con-
centration of adsorbed and dissolved adsorbate at equilibrium.
For the adsorption isotherm studies, the initial metal ion concen-
trations were in the range of 10-700 mg/L, initial phosphorus
and nitrate concentration of 10-620 mgj/L.

In this study, the adsorption mechanisms were analyzed by one
two-parameter (Langmuir) and one tree-parameter (Sips) isotherm
models, which are commonly used to describe experimental
results in a wide range of concentrations.

The Langmuir adsorption model further assumes that all the
adsorption sites are energetically identical and adsorption occurs
on a structurally homogeneous adsorbent. The Langmuir equation
is expressed as follows:

Lte

where g. (mmol/g) is the equilibrium adsorption capacity and g,
(mmol/g) is the maximum amount of the metal ions adsorbed per
unit weight of the adsorbent. Latter also describes the formation
of a complete monolayer coverage on the surface at high equilib-
rium metal ion concentration C, (mmol/L). Furthermore, g, repre-
sents the practical limiting adsorption capacity when the surface
is fully covered with metal ions, assisting in the comparison of
adsorption performances of different adsorbents. K (L/mmol) is
the Langmuir equilibrium constant related to the affinity of the
binding sites and indicates the bond energy of the adsorption reac-
tion between metal and material [30,31].

Modeling calculations were conducted using Microsoft Office
Excel 2007 software. Isotherm parameters were determined by
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Fig. 6. Kinetic modeling of Ni**, Cd?*, PO3~ and NO3 adsorption by CHA/MFC.

minimizing the Sum of the Squares of the Errors (ERRSQ) function
across the concentration range studied:

(Geexp — Tecare)’ 9)

-

Fig. 7 and Table 4 show that the Langmuir isotherm fitted rather
well to the experimental data and especially for P adsorption sup-
ported also by the estimated g, value and high R? value. For NO3,
however, the Langmuir model could not predict the experimental
behavior indicating more complex adsorption phenomena than
simple monolayer formation. Significant variations in K; values of
metal ions indicate that the adsorption energies between the
adsorbent and metal ions were different. Very high K; values of
Ni%* and Cd Cd?* ions correlated well with their fast adsorption
and low K; value of PO3~ and NOj3 its slower adsorption observed
in kinetic experiments.

The Langmuir model is often too simple to describe the complex
adsorption phenomena due to the surface heterogeneity or interac-
tions between adsorbing species.

The Sips isotherm model is obtained by introducing a power
law expression of the Freundlich isotherm into the Langmuir iso-
therm and is therefore also called as Langmuir-Freundlich (Sips)
isotherm. The non-linearized form of Sips isotherm model can be
given as follows:
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Fig. 7. Adsorption isotherms of Ni%*, Cd®* (initial concentration 10-100 mg/L; dose
of CHA/MFC: 3.96 g/L; volume of solution 0.025 L), PO3~ and NO3 (initial concen-
tration rage 10-620 mg/L; dose of CHA/MFC: 11.2 g/L; volume of solution 0.025 L),
pH 5.0, room temperature.
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Table 3

Langmuir and Sips parameters and average adsorption capacity.
Type of adsorbate m,exp (Mmol/g) qm (mmol/g) K. R? Average adsorption capacity (%)
Langmuir
Ni* 2.021 2.277 293.040 0.931 99.334
cd?* 1.224 1.028 676.279 0.878 99.300
P03~ 0.843 0.911 6.995 0.977 91.703
NO3 0.209 0.180 3.665 0.561 55.000
Type of adsorbate Gm.exp (Mmol/g) gm (mmol/g) ng Ks R?
Sips
|\ 2.021 0.616 0.735 5.984 0.965
cd* 1.224 1.688 0.293 1.950 0.917
P03~ 0.843 0.974 0.673 4.559 0.979
NO3 0.209 7.591 4.538 2.945 1.000
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Fig. 8. The adsorption efficiency of multi adsorbate solution in compared with results of adsorption efficiency with one adsorbate solution: (a) Ni*, (b) Cd%*, (c) PO3~ and (d)

NOj3.

Table 4
The adsorption efficiency of multi adsorbate solution in compared with results of
adsorption efficiency with one adsorbate solution.

Initial concentration of the adsorbate (mol/g) Ni** Cd** P03 NO;
Adsorption efficiency with one adsorbate solution (%)

0.5 100 100 98 84
25 100 100 95 75
5 100 100 96 55
Adsorption efficiency of multi adsorbate solution (%)

0.5 100 100 82 68
25 100 100 87 8.1
5 100 100 89 25

Generally, the Sips isotherm is an appropriate equation to fit
experimental equilibrium data of the wide variety of adsorbents.
At low adsorbate concentrations, Sips isotherm effectively reduces
to the Freundlich isotherm, while at high adsorbate concentrations
it predicts a monolayer adsorption capacity characteristic of the
Langmuir isotherm [30]. It has a form of where, gmax (mg/g) is
the maximum monolayer surfactant adsorption capacity on sand-
stone. Ks [(L/mg)}] is the Sips isotherm constant representing the

energy of adsorption. ns is the empirical constant. If the value of
Ks approaches 0, the Sips isotherm will become a Freundlich iso-
therm. While the value of ms=1 or closer to 1, the Sips isotherm
equation reduces to the Langmuir equation; that is, adsorption
takes place on homogeneous surface [30-32].

The plots of the Sips isotherm are illustrated in Fig. 7 and the
results are presented in Table 3. The results show that for adsor-
bates g, value estimated by the Sips model corresponded to the
experimentally obtained gm,exp better than that estimated by the
Langmuir model, especially for NO3. For Ni?* the Langmuir model
seemed to provide a better approximation for g, but the R? values
were higher for all the metals with Sips model. Relatively poor cor-
relation coefficients (R? values <0.990) observed for all the metal
ions with both Langmuir and Sips models may be attributed to
the unequal distribution of the adsorption surface area and active
sites in samples due to the high water concentration of CHA/MFC.

The results for average adsorption efficiency (%) within concen-
tration range 10-700 mg/L for Ni** and Cd?*, within concentration
range 10-620 mg/L for P and NO3 are illustrated in Table 3. The
results indicate that CHA/MFC have very high, > 90% adsorption
efficiency for Ni%*, Cd?* and PO3", and >50% for NO3.
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Table 5
Regeneration of CHA/MFC for Ni%*, Cd®", PO3~ and NO3 by different regenerats.

Type of No. of  Adsorption capacity of Ni* Regeneration Adsorption capacity of Cd** Regeneration
regenerant cycle Before regeneration  After regeneration efficiency (%) Before regeneration  After regeneration efficiency (%)
(mmol/g) (mmol/g) (mmol/g) (mmol/g)

HNO; 1.0 M 1 0.0437 0.0081 18.30 0.0288 0.0000 0.00
2 0.0437 0.0021 4.57 0.0288 0.0000 0.00
3 0.0437 0.0010 2.28 0.0288 0.0000 0.00
4 0.0437 0.0027 6.16 0.0288 0.0000 0.00
HNO; 0.1 M 1 0.0437 0.0210 48.05 0.0288 0.0071 24.62
2 0.0437 0.0024 5.49 0.0288 0.0000 0.00
3 0.0437 0.0015 343 0.0288 0.0000 0.00
4 0.0437 0.0043 9.83 0.0288 0.0013 5.51
HNO; 0.01M 1 0.0437 0.0436 99.77 0.0288 0.0288 100.00
2 0.0437 0.0190 43.70 0.0288 0.0288 100.00
3 0.0437 0.0155 35.46 0.0288 0.0288 100.00
4 0.0437 0.0107 24.48 0.0288 0.0220 99.98
Type of No. of  Adsorption capacity of POz~ Regeneration Adsorption capacity of NO3 Regeneration
regenerant cycle Before regeneration After regeneration efficiency (%) Before regeneration  After regeneration efficiency (%)
(mmol/g) (mmol/g) (mmol/g) (mmol/g)
NaOH 1.0 M 1 0.1709 0.0263 15.39 0.0619 0.0000 0.00
2 0.1709 0.0215 12.58 0.0619 0.0000 0.00
3 0.1709 0.0186 9.60 0.0619 0.0000 0.00
4 0.1709 0.0164 8.26 0.0619 0.0000 0.00
NaOH 0.1 M 1 0.1709 0.0822 48.10 0.0619 0.0000 0.00
2 0.1709 0.0384 2247 0.0619 0.0000 0.00
3 0.1709 0.0280 16.38 0.0619 0.0000 0.00
4 0.1709 0.0202 11.82 0.0619 0.0000 0.00
NaOH 0.01M 1 0.1709 0.1097 64.19 0.0619 0.0049 7.92
2 0.1709 0.0367 21.48 0.0619 0.0049 7.92
3 0.1709 0.0244 14.28 0.0619 0.0000 7.92
4 0.1709 0.0214 12.52 0.0619 0.0000 0.00

Experiments were also performed with solutions containing
both metals and PO3~ for three different initial concentrations:
0.5, 2.5 and 5 mmol/L, and NO3 for 1.8, 9.0 and 18 mmol/L (due
to the nitrate content of metal solutions) Fig. 8a-c shows the
adsorption efficiency in comparison with results of adsorption effi-
ciency with one adsorbate solution. As it can be seen from Table 4,
these experiments confirm the effectiveness of CHA/MFC in Ni%*
and Cd?* cases; any differences cannot observed for the adsorption
efficiency. Considering the removal efficiencies for PO~ and NO3
(Table 5), the adsorption efficiency was much higher for the one
adsorbate solution. This indicates that there are fewer adsorption
sites for anions on the surface of CHA/MFC, due to mutual compe-
tition between PO3~ and NO3 .

3.3. Removal mechanism

The adsorption of metal ions, PO3~ and NO3 by CHA/MFC can
take place via various possible mechanisms. Factors that affect
the preference for the adsorption may be related to the character-
istics of the binding sites (e.g. functional groups, structure, surface
properties, etc.), the properties of the sorbet (e.g. concentration,
ionic size, ionic charge, molecular structure, etc.) and the solution
chemistry (e.g. pH, ionic strength, etc.). In the context of sorption
on apatite, a number of properties have been suggested for use
in the ordering of affinity rank, including ionic radius and Pauling
electronegativity [33,34].

In the case of metals, ion-exchange between the calcium and
the bivalent ion is one possibility. The heavy metal replaces the
calcium in the CHA lattice, according to the reaction:

Cayo(PO4)g(OH), + xMe*" — (Ca10 — x)Me,(PO,)g(OH), + xCa>*
(11)

Dissolution-precipitation is another suggested mechanism,
which takes place in two steps: firstly, CHA is dissolved in solution;
subsequently, the phosphate ion reacts with the metal to form a
new insoluble phase. This mechanism is shown in the reactions
below:

Cao(PO4)g(OH), + 14H* — 10Ca" + 6H,PO; + 2H,0 (12)

10Me?" + 6H,PO; + 2H,0 « Mey(PO,)s(OH), + 14H" 13)

The adsorption of PO3 - or NO3 ions can be best explained as
exchange of ions. Probably OH™ ions are exchanged by PO} - or
NOs3 ions.

FTIR spectra of the CHA/MFC before and after metal ion sorption
are shown in Fig. 9. The reaction of Ni** and Cd?* with the apatitic
structure of CHA was very similar and led to some changes of IR
vibrations of functional groups. The spectrum of CHA/MFC after
metal adsorption shows a decrease in the intensity of carbonate
vibrations, which might be due to the partial decarbonation when
CHA sorbents were in contact with acidic Cd?* and Ni?* nitrate (ini-
tial pH of 5.2). The bi-modal peak at 1010 and 980 cm™" and peaks
at around 600-560 cm~! were characterized as phosphate vibra-
tions in Cd** and Ni?* substituted CHA. [35,36]. The phosphate
peaks are also weaker after metal adsorption which may caused
the reaction between metal ions and phosphate groups of the CHA.

The adsorption of PO3~ on the CHA/MFC does not induce any
major changes in the FTIR spectra of CHA/MFC (Fig. 9).The peaks
of PO~ are more intensive after adsorption due to the amount of
the phosphate was increased. The results demonstrated that there
were significant differences between the FTIR spectra of CHA/MFC
before and after adsorption of NOs. After adsorption, the new
bands at around 1450-1370 cm™! can be assigned to the nitro
complex stretching [37].



S. Hokkanen et al./Chemical Engineering Journal 252 (2014) 64-74 73

In the ion exchange mechanism, equilibrium is attained when
forward and reverse exchange reactions occur at equal rates. In
the latter case, the dissolution and precipitation reaction rates
are equal at equilibrium and the reaction is the same as in
Eq. (13). If the initial concentration of Ca atoms in the hydroxyap-
atite structure is denoted by g2,, and the concentration of metal
atoms exchanged to the structure is denoted by gy, the forward
and reverse exchange reaction rates can be written as:

Tiwd = KiwaCyezs (0% — Guie)” (14)

where Cy,2+ is the concentration of metal cations in the liquid
phase, keyq is a rate constant, and m is an empirical correction factor
that takes into account non-idealities in the solid phase structure. In
case of ideal ion exchange, the correction factor m = 1. Analogously,
the reverse exchange reaction rate can be written as:

Trev = Krev (Que)™ (15)
Egs. (12) and (13) yield the following expression at equilibrium:

1
qga (II%T CMeZ‘ )
= 1

1+ (M )"
which can be written in a simplified form by setting K = Kgya/krev,
n=1/m, and gm = q%,

o qu(CM¥+W
Be = 1 K (Cpa )"

e (16)

17)

Eq. (13) is formally analogous to the Sips isotherm and reduces to
the Langmuir isotherm in the case n=1.

3.4. Regeneration study

In this study, Ni>* and Cd?* were desorbed from CHA/MFC using
0.01 M, 0.1 M and 1.0 M HNO3, PO3~ and NO3 were desorbed using
0.01 M, 0.1 M and 1 M NaOH. The regeneration data are summa-
rized in Table 5. The results show that the adsorption efficiency
for Ni?* and Cd?** was radically affected by regeneration with
0.1 M and 1 M HNOs; the adsorbent lost its adsorption capacity
completely. The adsorption capacity remained the same for Cd?*
after the fourth cycle using 0.01 M HNOs as regenerant. For Ni%*,
the adsorption capacity decreased after every treatment. For NiZ*
adsorption capacity decreased after every treatment, the first cycle
it was 99.7, but after four cycles, the regeneration efficiency was
24.48% using 0.01 M HNOs as regenerant. Also for PO3~ adsorption
capacity decreased after every treatment; from 64.18% to 15.22%
during four treatments with 0.01 M NaOH. In general, it can be
concluded that the weaker acid (0.01 M HNOs) is a more effective
regenerant for metals and the weaker base (0.01 M NaOH) is a
more effective regenerant for PO; . The results in Table 5 show
that NO3 is not regeneration viable at all.

4. Conclusions

The present study focused on the adsorption of Ni?*, Cd?*, PO3
and NO3 from aqueous solution using the CHA/MFC as adsorbent.
Adsorption of Ni%*, Cd()II, PO3~ and NO3 was found to be indepen-
dent of the initial pH due to the amphoteric and buffering proper-
ties of CHA/MFC. The results of adsorption study showed that CHA
modified MFC was very effective for Ni?*, Cd%* and PO}~ removal
from aqueous solution; adsorption efficiency was >90%. The
adsorption efficiency for NO3 was >50%. Equilibrium isotherm data
was fitted using Langmuir and Sips models. Among these models,
Sips model was in good agreement with the experimental data
with high R2 Kinetic studies showed very fast adsorption for all
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Fig. 9. The FTIR- spectra of CHA/MFC; (A) after adsorption of Ni**; (B) Cd**; (C)
PO3~; (D) and NOs.

adsorbates. The mechanism of adsorption includes mainly ionic
interactions (ion-exchange) between adsorbates and CHA/MEFC.
The adsorption-desorption cycle results demonstrated that the
regeneration and subsequent use the CHA/MFC would enhance
the economics of practical applications for the removal of Ni**
and Cd** from water and wastewater. This study shows that
CHA/MFC is an easily handled, natural and environmentally
friendly absorbent with excellent removal efficiency for metals
and phosphorus, moderate removal efficiency for nitrates.
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undlich, and Sips adsorption models, and the model parameters were evaluated. The monolayer
adsorption capacity of the adsorbent, as obtained from the Langmuir isotherm, is 2.460 mmol/g. The
adsorption process could be described by pseudo-second-order kinetic model. Iron nanoparticle modified
MFC was found to be an exceptional adsorbent material due to its magnetic properties, high surface area
and a good adsorption capacity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic is one of the most toxic elements in the world [1]. It is a
metalloid, possessing thus both metallic and non-metallic proper-
ties, and is ubiquitously present in air, soil, natural water, mineral
deposits and rocks and biota [2-4] in varying concentrations.
Arsenic is present in water as a result of both natural and anthro-
pogenic activities. Natural processes are volcanic emissions, bio-
logical activities, burning of fossil fuels and weathering of arsenic
bearing rocks and minerals such as realgar (AsS), orpiment

* Corresponding author. Tel.: +358 40 747 7843.

http://dx.doi.org/10.1016/j.cej.2014.08.093
1385-8947/© 2014 Elsevier B.V. All rights reserved.

(As;,S3), arsenopyrite (FeAsS), and lollingite (FeAs,) [5]. Anthropo-
genic sources include applications of arsenical pesticides and
insecticides [6,7], wood preservatives, paints, drugs, dyes, semi-
conductors, incineration of arsenic containing substances, indus-
trial wastewater discharge, mine tailing/landfill leaching, and
manufacturing of arsenic compounds [8,9]. Inorganic arsenic can
occur in the environment in several forms depending on the ambi-
ent environment (i.e. pH, Eh) and microbial activity [10]. The most
common valence states of arsenic in water are oxidized (+V oxida-
tion state, (As(V)) and reduced (+III oxidation state, (III)) forms.
As(V) is less toxic than As(Ill) and is a main species in natural
waters [11].
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The arsenic contamination in groundwater is a major threat to
human health in many regions of the world. Arsenic dissolved in
water is acutely toxic, mutagenic and carcinogenic. Also Arsenico-
sis due to long-term arsenic exposure can lead to a number of
health problems, such as pigmentation of the skin and the develop-
ment of hard patches of skin on the palm of the hands and soles of
the feet. Arsenic poisoning finally leads to skin, bladder, kidney,
lung, liver and prostate cancers [12,13]. Due to its high toxicity
to human health, USEPA and WHO established an international
maximum contaminant level for arsenic in drinking water, which
is 0.01 mg/L or 10 ppb [13-16].

Various technologies such as oxidation [15,17], precipitation/
coprecipitation [18], coagulation [19,20], sorption [21,22], ion-
exchange [23], reverse osmosis [24] and electrokinetic methods
[25] have been studied for the removal of arsenic from water.
These methods have been widely employed, but they have several
drawbacks: high operating and waste treatment costs, high con-
sumption of reagents and large volume of sludge formation [26].
Among all the treatment processes mentioned, adsorption is recog-
nized as an effective approach due to the low cost, high concentra-
tion efficiency, and environmental friendliness.

Conventional adsorbents used in arsenic removal are activated
carbons and alumina, soils, and resins, which can be coated with
different materials like iron or alumina [27-31]. The major detri-
ments of these techniques are difficult separation, waste formation
and in many cases poor adsorption capacity [32]. However,
because of the selectivity and affinity of Fe(Ill) toward inorganic
arsenic species, Fe(Ill)-bearing materials are widely used in arsenic
adsorption [33-36]. Though these materials are selective and effi-
cient in removing arsenic, their applicability is often limited due to
their cost [37].

Within recent decade iron-based nanoparticles have been
widely applied for arsenic removal from soils and aqueous sur-
roundings [27,38,39] The popularity of these nanosized particles
arises from their unique characteristics such as high surface area,
interfacial reactivity, and magnetic properties. However, applica-
bility of the iron nanoparticles is shown to suffer from their poor
chemical stability and mechanical strength and tendency to aggre-
gate. Furthermore, these nanoparticles as such are not suitable for
fixed-bed column or flow-through systems due to for instance
mass transport problems and significant pressure drops. To over-
come the above drawbacks different solid supports have been used
in order to prepare composite materials without losing the benefi-
cial properties of the nanoparticles. Especially, polymeric supports
with proper functional groups despite offering the required stabil-
ity may even enhance the adsorptive properties of the nanoparti-
cles under study [40,41].

Due to intensified “green thinking” in process industry as well
as environmental protection, adsorption of arsenic using natural
products has emerged as a viable option. Cellulose is most widely
available and renewable biopolymer in nature. It is a very promis-
ing raw material available at low cost for the preparation of various
functional materials. Due to the presence of hydroxyl groups, cel-
lulose is considered to be an excellent material for surface modifi-
cation [42,43]. At the same time, a combination between
bioadsorbents and iron oxide nanoparticles can pose an efficient
biocomposite material, which could possibly show high adsorption
capacity, intensified stability, and easy recovery from treated efflu-
ents by applying a magnet [27].

In the present study, a novel adsorbent, magnetic iron oxide
modified microfibrillated cellulose, was synthesized for the selec-
tive removal of arsenic from aqueous solutions. The modified cel-
lulose was characterized by FTIR, elemental analysis, zetasizer,
SEM, and TEM. In adsorption studies, the effects of contact time,
pH, initial arsenate concentration, and regeneration were
investigated.

2. Materials and methods
2.1. Chemicals and materials

Microfibrillated cellulose (MFC) was obtained from the Univer-
sity of Oulu, Finland. Zero-valent iron nanoparticles in aqueous dis-
persion were supplied by the NANOIRON®. All solutions were
prepared in Millipore milliQ high-purity water. All other chemicals
used in this study were of analytical grade and supplied by Sigma-
Aldrich (Germany). Stock solution of 1000 mg/L was prepared by
dissolving appropriate amount of As(V) oxide at first in 25% NaOH
following instant neutralization with 2 M HCl and dilution with
deionized water. Adjustment of pH was accomplished using
0.1 M NaOH or 0.1 M HNOs.

2.2. Preparation of FeNP modified MFC

Preparation of modified MFC was conducted according to Zhu
et al. with some modifications [44]. 8.9 wt% NaOH/5.5 wt% sulfoc-
arbamide/6.0 wt% urea mixed aqueous solution was pre-cooled to
—4°C in a refrigerator. MFC (2 g) was immediately dispersed into
the mixed aqueous solution under vigorous stirring for 5 min at
ambient temperature to obtain a transparent cellulose solution
with 2% concentration. The resultant cellulose solution was centri-
fuged at 4000 rpm for 5 min at room temperature to eliminate
insoluble components and air bubbles. 1g of Fe® nanoparticles
were added into cellulose solution under dynamoelectric stirring
for 1 h. The resulting suspension was poured into a coagulation
bath containing 10 wt% NaCl under vigorous stirring.

After aged for 12 h, 5 mL of epichlorohydrin was slowly added
into the above mixture with stirring for 45 min and its temperature
was raised to 75 °C with stirring for another 150 min to obtain wet
FeNP/MFC. FeNP/MFC was washed with double distilled water and
ethanol for three times.

2.3. Characterization of materials

Fourier transform infrared spectroscopy (FTIR) type Vertex 70
by B Bruker Optics (Germany) was used to identify the surface
groups of the modified nanocellulose. The FTIR spectra were
recorded at 4cm™! resolution from 400 to 4000 cm~' and 100
scans per sample. The surface morphology and chemical composi-
tion of FeNP/MFC was examined using a Hitachi S-4100 scanning
electron microscope (SEM) and energy dispersive analysis of X-
rays (EDAX), respectively. Distribution of nanoparticles on the cel-
lulose surface was further verified using transmission electron
microscope (HT7700 120 kV High-Contrast/High-Resolution Digi-
tal TEM). TEM sample was prepared by dispersing a small amount
of modified MFC in ethanol and placing a drop of this mixture on
the carbon coated copper grid. The instrument used for C, H and
N determination was Organic Elemental Analyzer Flash 2000
(Thermo Scientific, Germany). About 2.5 mg of the sample in a cap-
sule made of tin (assay of C, H and N) or silver (assay of O) was
burned at 920-1000 °C. The quantity of each element is expressed
in percent of dry mass. Surface charge and point of zero charge of
the modified and unmodified cellulose were determined by iso-
electric point titration as a function of pH by using Zetasizer Nano
ZS (ZEN3500, Malvern).

2.4. Batch adsorption studies

Applicability of FeNP/MFC for As(V) removal was studied using
batch experiments in a reaction mixture of 0.100 g of adsorbent
and 0.015 L of metal solution containing As(V) at concentrations
ranging from 0.14 to 10.68 mmol/L. The effect of contact time
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Fig. 1. (a) EDAX spectrum of FeNP/MFC after As(V) adsorption. Inset: elemental X-ray images of (b) O and (c) Fe. (d) The contents of elements on the surface in a weight and

atomic percent.

Table 1
The elemental analysis results of unmodified and FeNP modified MFC.

Percentage of dry weight (%)

Unmodified MFC C H (0]

2.61mg 31.91 4.98 55.11

FeNP/MFC C H o Fe (calculated)
3.13mg 11.83 7.58 21.44 59.15

was studied in reaction mixture of 5 g of adsorbent and 0.350 L of
solution containing 0.68 mmol/L of As(V). Agitation was conducted
under mechanic stirring. 2 mL samples were pipetted from the
reaction mixtures according to schedule. The contact time was var-
ied from 5 to 600 min and measurements were conducted at the
room temperature.

After centrifugation metal concentrations were analyzed by an
inductively coupled plasma optical atomic emission spectrometry
(ICP-OES) model iCAP 6300 (Thermo Electron Corporation, USA).

The concentration retained in adsorbent phase (q;, mg/g) and
removal efficiency (n, %) were calculated by Egs. (1) and (2),
respectively.

q. = (CD ;Vct)v (-1)
n(%):wxmo 2)

0
where Cy (mg/L) is initial As(V) concentration and C; (mg/L) is As(V)
concentration at time t (min), V (L) is volume of solution and W (g)
is weight of adsorbent.

2.5. Regeneration studies
The regeneration of the FeNP/MFC was also studied. At first

adsorbent was loaded by As(V) ions by mixing 0.09 g of the adsor-
bent with 0.010L of 0.53 mmol/L As(V) solution. After attaining

Fig. 2. The SEM picture of (a) unmodified MFC and (b) after FeNP treatment.

equilibrium, the spent adsorbent was separated from the solution
by centrifuge. Metal ions were eluted using 1.0 M NaOH. The
regeneration efficiency (%RE) of the adsorbent was calculated as
follows:
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Fig. 3. FTIR-ATR spectra of FeNP nanoparticles, unmodified MFC and FeNP/MFC.

(%RE) = I « 100 3)
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where qo and g, are the adsorption capacities of FeNP/MFC (mmol/
g) before and after regeneration, respectively.

3. Results and discussions
3.1. Characterization

The elemental distribution for the sample of iron nanoparticle
modified MFC is illustrated in Fig. 1. Bright spots in Fig. 1b and c
represent the signal of the Fe and O elements from the solid sam-
ple. Fe was spread over the whole surface of MFC indicating the
success of the synthesis. The EDAX spectrum for FeNP/MFC after
As(V) adsorption is illustrated in Fig. 1a. Signals observed in spec-
trum indicate the fact that As(V) was adsorbed on the surface of
FeNP/MFC. Low concentration of C and high concentration of Fe
are in a good agreement with the results of the elementary analysis

shown in Table 1. The SEM images of the adsorbent (Fig. 2) show
that the surface roughness of the cellulose increased after
modification. This could be attributed, based on the elemental dis-
tribution mapping, to the iron nanoparticles covering the cellulose
fibers.

TEM analysis was used to confirm the distribution of iron nano-
particles on the MFC surface. High resolution TEM image (Fig. 3a)
shows overall structure of the studied material and dark field
image (Fig. 3b) locations of the nanoparticles seen as white dots.
The size of the nanoparticles is just below 10 nm although some
aggregation is also observed. Furthermore, both SEM and TEM
analysis show that most of the material is composed of very short
fibers indicating that hydrolysis of cellulose occurred during the
modification step.

The FTIR-ATR spectra of bare Fe® nanoparticles, unmodified
MEFC and FeNP/MFC are shown in Fig. 3. In the case of Fe® nanopar-
ticles, the band at 580 cm™! corresponding to the vibration of the
Fe-0 bonds, indicates that Fe® was partly corroded into its oxide/
hydroxide forms (magnetite, maghemite, and lepidocrocite) [38].
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Fig. 5. Effect of initial pH for adsorption of As(V) by FeNP/MFC (T = 25 °C; adsorbent
dosage = 0.067 g). Inset: Illustration of magnetic separation.

The high density O regions in elemental mapping could correspond
to iron oxide/hydroxide particles (Fig. 1b). This is also supported by
the characteristic bands of hydroxyl groups, 1630 and 3405 cm ™!
present in the spectrum.

The spectrum of unmodified MFC shows the band at around
2900 cm! which belongs to O-H stretching, while the O-H bending
mode of adsorbed water is registered at around 1640 cm~!. The

weak band at 1590 cm™! confirms the presence of the COO— groups.
The other weak bands at 1428 cm™! are assigned to HCH and OCH
vibrations and the band at 1366 cm™! to the CH bending mode.
The band at 895 cm™! corresponds to the COC, CCO and CCH defor-
mation modes. For FeNP/MFC, the characteristic peak at around
580 cm™', caused by the strong vibration of the Fe-0 bond, indicates
the presence of iron oxide or the bond formed between Fe nanopar-
ticles and surface hydroxyl groups. Thus, the FTIR analysis confirms
the interaction of the surface groups of cellulose backbone with the
iron nanoparticles at the surface. On the whole, it can be suggested
that both Fe® and iron oxide nanoparticles exist on the surface.

3.2. Batch adsorption experiments

3.2.1. Effect of pH on As(V) removal

Fig. 5 shows that As(V) was strongly adsorbed on the FeNP/MFC
surface from acidic solutions (pH 2). It can be stated that at least
two pH dependent factors affected the As(V) adsorption efficiency:
point of zero charge (pHpzc) of the adsorbent and As(V) speciation.
At acidic conditions surface charge of the adsorbent was positive
and accordingly more attractive to As(V), which appears to be in
form of H,AsO between pH 2 and 5 [45].When pH value exceeded
pHpzc (5.2) the surface sites became negatively charged causing
repulsive electrostatic effect towards As(V) species as verified by
lower adsorption efficiency. Moreover, stronger form of arsenate
oxyanion (HAsO3") is present at alkaline conditions [45] when
electrostatic repulsion dominates even more evidently.

3.2.2. Kinetic studies
As(V) removal by modified MFC as a function of contact time is
shown in Fig. 6. The kinetic curve for As(V) ions showed that the
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Fig. 6. Non-linear regressions of kinetic plots: pseudo-first-order model (PS1) and pseudo-second-order model (PS2) (T = 25 °C; adsorbent dosage = 0.132 g/L; n pH 2).

Table 2
Kinetic parameters for As(V) adsorption by FeNP/MFC.
ki (min~") q: (mol/g) R
First-order model
0.099 4.016 0.854
k> (g/(mol min)) g, (mmol/g) h (mmol/(g min)) R?
Second-order model
0.037569404 4.270 0.685 0.957

Table 3
Parameters of Langmuir, Freundlich and Sips isotherms for adsorption of As(V) on
FeNP/MFC.

Adsorption model Parameters As(V)
Langmuir qm 2.460
B 0.167
R? 0.990
Freundlich K 0.296
n(1/n) 1.167 (0.857)
R? 0.968
Sips qm 6.282
K 0.019
ng 0.866
R? 0919

adsorption was initially rapid and reached equilibrium after
approximately 75 min. Investigating the mechanism of adsorption
and its potential rate-controlling steps including mass transport
and chemical reaction processes, kinetic models were exploited
to analyze the experimental data. Pseudo-first-order (PS1) and
pseudo-second-order (PS2) models were applied to find out the
adsorption mechanism. The PS1 model, which is widely used for
sorption in liquid/solid systems, is expressed as [46,47]:

In(g, — q;) = Ing, — kit (4)

and the PS2 model, which assumes that the rate-determining step
may be a chemical surface reaction, is presented as follows:
t 1 1

- 4t 5
4 kg2 g, ©)

where g, and g, (mmol/g) represent the amount of metals adsorbed
at time t (min) and at equilibrium, respectively, while k; (1/min)
and k, (g/mmol min) are the rate constants of PS1 and PS2 sorption.
The initial adsorption rate (h) can be determined from k; and g, val-
ues using [48]:

h = koq? (6)

Fig. 6 and Table 2 indicate that the PS1 kinetic model did not
describe the sorption system as well as the PS2 model. The theoret-
ical g value calculated from the PS1 kinetic model was evidently
less than the experimental value, and the correlation coefficient
was also very low (0.854), indicating that this model could not
explain the adsorption process. This is due to the fact that the
PS1 kinetic model cannot fit well to the whole time range, but is
usually applicable only at the initial stage of adsorption [47].
According to Fig. 4 and Table 3, the PS2 model was better fitted
to the experimental data since the calculated q. was closer to the
experimental one, and the correlation coefficient was 0.957. The
PS2 model is based on the assumption that the rate-determining
step may be a chemical sorption involving valence forces through
sharing of electrons between adsorbent and adsorbate [48]. There-
fore, the PS2 kinetic model was feasible to describe the adsorption
process of As(V) on the FeNP/MFC.

3.2.3. Adsorption isotherms

The information of the equilibrium relationship between the
concentration of adsorbate in the liquid phase and adsorbed phase,
also known as the adsorption isotherm is of great importance in
the adsorption studies. Three adsorption isotherm models namely
Langmuir, Sips and Freundlich, were used to evaluate adsorption
equilibrium data of single component system.

The adsorption theory of Langmuir model is based on the
kinetic principle and it proposes the monolayer surface adsorption
on the ideal solid with definite localized sites that are energetically
identical [49]. This model further presumes that the adsorbate
molecules can only accommodate one localized site without lateral
interactions between the adsorbed molecules, even on the adjacent
sites. Graphically, Langmuir isotherm is characterized by a plateau
curve. It means that further adsorption cannot occur when equilib-
rium is established.
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Fig. 7. (a) Langmuir, Freundlich and Sips isotherms for adsorption of As(V), (b) comparison of the adsorption capacities of Fe® nanoparticles and FeNP/MFC for the removal of

As(V) from water (T = 25 °C; adsorbent dosage = 0.067 g/L; n pH 2).

Table 4
Values of separation factor (R;) for adsorption
of As(V) on FeNP/MFC.

Initial concentration (ppm) Ry

10 0.995

50 0.975
100 0.951
200 0.885
250 0.865
300 0.846
350 0.828
400 0.793
500 0.762
600 0.733
700 0.706
800 0.995

Langmuir model was originally developed for describing
adsorption phenomena in the gas phase, but it has been exten-
sively used for the correlation of adsorption equilibrium data of
various solute-sorbent interactions in the liquid phase. The math-
ematical form of Langmuir isotherm model is given as follows:

_ KLng
q. = a+bC) (7)

where g, is the maximum adsorptive capacity of the solid (mmol/g),
which corresponds to the monolayer surface coverage (i.e. the
adsorbate layer is one molecule in thickness) and K; is Langmuir
constant of adsorption affinity (L/mmol). As the value of C, becomes
lower, the term of K;-C, is much less than unity and Langmuir iso-
therm will obey Henry’s law behavior. In contrast, when the value
of C,. is getting higher, the saturation point of adsorption will be
reached and the concentration of solute on the solid surface will
be equal to the maximum sorption capacity. The essential charac-
teristic of Langmuir isotherm on the adsorption nature can be
assessed by a dimensionless equilibrium parameter [49]:

1

R=Tiak ®

where R; is a dimensionless equilibrium parameter or the separa-
tion factor and C, is the initial concentration of metal solution
(mmol/L). The value of R; denotes the adsorption nature to be
unfavorable (R, > 1), favorable (0 <R, < 1), irreversible (R, =0), or
linear (R, =1).

The Freundlich isotherm model (Freundlich, 1906), which
assumes a heterogeneous surface and a multilayer adsorption with
an energetic non-uniform distribution, can be expressed as [50]:

q, = kC}" 9)

where k and n are constants for a given adsorbent-adsorbate
system.

The Sips (Sips, 1948) isotherm model is obtained by introducing
a power law expression of the Freundlich equation into the Lang-
muir equation [51]. The non-linearized form of Sips isotherm
model can be given as follows:

_ GnS(KsCe)™

= dm>Bs%e) 10
Ge =1 1 (KsCo)™ (10)

where ¢, is the adsorbed amount at equilibrium (mmol/g), C. the
equilibrium concentration of the adsorbate (mmol/L), g5 the Sips
maximum adsorption capacity (mmol/g), Ks the Sips equilibrium
constant (L/mmol), and ns the Sips model exponent describing
heterogeneity.

At low adsorbate concentrations, the Sips isotherm effectively
reduces to the Freundlich isotherm and thus does not obey the
Henry’s law. At high adsorbate concentrations, it predicts a mono-
layer adsorption capacity, characteristic of the Langmuir isotherm.

As shown in Fig. 7 and Table 3, according to the correlation coef-
ficients (R?), a suitability order of the three models tested was
Langmuir, Freundlich and Sips. Thus, the Langmuir model was
the most adequate to describe the adsorption process of arsenate
onto FeNP/MFC surface suggesting a monolayer adsorption pro-
cess. The maximum adsorption capacity (g,,) for As(V) from Lang-
muir model was 2.460 mmol/g. According to Eq. (8), the values of
R, were 0.706-0.964 for As(V), indicating that the adsorption pro-
cess was favorable (Table 4). Furthermore, the value of 1/n
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Table 5
The results of regeneration study.

Regenerant NaOH 1.0 M No. of cycle Adsorption capacity of As(V) Regeneration efficiency (%)
Before regeneration (mmol/g) After regeneration (mmol/g)
1 0.0509 0.0532 104.52
2 0.0509 0.0489 96.07
3 0.0509 0.0501 98.42
4 0.0509 0.0352 69.16

obtained from Freundlich model was less than 1, which also sug-
gested the favorable adsorption of arsenate onto adsorbent. This
is consistent with the result of Langmuir model.

Comparison of the adsorption capacities of bare Fe® nanoparti-
cles and FeNP/MFC for the removal of As(V) shows that the capac-
ity of FesNP/MFC was significantly higher (Fig. 7). The Langmuir
maximum adsorption capacity for FeNP/MFC was 2.460 mmol
As(V)/g and for Fe® 0.042 mmol As(V)/g.

3.3. Mechanisms of As(V) adsorption

The removal of arsenic species by Fe® has been explained by
their adsorption on the corrosion product surface of original Fe
particles. Thus, when contacted with a solution, Fe® gradually oxi-
dizes enabling arsenate ions to form inner-sphere complexes with
the oxidized sites [38]. Therefore, the adsorption properties are
mainly due to the presence of OH3, OH™, and O~ functional groups
on adsorbent surface. Due to exposed to water at different pH iron
oxide surface develop surface charges and, by adsorbing metal ions
complete coordination shells with OH groups, which either bound
to or release H'. At neutral and acidic conditions (less than 8), OH3
and OH forms on surface are dominant and responsible for the
selective binding of molecular and ionic forms of arsenate species
[52].

As(V) adsorption onto hydrated Fe oxide/hydroxide from an
aqueous solution can be expressed by the following formula [53]:

MFC — FEOH(S) + H3ASO4(aq) «— MFC — FEASO4 + H:raq) +H,0 (1 1)

MEFC — FeOH(s) + H3AsO4aq < MFC—FeAsO}™ +2H,, +H0 (12)

Fig. 4 shows the removal efficiencies of As(V) by the FeNP/MFC
adsorbent at different pH. As known, the pH of the solution has a
major influence on its ionic strength. The removal efficiencies of
As(V) showed obvious change with the increase of the pH from 2
to 8. As suggested by Goldberg and Johnston (2001), the adsorption
of arsenic species will decrease with the increase of ionic strength,
if arsenic species form outer-sphere surface complexes, while the
adsorption of arsenic species will not change or increase with the
increase of ionic strength, if arsenic species form inner-sphere sur-
face complexes [54]. Therefore, As(V) adsorption in the present
study presumably followed the inner-sphere complex mechanism.

3.4. Regeneration

For a practical use of an adsorbent, the regeneration of the
material is very important to decrease operational costs. In this
study the regeneration procedure was carried out for four times
using 10 mL of 1.0 M NaOH as eluent and the results are shown
in Table 5. After three cycles the regeneration efficiency was still
over 98% indicating that FeNP/MFC could be used repeatedly using
an adsorption-desorption cycle. On the other hand, nanomaterials
as adsorbents do not produce large volumes of waste sludge when
disposal is a competitive option compared to the recycling of the
used adsorbent.

4. Conclusions

In the present study, magnetic iron nanoparticles modified
microfibrillated cellulose was synthesized and characterized. Anal-
ysis indicated that nanoparticles were well dispersed on the sur-
face of MFC providing a highly potential adsorption material for
As(V) removal. Indeed, FeNP/MFC showed greatly improved As(V)
uptake properties compared to original Fe nanoparticles. Adsorp-
tion of As(V) was found to be effective at the lower pH range; max-
imum adsorption capacity was found to be the highest at pH 2.
Equilibrium isotherm data was fitted using three different adsorp-
tion models. Among these models, the Langmuir model was in a
good agreement with the experimental data with high correlation
coefficient. Kinetic study showed that the pseudo-second order
model was appropriate to describe the adsorption process. Further-
more, regeneration of studied material was possible using NaOH
solution. Feasible improvements in the uptake properties along
with the magnetic properties encourage efforts for FeNP/MFC
obtained to be used in water and wastewater treatment.
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