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Chitosan is a biopolymer resulting from the deacetylation of chitin, the second
most abundant biopolymer in nature. Chitosan has been successfully used in systems
to remove metal ions and other pollutants from wastewater. Chitosan has shown
promise as a sorbent for radionuclides in some aqueous waste streams.

The sorption of these radionuclides by chitosan is studied to determine if chi-
tosan could be used as a sorbent for aqueous waste streams containing these metals.
The effect of various experimental conditions including sorbent particle size, agitation
rate, hydration, temperature, pH, metal concentration and sorbent concentration are
examined in this study. Results showed that sorption depends on the availability of ac-
cess sites, controlled by the specific surface area of the sorbent. Sorption was observed
to decrease with increasing temperature.

The sorption isotherms and kinetics for Co(II), Eu(Ill) and U(VI) sorption onto
chitosan were determined experimentally by batch sorption. Isotherms were fitted
using the Langmuir and Freundlich models. Kinetics were modeled using the pseudo-
tirst order, pseudo-second order, Elovich, and intraparticle diffusion models in order to
determine possible rate-limiting steps. Most data were well described by the pseudo-
second order and Elovich models. Multi-linearity was observed in the intraparticle
diffusion model. The sorption capacity of the metals on chitosan was found to follow

the order Co < Eu < U.



©Copyright by Vanessa E. Holfeltz
June 5, 2012
All Rights Reserved



An Investigation of Chitosan for Sorption of Radionuclides
by

Vanessa E. Holfeltz

A THESIS
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Master of Science

Presented June 5, 2012
Commencement June 2013



Master of Science thesis of Vanessa E. Holfeltz presented on June 5, 2012.

APPROVED:

Major Professor, representing Radiation Health Physics

Head of the Department of Nuclear Engineering and Radiation Health Physics

Dean of the Graduate School

I understand that my thesis will become part of the permanent collection of Oregon
State University libraries. My signature below authorizes release of my thesis to any

reader upon request.

Vanessa E. Holfeltz, Author



ACKNOWLEDGMENTS

I would like to express my appreciation and thanks to my advisor, Dr. Alena
Paulenova, for guidance and support throughout the project presented in this work.
I also wish to thank my committee members, Dr. Kathryn Higley, Dr. Gregory Rorrer

and Dr. Laurel Kincl.

I also wish to thank the radiochemistry research group, and especially Alex, Joey,

and Martin, for their helpful discussions and guidance.

I also wish to acknowledge Dr. Scott Menn and Shaun Bromagen, for their assis-

tance in obtaining materials throughout this project.

Financial support for this project was provided by the US Department of Army
(DoA) award W911NF-10-1-0325. The contents are solely the responsibility of the

authors and do not necessarily represent the official views of the OBEI or DoA.



Page
1 INTRODUCTION .. e 1
2 BACKGROUND ... 4
2.1 Chitosan . ... 4
2.1.1 Physicochemical properties ............ . ... . i 4
2.1.2 Chitosan modification and derivatives ............................ 8
2.1.3 Chitosan applications ........... ...t 10
2.2 BIOSOrPLiON . . . o 10
2.2.1 Mechanisms of biosorption ............... ... ... ... 11
2.2.2 Interaction mechanisms of chemisorption on chitosan.............. 12
2.2.2.1 Coordination complexes......... ... i 12
2.2.2.2 10N @SS0CIAtES . . ..\ttt 14
2.3 Evaluation of sorption: isotherms and kinetics............................ 16
2.3.1 Kinetics of biosorption ........ ... ... ... 16
2.3.1.1 Pseudo-first order model ............. .. ... ... ... ... ... 17
2.3.1.2 Pseudo-second order model ........ ... ... ... ... ... 18
2.3.1.3 Elovich model ... ... .. .. . . . . . 19
2.3.1.4 Intraparticle diffusion model................ ... ... ... ... ... ... 19
2.3.2 Sorption isotherms . ... ... ... . 20
2.3.2.1 Freundlich isotherm ........ ... ... ... ... ... ... ... ... 20
2.3.2.2 Langmuir isotherm ... ... ... . 21
3 MATERIALS AND METHODS ... . 23
3.1 Materials. ... 23
3.1.1 Chitosan . ... 23
3.1.2 Radiotracer Solutions ........... ... .. ... .. .. .. 23
3.2 Sorption eXperiments .. ... ...t 24
3.3 Analysis of solutions . ....... ... 25
3.4  Fourier Transform Infrared Spectroscopy ...............ccoiiiiiiiiiii.. 25
3.5  Evaluation of experimental results......... ... .. ... ... ... . ... ......... 26

TABLE OF CONTENTS



4

5

TABLE OF CONTENTS (Continued)

Page

3.6 Modeling of adsorption kinetics and isotherms............................ 27
3.7 Goodness-of-fit . . ..o 27
RESULTS AND DISCUSSION ... 29
4.1  Sorption of radionuclides by chitosan................. ... ... ... ..., 29
41.1 Effectof pH .. ... 29

4.1.2 Effect of contact time . ... ... ... 34
4.1.2.1 Effect of polymer hydration and pH ........... ... ... ... ... ... ... 35
4.1.2.2 Effect of agitation ....... ... ... .. . . 38
4.1.3 Effect of initial metal concentration .............co . 39
4.1.3. 1 Uranyl ..o 40
4.1.3.2 Buropium .. ..o 45
4.1.3.3 Cobalt. ..o 45
4.1.4 Sorption mechanismof metals ................................... 46

4.2  Modeling sorption kinetics ............ ... . ... .. 51
421 Effectof particlesize....... ... ... ... .. . . ... 52

4.2.2 Intraparticle diffusion model ........... ... .. ... ... 53

423 Other models. . ... 55

4.3 Modeling sorption isotherms ........ .. ... ... ... . ... ... 69
CONCLUSIONS AND FUTURE WORK ... 77

REFERENCES ... 79



LIST OF FIGURES

Figure
2.1 Structure of chitin and chitosan.......................o
2.2 Bridge and pendant models of complexation............................
2.3 Shapes of isotherms ...
4.1 Effect of pH on Eu(Ill) sorption...............coooiiiiiiiiiiiiii
4.2 Effect of pH on Co(Il) sorption ................ooiiiiiiiiii
4.3 Speciation of Eu(Ill) in aqueous solution, nitrate media.................
4.4 Effect of chitosan on solution pH ...
4.5 Effect of contact time and polymer hydration on Eu(Ill) sorption.......
4.6 Effect of contact time and chitosan type on UO3* sorption..............
4.7 Effect of contact time and chitosan type on Co** sorption ..............
4.8 Effect of agitation on UO3" sorption Kinetics ....................o.oe.n..
4.9 Effect of sorbent concentration on UO3" distribution coefficient ........
4.10 Effect of sorbent concentration and UO3" concentration on UO3* dis-
tribution coefficient ........ ... . .
4.11 Effect of sorbent concentration on UO3* sorption kinetics ..............
4.12 Effect of sorbent type and concentration on UO3" sorption kinetics ....
4.13 Effect of sorbent type and concentration on final solution pH after
UOST SOTPHON ...ttt ettt ettt
4.14 FTIR spectra of chitosan contacted with UO3" .................oeoeueee.
4.15 Detail of FTIR spectra of chitosan contacted with UO3*.................
4.16 FTIR spectra of chitosan contacted with Co(Il) ..........................
4.17 Detail of FTIR spectra of chitosan contacted with Co(Il) ................
4.18 Effect of polymer hydration on Eu(III) sorption kinetics and intraparti-

cle diffusion model . ... ...t



LIST OF FIGURES (Continued)

Figure

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

431

4.32

Effect of agitation and sorbent type on UO3" sorption kinetics .........

Pseudo-first order, pseudo-second order and Elovich kinetic models
for Eu(Ill) sorption ..........coooiiiiiiiii

Pseudo-first order, pseudo-second order and Elovich kinetic models
for Co(I) SOTption ..........ooiiiiii i

Effect of initial Co(II) concentration on sorption kinetics................
Effect of initial pH on Co(Il) sorption kinetics...........................
Effect of temperature on Co(II) sorption kinetics ........................
Pseudo-second order and Elovich kinetic models for uranyl sorption ..
Effect of agitation on UO3" sorption kinetics .......................oo.e.
Effect of sorbent concentration on UO3* sorption kinetics ..............

Langmuir isotherm models fit by linear and non-linear method for
Eu(IIl) sorption .........coooiiii

Langmuir and Freundlich isotherms for Eu(Ill) sorption................
Langmuir and Freundlich isotherms for Co(II) sorption ................
Langmuir and Freundlich isotherms for U(VI) sorption ................

Langmuir separation factor, Ry, as a function of initial metal concen-
tration, Cy for sorption of Co(Il), Eu(Ill) and U(VI)......................



LIST OF TABLES

Table
2.1 Applications of chitosan ..................o i
41 Measured pH of Eu solutions after contact with chitosan. ..............
4.2 Effect of polymer hydration on sorption capacity for UO3" .............
4.3 Measured pH of chitosan solutions in Eu(Ill) kinetics experiment. .....
4.4 Intraparticle diffusion model parameter estimates for Eu(IIl) sorption .
4.5 Intraparticle diffusion model parameter estimates for UO3* sorption ..
4.6 Kinetic model parameter estimates for Eu(Ill) sorption .................
4.7 Effect of Co(Il) concentration on kinetic model parameter estimates ...
4.8 Effect of initial pH and sorbent type on kinetic model parameter esti-
mates for Co(II) sorption ...
4.9 Effect of temperature on kinetic model parameter estimates for Co(II)
SOTPLION ...ttt
4.10 Kinetic model parameter estimates for uranyl sorption .................
4.11 Kinetic model parameter estimates for uranyl sorption onto chitosan ..
4.12 Linear forms of the Langmuir and Freundlich isotherms................
4.13 Isotherm model parameters for Eu(Il) uptake .................... ... ..
4.14 Comparison of goodness-of-fit metrics for linearized isotherms and
transformed linearized isotherms for Eu(Ill) sorption...................
4.15 Isotherm model parameters for Co(Il) sorption .........................
4.16 Isotherm model parameters for U(VI) sorption..........................

33

39

56

57



AN INVESTIGATION OF CHITOSAN FOR SORPTION OF
RADIONUCLIDES

1 Introduction

Many modern industries, including the nuclear industry, result in wastewaters
and effluents containing various pollutants. Among the pollutants are various metals
which may pose toxicity risks to biota after their release into the environment, where
they may be bioconcentrated with increasing trophic level. The removal of toxic metals
from wastewaters prevents their release into the biosphere. There are various methods
and technologies used for decontamination of industrial wastewater, including chemi-
cal precipitation, electrochemical methods, filtration, ion exchange and adsorption [10,
13, 56].

The nuclear technologies, including both nuclear energy and nuclear medicine
applications, produce aqueous waste containing various radioactive metals. The treat-
ment and processing of these wastes into more stable chemical and physical form is
necessary to prevent the release of the radionuclides into the environment. An ideal
treatment method will immobilize and concentrate the radionuclides; result in a min-
imal amount of secondary radioactive waste; result in secondary waste that is easily
disposed of; and be cost effective. The International Atomic Energy Agency (IAEA)
has identified several areas of so-called “problem waste”, including aqueous waste
and spent ion exchange resins, and have expressed the need to develop effective tech-
nologies to treat these wastes for final disposal [16]. Among the identified problem
wastes are aqueous wastes unsuitable for standard treatment methods, such as those
containing organic substances. The proposed method is to treat the wastes to make
them amenable to treatment by the standard methods. An alternate method would be
to use a new technology capable of treating both in one step.

Chitosan, a biopolymer derived of chitin, has been used as a biosorbent for a

wide variety metals in aqueous solution. Chitin is very abundant in the biosphere,



notably in the shells of arthopods, and is readily available a byproduct of the seafood
industry. Chitosan is readily chemically modified to a form suitable for use large
systems, and has been shown to sorb a wide variety of pollutants, including metal
ions, organic dyes, phenols, nitrates, and humic substances [8]. Additionally, chitosan
has been found to readily form a covalent bond with carboxylic acids such as EDTA
and DTPA [26]. These are commonly used as chelators for radionuclides in the nuclear
industry, and have required pre-processing by photodegradation in some “problem
wastes” before the radionuclides could be removed by standard methods [16]. The
potential for chitosan to sorb both the carboxylic acids and the radionuclide may result
in a more efficient one-step process.

Another attractive feature of chitosan as a sorbent for radionuclides concerns its
disposal. Currently, organic ion exchange resins used for treatment of radio-waste are
either completely immobilized or the organic component is destroyed. Chitosan, like
chitin, is easily biodegradable, and can be completely biodegraded before final deposi-
tion. Additionally, chitosan follows the “CHON principle”, an approach being applied
in development of methods for irradiated nuclear fuel reprocessing that utilizes mate-
rials consisting only of carbon, hydrogen, oxygen and nitrogen, as such materials can
be easily incinerated thereby resulting in less secondary waste.

The design of a sorbent system based on chitosan requires knowledge of the
kinetics and sorption capacity of the system for the target sorbates, among other fac-
tors. In this work, the removal of Co(Il), Eu(Ill) and U(VI) (as UO%*) from aqueous
solutions by chitosan has been investigated. Equilibrium and kinetic experiments have
been performed using chitosan of different composition and particle size, and in so-
lution at various pH, temperature, and metal concentration. The sorption capacity for
these metals has been determined by the Langmuir and Freundlich isotherms. Var-
ious kinetic models have been used to determine the likely rate-controlling steps of
sorption.

Chapter 2 presents a review of the characteristics and applications of chitosan,

biosorption, and the principles of sorption equilibrium and kinetics modeling. Chapter



3 describes the experimental and analytical methods used in this work. The experi-
mental results and discussion are presented in Chapter 4, and Chapter 5 presents the

conclusions of this work.



2 Background

Chitosan has been investigated for use as a biosorbent for a number of aqueous
pollutants, including metallic species and organic dyes. The performance of chitosan
as a sorbent for aqueous pollutants will depend on physicochemical properties of
the chitosan itself and the mechanism of sorption. The performance of a sorbent is
evaluated by determining its capacity and kinetics by application of models. The
kinetics and capacity of a sorbent must be established before it can be successfully

applied on an industrial scale.

2.1 Chitosan

Chitin, the parent material of chitosan, is the second most abundant biopolymer
in nature (after cellulose), and is found in a variety of organisms, including crus-
taceans, insects, cephalopods, and fungi. In arthopods, it is primarily found in the
exoskeleton, where it can comprise up to 80% of the organism [54]. Chitin was first
discovered in 1811 by Henri Braconnot, in his course of study of fungi. Odier discov-
ered the presence of chitin in insects in 1823, and gave chitin its name, from the Greek
XtTwv (tunic; envelope). Chitin was not described as a polysaccharide of glucosamine
until 1946, by Purchase and Braun [54]. Since then, the study of chitin and chitosan

has grown exponentially.

2.1.1 Physicochemical properties

Chitin is a polymer consisting primarily of monomer units of 2-acetamido-2-
deoxy-D-glucose-(N-acetylglucosamine), as shown in Figure 2.1. Chitin is highly crys-
talline, hydrophobic and insoluble in water and most organic solvents [75], although
it is soluble in concentrated mineral acids [54]. Chitin becomes soluble as it is deacety-
lated; when more than 50% of the acetyl groups are removed, it becomes soluble in
acidic solution. The solubility of chitin in acidic solution has been used to define and

distinguish chitin from chitosan, with chitosan defined as chitin that has been deacety-



Figure 2.1: Structure of the chitin (left) and chitosan (right) monomer units.

lated to the point that it is soluble in dilute acetic acid [54, 75]. An alternate definition
of chitosan is when more than approximately 60% of the monomer units are deacety-
lated and the polymer is acid soluble [84]. A strict nomenclature for the difference
between chitin and chitosan has not been rigorously applied [72]. Chitosan becomes
soluble in acidic media due to protonation of its amine groups; this also results in
chitosan becoming polycationic in solution [75].

Chitosan is primarily produced by the deacetylation of chitin. On the indus-
trial scale this is accomplished by basic hydrolysis of the acetyl group using sodium
hydroxide [21, 72]. The basic hydrolysis process is used preferentially to an acid hy-
drolysis process, as acid hydrolysis results in greater degradation and depolymeriza-
tion [54]. Basic hydrolysis of chitin is usually performed in strong sodium hydroxide
(40-100%) at elevated temperature (above 100°C) for several hours. Longer treatment
times result in a final product with more acetyl groups removed, but also with a lower
molecular weight [54]. In the deacetylation process, acetyl groups are removed from
the polymers randomly, resulting in a final polymer that has a random distribution of
acetylglucosamine and glucosamine units.

Chitosan is primarily characterized by three properties: its degree of acetylation,
crystallinity, and the polymer molecular weight. These properties will determine how
chitosan behaves in solution, as well as determining its biological and physicochemical

properties [84].



Perhaps the most important of these parameters, especially for metal sorption,
is the degree of acetylation (DA), which is defined as the molar fraction of acetylated
monomer units. Chitosan is alternately characterized in some works by its degree of
deacetylation (DDA), defined as the molar fraction of de-acetylated monomer units.
Note that the relationships DA = 1 — DDA and DDA = 1 — DA automatically hold.
Both DA and DDA are expressed as percentages. The DDA of chitosan determines
how many amine groups are present; it is generally accepted that amine groups are
the site of chitosan-metal interactions. The DDA actually provides an upper bound on
the number of amine groups available for complexation: some amine groups will be
unavailable due to physical inaccessibility or involvement in inter- or intra- molecular
hydrogen bonding. The pK, of chitosan depends on the degree of deacetylation, and
has been published to be from 6.1 to 7 [84]. The intrinsic pK, pKop, also depends on
DDA and has been reported to range from 6.46 to 7.32 [79].

Several methods have been used to determine the DDA of chitosan, including
'H NMR, 3C NMR, FTIR, UV spectrophotometry, NIR spectroscopy, potentiometry
and colorimetric methods [7, 38, 77]. Of these, 'TH NMR has been found to be sim-
ple, rapid, and more precise than many of the other methods [47]. Kasaai reviewed
the various NMR methods for determination of DDA on chitosan, and concluded that
'H NMR is the most sensitive and accurate NMR method, although solid state NMR
methods offer certain advantages regarding sample preparation and all of the NMR
methods are sensitive to interference from impurities and moisture [39]. Baldzs and
Sipos determined that for the potentiometric method to yield results in agreement
with those of 'H NMR, certain conditions must apply, such as having DDA over 75%
and knowing precisely the moisture and ash content of the samples [5]. Near infrared
(NIR) spectroscopy has been introduced as a rapid method for N-acetylation deter-
mination; however, this method requires calibration using a chitosan standard with
DDA determined by another method, such as I'H NMR [71]. Tan et al. found a good
correlation between first-derivative UV-spectrophotometry and 'H NMR results, and

advocate the use of this method [85]. This method requires a calibration curve us-



ing N-acetyl-D-glucosamine, but is more robust to protein contamination than NMR
spectroscopy. Determination of DDA by FTIR is dependent upon the choice of absorp-
tion bands compared, the choice of baseline subtraction, and requires a calibration
curve made by a chitosan of known DDA [81]. Kahn et al. performed a comparison of
varisou methods of DDA determination, and determined that the DDA value obtained
is highly dependent upon the analysis method used [41].

The polymer weight (alternatively, the molecular weight) of chitosan depends
largely on the method of production, i.e., the method and conditions of deacetyla-
tion. The polymer weight can be found by several methods, including size exclusion
chromatography, static light scattering, and viscometry [22, 64, 79, 84]. Viscometry is
one of the simpler and more popular methods to determine chitosan PW. Chitosan is
available commercially with PW from 10,000 to 1,000,000 daltons [60].

Polymer weight (PW) can determine the solubility of chitosan in solution, as
the solubility decreases with increasing PW. Park et al. found the tensile strength of
chitosan films increased with the PW of the chitosan used in the films [62]. Cardenas et
al. report that the PW of chitosan influences the bacteriological properties of chitosan-
and chitosan-composite films [11]. Zhang and Neau found that the PW of chitosan had
a slower degradation rate in the presence of an enzyme [96]. The PW of chitosan has
also been found to have an effect on the performance of chitosan used as a coagulant-
flocculant in waste water treatment [2].

Crystallinity has been found to have an effect on metal sorption. Piron et al.
found that the crystallinity of samples of chitosan controlled the sorption rate and
total uptake of uranyl on chitosan, concluding that sorption was only possible in the
amorphous domains and not in the crystalline domains [64]. The crystallinity of the
polymer can also control the accessibility of the amine groups [21]. The crystallinity
of chitosan is determined by x-ray diffraction (XRD) by analysis of the (two superim-
posed) peaks at 260 = 20° [37]. Zhang et al. found a linear decrease of the crystallinity
index (determined by XRD) with increasing DDA, suggesting that XRD may be used

to determine the DDA of some samples. Jaworska et al. found that dissolving and



re-drying chitosan resulted in a decrease in crystallinity, and that dissolving followed
by freeze-drying resulted in an even greater decrease in crystallinity [37]. These au-
thors also found a dependence of the crystallinity index on the source of chitosan; in
increasing crystallinity: fungal chitosan < squid chitosan < shrimp chitosan.

Chitin has been observed in three polymorphic forms, categorized by the ar-
rangement of the polymer chains: a-chitin (anti-parallel chains), B-chitin (parallel
chains) and y-chitin (mixed arrangement) [37]. The arrangement of the chains is found
to depend on the origin of the chitin; for example, a-chitin is found in the cuticle of
arthopods and B-chitin is found in the pen and cuticle of squid. a-chitin is by far the
most abundant. In a-chitin, sheets are formed by intermolecular hydrogen bonding
in parallel chains. Interchain hydrogen boding occurs between sheets in different di-
rections. There are also intermolecular hydrogen bonding between CH,OH groups,
which is believed to be the cause for the lack of swelling of a-chitin in water [37, 58].
In B-chitin, hydrogen bonding occurs only within sheets, not between sheets as in a-
chitin. This is thought to be responsible for the swelling of B-chitin, as water (or other
guest molecules) can be included between the sheets. - chitin is considered to be a

mixture of the a- and B- configurations [58, 75].

2.1.2 Chitosan modification and derivatives

Chitosan has been modified, both physically and chemically, to alter its proper-
ties to suit various applications.

Chitosan has been physically modified in a variety of ways, resulting in con-
ditioned forms such as powders, nanoparticles, gel beads, gels, fibers, and sponge
[21]. Such conditioning of “raw” chitosan can result in better performance. Guibal et
al. produced microcrystalline chitosan by dissolution in acetic acid, precipitation and
gentle drying, which resulted in a decrease in crystallinity and PW, which had fa-
vorable sorption for uranyl [24]. Hsien and Rorrer created highly porous chitosan gel
beads by using freeze-drying to maintain the porous structure of the beads [31]. Gel

beads are formed by casting an aqueous solution (chitosan dissolved in acetic acid)



into a NaOH or methanol-NaOH bath to precipitate the beads, followed by drying or
freeze-drying [22, 82]. Membranes have been prepared by many authors by casting a
solution of chitosan in acetic acid onto a surface and letting the solvent evaporate [21].
Pillai has reviewed the formation of chitosan into fibers, which has been done with a
wide variety of solvent systems and co-materials [63].

Chemical modification is usually done in order to improve the sorption prop-
erties for a particular sorbate or to prevent dissolution of the polymer [21]. Chitosan
is not suitable for use in acidic conditions, as the polymer dissolves. To inhibit the
dissolution, chitosan can be cross-linked. Common cross-linkers are tripolyphosphate,
glutaraldehyde, epichlorohydrin and ethylene glycol diglycidyl ether [49]. Crosslink-
ing has been found to decrease sorption capacity in some cases, as well as having
effects on some of the physical properties of chitosan, such as a reduction in the crush-
ing strength [30]. Many of the cross linking procedures that have been used take place
at amine groups, rendering them unavailable as sites for metal complexation, which
may result in a decrease in sorption capacity due to the decrease in sorption sites
(amine groups) [21].

Grafting functional groups can impart new functionality to chitosan, by increas-
ing the density of sorption sites or by increasing the selectivity for a target sorbate [21].
Many different functional groups have been grafted onto chitosan, with grafting oc-
curring at either the amine or hydroxyl groups. The addition of functional groups has
been observed to change the pH at which certain metals are adsorbed; for example, In-
oue et al. found that copper sorption onto EDTA- and DTPA-grafted chitosan occurs at
lower pH than on unmodified chitosan [33]. Valenta et al. found that hydrogels made
of EDTA-chitsoan were resistant to bacterial growth [88]. Nishi et al. found that alka-
line earth metals, which are typically very poorly sorbed by chitin and chitosan, were
sorbable by phosphorylated chitin [57]. Sakaguchi et al. used phosphorylated chitin
and chitosan for sorption of selected alkalkine earth, transition metals, and uranyl,
and found good sorption capacity for uranyl [78]. Several reviews of chitosan deriva-

tives have been recently published [8, 21, 75, 89].
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Table 2.1: Select applications of chitosan. From [72, 75].

Agriculture Seed coating, frost protection
time release fertilizers
Water and Flocculant for water treatment

waste treatment Removal of metal ions
Removal of dyes

Food Protective coating for fruits
Thickener and stabilizer
Biomedical Hemostatic bandages, wound dressings

Artificial skin
Controlled release pharmaceuticals

2.1.3 Chitosan applications

Chitosan has found applications in a wide range of fields, including agriculture,
water treatment, biomedical and pharmaceutical, food, cosmetics and textile indus-

tries. A summary of select applications of chitosan are presented in Table 2.1.

2.2 Biosorption

The term biosorption is used to describe the accumulation of metal ions (or other
contaminants and pollutants) onto material of biological origin. The biomaterial may
be a living or dead organism; however, generally the term bioaccumulation is applied
to the case of a live organism, and biosorption is reserved for the case of accumulation
onto non-living organisms [13]. Interest in biosorption dates to at least the 1980s, when
it was recognized as a possible cost-effective solution to recover metal ions (and other
contaminants) from industrial aqueous waste streams or for the recovery of valuable
metals from natural waters [78, 87]. Biomaterials of many origins have been identified
as candidates for the removal of various candidates, including (but not limited to)
fungal biomass, seaweed, peat, eggshell, spent brewery yeast, marine algae, silk, wool,
feathers, alginate and chitn/chitosan [3, 13, 34, 35, 76].

Anthropogenic environmental pollution has resulted in the release of many

metallic species into the biosphere, many of them toxic. Once in the biosphere, the
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metals cycle between biotic and abiotic components, where they can be concentrated
in particular biota, resulting in potential toxicity [13, 91]. Remediation of such toxic
metals is accomplished only when the metals are sufficiently immobilized or removed
from the environment. By appropriate immobilization, the metals can be made bi-
ounavailable to biota in the system or even fully recovered and removed, thus reducing
the toxicity to the biosphere [91].

Research in biosorption has primarily been focused on the removal of metal ions,
including transition metals, heavy metals, uranium and other actinides, and the rare
earths. Alkali and alkaline earth metals have received little attention due to their low
toxicity as well as difficulty to accumulate by biosorption [20]. Biosorption methods
have also been studied and applied for other pollutants, such as removal of dyes and

nitrates [9, 12, 23, 86, 93].

2.2.1 Mechanisms of biosorption

Biosorption of a metal may proceed by physisorption, chemisorption, or a combi-
nation of both. Physisorption, also called physical adsorption, includes the adsorption
mechanism as well as adsorption of precipitates [20, 28, 91].

Chemisorption may occur on certain functional groups present on the biosor-
bent, such as amine and acetamido groups in chitosan and chitin, hydroxyl groups in
polysacchardies, and amino, amido, sulthydryl and carboxyl groups in proteins [91].
Such functional groups may be considered as “active” or “binding” sites. Chemisorp-
tion occurs via interaction with functional groups of the sorbent via ion-exchange,
chelation, or formation of neutral complexes.

The mechanism of chemisorption depends strongly on experimental conditions,
such as metal concentration and pH [28]. For many sorbents, accessibility to the active
sites is a key parameter which can influence metal sorption. Accessibility to active
sites is partially determined by the specific surface area of sorbent, and can further be

limited by crystallinity, steric hindrances, and by hydration of the sorbent [22, 56, 64].
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2.2.2 Interaction mechanisms of chemisorption on chitosan

The majority of the published literature on chitosan sorption focuses on the
evaluation of sorption performance and not on evaluation or determination of the
chemical mechanism of metal binding with chitosan. Even so, various methods have
been used by different authors to confirm the complex between chitosan and differ-
ent metals, including differential scanning calorimetry, infrared spectroscopy, nuclear
magnetic resonance, circular dichromism, thermal gravimetric analysis, potentiometry
and spectrophotmetry [74, 89]. There are two types of chitosan complexes defined by
the mechanism of their formation: coordination complexes and ion associates.

It is widely accepted that the main mechanism of sorption occurs at the amine
groups (-NH,) of chitosan, although hydroxyl groups may also participate [21]. When
protonated in acidic solution, the amine group becomes a site for electrostatic inter-
action with anionic metals or dyes [22, 23, 25]. The free amine group has long been
recognized as capable of forming dative bonds with transition metals [54]. The sorp-
tion mechanisms in a given case will depend on the solution composition, concentra-
tion, presence of co-ions or ligands, pH, and metal speciation [21]. The metal ion may
also form complexes with other ligands in solution, thus changing its speciation. A
cationic metal may form an anionic species with the ligand. For example, in strong
nitrate media UO3* forms the anionic species [UO,(NO;),]>". The speciation of the

metal determines the mechanism of complexation with chitosan [25, 55].

2.2.2.1 Coordination complexes

Many studies have focused on the interaction of chitosan with Cu(Il), leading
to two common interpretations of the mechanism: the bridge model and the pendant
model. In the bridge model, the metal ion is bound by inter- or intra-molecular com-
plexation on multiple amine groups. In the pendant model the metal ion hangs like
a pendant from only one amine group, with charge balanced by hydroxyl groups or
water [21].

Park et al. studied the chitosan-Cu(Il) interaction spectrophotometrically and de-
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Figure 2.2: The bridge (left) and pendant (right) models of chitosan-metal complexa-
tion. Adapted from [73].

termined that concentration-dependent intra- and inter-molecular binding occurred.
These authors also report that the addition of chloride salts appear to promote inter-
molecular binding, likely due to decreased electrostatic repulsion between chitosan
chains due to the presence of CI™ [61]. The authors also suggest that the disagreement
between some chitosan-metal stability constants could be due to the formation of in-
soluble metal hydroxides which were interpreted as “chelated” to chitosan, when in
fact, they were just physisorbed. The authors claim that such precipitation of met-
als on chitosan explains the sensitivity of chitosan-metal sorption rate and capacity to
stirring, temperature and crystallinity [61].

Dambies et al. used x-ray photoelectron spectroscopy to investigate the chitosan-
copper complex. These authors found that copper sorption resulted in a charge trans-
fer from nitrogen to copper, supporting the hypothesis that sorption occurs on the
amine groups. They also concluded that, based on the results of experiments at two
pHs, the sorbed copper species were likely copper hydroxide, suggesting a combined
sorption/precipitation mechanism [15]. The importance and role of metal hydrolysis

on biomass sorption has also been addressed by Gadd and White, for the case of
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actinides, which are readily hydrolyzed, and by Varma for the case of silver [4, 20, 89].

Piron and Domard found results of FTIR and UV-vis studies of chitosan-uranyl
complexation to be in agreement with the pendant model for sorption of uranyl to
chitosan, with the charge of the uranyl cation balanced by hydroxyl groups (assumed
due to the absence of nitrate in the complex) [67].

Coordination of metals with the aminogroup of chitosan has also been reported
for alkaline earth metals in alkalinic carbonate media. Piron and Domard studied
ternary complexes of alkaline earth metals, strontium and barium, with chitosan [66].
The authors observed sorption at alkaline pH in carbonate solutions, and acknowledge
possible dehydrating and other effects of carbonate anions on chitosan.The proposed
mechanism is complexation of Sr**CO3~ with chitosan. By varying the ionic strength
of the solution, they found evidence that the sorption mechanism was not electrostatic,
nor due to precipitation of the metals [66].

Studies of the complexation of the monomer unit, D-glucosamine, have been
performed, but it is generally accepted that the polymer results in more efficient sorp-
tion, which has been used as evidence for the role of adjacent amine or hydroxyl
groups in the sorption mechanism [21, 48, 61]. Recent work by Levitskaia et al. fo-
cused on the complexation of D-glucosamine and neodymium. By photospectrometric
titration these authors found the formation constants and log B of Nd-D-glucosamine
complexes and determined that the complexation occurs via a ligand-controlled hy-
drolysis mechanism. This is of note as it confirms the complex formation of the chi-
tosan monomer with a model trivalent lanthanide, as well as opens the door to use of

chitosan and chitosan derivatives for therapeutic lanthanide agents [48].

2.2.2.2 lon associates

When the amine groups of chitosan are protonated, complexation can occur
via the ion association mechanism when anionic species of the metal are attracted to
positively charged (protonated) amine groups. The protonation of the amine groups is
determined by the pKa, which in turn depends on the DDA of the chitosan [84]. This

can be seen by observing the relationship between the dissociation degree, #, on DDA
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and pKa [84]:

_ o [HT]
a=a+ NEL] (2.1)
pK, = pH +log <1;a¢> (2.2)

where a' is the experimental neutralization degree and [NH,] is the concentration of

amine groups, which varies with DDA. The dissociation of chitosan is described by
Chitosan—NH, + H,0" = Chitosan—NH; + H,O (2.3)

The dissociation constant, K,;, of chitosan is thus

B [—NH,|[H,0"]
K= \mg)

(2.4)

When pH = pKa, half of the amine groups will be protonated. The pKa of chitosan
ranges from 6.3 to 7.2. Thus, at acidic pH, the majority of amine groups will be
protonated and positively charged, and thus more likely to form ion associates with
anions than to form complexes via an exchange of protons with cations. Ion associate
mechanisms in chitosan sorption can be investigated by varying the ionic strength;
such interactions will be sensitive to a change in ionic strength, as those ions will
compete for binding sites [27, 90].

Publications on ion exchange mechanisms are limited to anionic species, includ-
ing metal anions as well as anionic dyes. Guibal et al. investigated the sorption of
vanadate and molybdate species onto chitosan, with maximal sorption at a pH (pH=3)
corresponding to a predominance of protonated amine groups as well as the existence
of polynuclear anionic hydrolyzed species [22]. Guibal et al. found that dissolved chi-
tosan was superior to solid chitosan for sorption of anionic dyes. This was attributed
to the increased number of available amine groups, which are made available by the
breaking of inter- and intra-chain hydrogen bonding involving the amine groups when

the polymer is dissolved [23]. A similar increase in sorption for anionic dyes was ob-
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served by Trung et al. using decrystallized chitosan [86].

2.3 Evaluation of sorption: isotherms and kinetics

The evaluation of a biosorbent for sorption of a given metal includes determining
its capacity for the metal via isotherm modeling and determining its kinetics. Isotherm
modeling can be accomplished using the classical Langmuir and Freundlich isotherms.
Biosorption kinetics have usually been found to be described by the pseudo- first and

second order rate equations [28].

2.3.1 Kinetics of biosorption

A study of the kinetics of a biosorption system is necessary to determine the rate-
limiting step(s) of sorption and the kinetic parameters. These parameters are necessary
for implementing a large-scale sorption system, to determine optimal contact time and
maximum sorbent capacity [51]. Additionally, knowledge of the rate-limiting step(s) of
sorption, as well as the kinetic model, can provide insight to the nature of the sorption
mechanism [28]. For example, The sorption process is considered to be composed of
four steps: (1) transport of the solute from the bulk solution to the sorbent boundary
film (bulk diffusion); (2) diffusion of the solute from the boundary film to the sorbent
surface (film diffusion); (3) diffusion of the solute from the sorbent site to intraparticle
spaces/ pores of the sorbent (intraparticle diffusion); (4) sorption (or desorption) of
the solute at active sites on the surface and pores of the sorbent [24, 28, 65, 68]. The
entire sorption process is thus affected by changes to any step, and these steps can be
affected by many experimental conditions, including particle size, agitation rate and
pH, among others [19, 28]. It is generally accepted that vigorous agitation is sufficient
to eliminate steps (1) or (2) from being rate-limiting [24, 28, 68]. Thus, many kinetic
models that have been developed for biosorption systems consider step 3 or 4 to be
rate limiting.

Various kinetic models have been developed in order to determine or predict

which steps are rate limiting. It is possible for there to be more than one rate limiting
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step, and also possible for the rate limiting step to change over the course of the
contact time. Many commonly used kinetic models, however, assume only one rate
limiting step, which can make it difficult to model the data over the entire sorption
time with only one mathematical model. Many commonly-used models assume that
step (4) is rate limiting, and refer to this step as the surface reaction, which may be either
a chemical reaction occurring on the surface or a physisorption interaction [68]. The
most common of these models, as applied to biosorption systems, are the pseudo-first
(Lagregen) and pseudo-second order kinetic equations. Models that consider step 3,
the diffusion step, are referred to as the diffusion models; the most common of these
is the intraparticle diffusion model (Weber-Morris model) [45]. Many other kinetic
models exist, but were not applied in this work. It should be noted that while some of

the kinetic models have theoretical bases, others do not.

2.3.1.1 Pseudo-first order model
What is now known as the pseudo-first order kinetic model was introduced by

Lagergren to empirically describe adsorption of acids onto charcoal, and it is consid-
ered to be one of the first equations describing sorption rates for liquids onto solids
[68]. It is described by the differential equation

dq(t

1) — k(. — q(0) 25)
where g(t) is the sorption capacity (mg/g) at time ¢, and g, is the sorption capacity
at equilibrium. When equation 2.5 is solved using the boundary conditions g(t) = 0

when t = 0 and ¢(t) = g, at t = e we obtain:

q(t) = ge(1—e ) (2.6)

where g(t) and g, are sorption capacity (mg/g) at times ¢ and equilibrium, as before,

and k; is the pseudo-first order rate constant, with units of inverse time. This can be
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linearized to the following equation:

In(ge — q(t)) = In(qe) — kat 2.7)

The parameter k; determines how fast the system reaches equilibrium; increasing kq
results in equilibrium being attained more quickly. The linearized form, equation 2.7, is
usually used to fit data. However, this method requires knowledge of the equilibrium
sorption capacity, 4., which is not always known for the conditions of the kinetic
experiment. Problems obviously arise when g(f) > g,, which may arise if g, is not

known well.

2.3.1.2 Pseudo-second order model

The pseudo-second order kinetic model is described by the differential equation

7 = kz(qe - q(t))z (2.8)

where g(t) is the sorption capacity (mg/g) at time ¢, and g, is the sorption capacity
at equilibirum. When equation 2.8 is solved using the boundary conditions 4(t) = 0

when t = 0 and ¢(t) = g, at t = e we obtain:

kog?t
a(t) =

= 2.9
1+ k25]et ( )

where g(t) and g, are as before, and k; is the pseudo-second order rate constant

(mg-g~!-t71). Equation 2.9 can be linearized to the following equation:

t 1 t
a = rqg + i (210)

Equation 2.10 is not a unique linearization of Equation 2.9, as there are four commonly
used linearized forms of the pseudo-second order equation. Equation 2.10 is the most
commonly used linear form, however, and it generally results in good fits of many

biosorption processes [28]. An advantage of this model is that it can be used to deter-
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mine the equilibrium sorption capacity, g., and is less sensitive to experimental error
than the other models [68]. This may contribute to the observed good fits of this model

to diverse data sets.

2.3.1.3 Elovich model

The Elovich equation was introduced in 1934 by Roginsky and Zeldovich to
describe adsorption kinetics of carbon monoxide on manganese dioxide [68]. It is given

by
q(t) = ;ln(l + apt) (2.11)

where « (mg g~!t71) and B (g/mg) are the Elovich constants. It should be noted
that as t — oo the model results in non-physical behavior; the model is therefore
more appropriate to describe the initial stages of sorption. Many of the theoretical
interpretations of the Elovich equation assume heterogeneity of the sorbent surface
[68]. It has also been shown that the Elovich and psuedo-second order models behave
almost identically when the fraction surface coverage of adsorbent is less than 0.7 [68].
A generalization of the Elovich equation was derived by Rudinski and Plazinski using

statistical rate theory [68].

2.3.1.4 Intraparticle diffusion model

When intraparticle diffusion is the rate limiting step, the sorption capacity (4(t))

will vary linearly with the square root of contact time:
q(t) =kgVt+C (2.12)

where k; is the intraparticle diffusion rate constant (mg g~'t~1/2) and C (mg/g) is a
constant related to the thickness of the boundary layer around sorbent particles [28].
It is possible for multi-linearity to exist in the model, corresponding to diffusion in

increasingly smaller or deeper pores of the sorbent [51].
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2.3.2  Sorption isotherms

Sorption isotherms describe the retention of a sorbate on a sorbent under varying
sorbate concentrations. Given a concentration of sorbate, C, and the concentration of
sorbate retained on the sorbent, g, then a function f such that ¢ = f(C) is called the
sorption isotherm [50]. To determine a sorption isotherm empirically requires collecting
data of the sorption system at equilibrium with varying sorbate concentrations under
otherwise identical conditions; isotherm thus implies not only a constant temperature
throughout the process, but also constant pH, ionic strength, and so forth [50].

Brunnauer et al. classified five shapes of isotherm for adsorption by van der
Waals forces. Giles, in a later classification, proposed four main shapes, shown in Fig-
ure 2.3 [50]. The “C” type is linear, wherein the distribution coefficient is constant for
all sorbate concentrations. The sigmoidal “S” type arises from the result of two oppo-
site sorption mechanisms. One example of this is in the case of a ligand in aqueous
solution with a metal ion; at low concentrations, the ligand and sorbent compete for
the metal, where at high concentrations of metal, the ligand will be saturated with
metal and excess metal can be sorbed. The “L” type isotherm results when the distri-
bution coefficient decreases with increasing sorbate concentration, which may be due
to the sorbent tending toward saturation. Examples of “L” type isotherms are the Fre-
undlich, Langmuir, Temkin, Redlich-Peterson and Toth isotherms. The Freundlich and
Langmuir are the most applied and perhaps best studied of these, and are discussed
here. The “H” type isotherm is a special case of the concave “L” type isotherm; the

“H” type is characterized by a very steep initial slope.

2.3.2.1 Freundlich isotherm

The Freundlich isotherm was one of the earliest empirical models proposed to

describe sorption systems [50]. It is given by

q. = KC" (2.13)
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I\ “C” type isotherm N “L” type isotherm
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»C »C

Figure 2.3: The four isotherm shapes, as classified by Giles. Adapted from [50].

where g, is the equilibrium sorption capacity, C, is the equilibrium sorbate concentra-
tion and K and n are the model parameters, with the restriction n < 1. Mathematically,
for all n and K, it can be seen that g, does not reach a limit as C, — oo, and so the
isotherm does not reach a plateau. While this isotherm was originally derived empiri-

cally, a theoretical derivation is presented by Skopp [83].

2.3.2.2 Langmuir isotherm

The Langmuir isotherm was proposed by Irving Langmuir in 1918. In fact, six
different cases were considered by Langmuir, but it is the first case, “simple adsorp-
tion”, which has been the most widely applied; the other models can be viewed as
generalizations to cases such as multi-site adsorption [46]. The simple case is based on
the assumptions that all adsorption sites are identical; each site can only adsorb one
molecule; and all sites are energetically and sterically independence of the adsorbate.

Starting with the kinetic gas theory, Langmuir derives the relationship which can be
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_ gmKCe
9= 17KC,

(2.14)

were g, (mg/g) and C, (mg/L) are the sorption capacity and concentration and equilib-
rium, respectively. The equation parameters are q,, and K; g, (mg/g) is the maximum
adsorption capacity and K is the Langmuir affinity constant (L/mg), which describes
the strength of interaction between the sorbate and sorbent. It can be seen that as
C. — oo, g, approaches the limit of the value of the parameter g,, resulting in a
plateau. It should be noted that the assumptions of the Langmuir isotherm are sel-
dom met in the case of biosorption systems. However, it has been found that kinetics
of biosorption systems have been reasonably well modeled by the simple Langmuir

isotherm.
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3  Materials and Methods

3.1 Materials

3.1.1 Chitosan

Chitosan was purchased from Sigma-Aldrich (St. Louis, MO) or used as received
from the Oregon Biomedical Engineering Institute (OBEI, Portland, OR). Five types of
chitosan were received from OBEI, which were assigned codes A-E. Types A and C

were in the physical form of flakes/fibers and types B, D and E were in a powder form.

3.1.2 Radiotracer Solutions

Uranyl nitrate hexahydrate (Fisher) was dissolved in 0.1 M HCIO, to produce a
0.2 M UO3" stock solution. The stock solution was used to make subsequent dilutions
for use in experiments.

%0Co stock solution was prepared from an in-house stock solution produced by
neutron activation in the Oregon State TRIGA reactor facility (OSTR). The ®Co stock
received was converted to the nitrate form, Co(NO;),, by repeated evaporation to
dryness in an excess of concentrated nitric acid. Stock solution was made by dissolving
the resulting Co(NO;), in 1 M HNO;. The ®Co concentration was determined by
radiometric analysis using an energy and efficiency calibrated high purity germanium
detector. The chemical concentration of cobalt in the stock was determined by UV-
visible spectroscopy of the cobalt absorption band at 505 nm and found to be 0.03 M.
A solution of non-radioactive cobalt was prepared by dissolving Co(NO;), - 6 H,O in
1 M HNO; with cobalt concentration 0.2 M.

152154y stock was received in the nitrate form, Eu(NOs;);, dissolved in 1 M nitric
acid, with europium concentration 2.5 mM. This stock had previously been produced
by neutron activation in the OSTR. A stock solution of non-radioactive europium was
prepared by dissolving Eu,0O3 in 1 M HNO; to produce a 0.1 M europium concentra-

tion.
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All other reagents were of analytical grade and were used as received.

3.2 Sorption experiments

Working solutions of each cation were prepared from dilutions of the radiotracer
stock solutions in DI water. Chemical concentration of the solutions was adjusted
by addition of the non-radioactive solutions (except for uranium). The pH of each
solution was measured using an Orion 410A or Thermo Orion 3-star pH meter and
was adjusted as necessary by addition of strong NaOH or HNO; (for uranium, NaOH
or HCIOy,).

To determine sorption isotherms and kinetics, a given volume of metal solution
(ranging from 1 mL to 10 mL) with a known concentration (10 to 2,000 mg/L) was
added to plastic screw-top vials (2 mL, 4 mL or 15 mL) containing a given mass of
sorbent at room temperature (20°C £ 2°C) or at elevated temperature (37°C + 1°C).
After addition of the metal solution, each vial was briefly vortexed and then agitated
for the desired contact time (ranging from 10 minutes to 168 hours). Agitation was
performed on either a Labquake end-over-end shaker or a Eppendorf Thermomixer R
mixer incubator. At the end of contact time, the vials were centrifuged and an aliquot
of the supernatant was taken to determine the concentration of metal remaining in
solution. For kinetic experiments, subsequent aliquots were taken from the same vial
at differing contact times. In this case, samples were centrifuged, an aliquot taken,
re-vortexted and returned to the agitator until the next sampling time. Control exper-
iments, containing no chitosan sorbent, were performed to verify the absence metal
sorption on the vial walls or precipitation of metal due to hydrolysis or other mecha-
nism. The pH of solutions was measured after the final aliquots were taken using an

Orion 410A pH meter.
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3.3 Analysis of solutions

Determination of cobalt and europium concentration in solutions was done by
radiometric analysis. A Packard Cobra II sodium iodide (Nal) scintillation detector
was used for all radiometric analyses. The counting window used for ®°Co spanned
1025 to 1425 keV, including the ®°Co gamma emissions at 1173 and 1332 keV. The
counting window used for ®*%Eu spanned 300 to 390 keV, which includes the 344
keV gamma resulting from the »?Eu beta decay. The choice of window was con-
strained by the resolution of the detector. The counting time was adjusted to result in
counting error of less than 2%. Each experimental sample was compared to a reference
sample of the initial metal solution, eliminating the need to include the efficiency of
the detector in calculations. The concentration of residual metal in solution was calcu-
lated using the activity concentrations of the sample and reference. The gamma peak
at 661 keV was used for determination of ®*Co activity and the peak at

Uranium concentration was determined by the Arsenazo(Ill) method using an
Ocean Optics QE65000 or Olis RSM-1000 UV-vis spectrometer. Spectra were recorded
in the UV-visible region from 450 to 700 nm using 1 cm cuvettes. The absorbance of
the Arsenazo(Ill)-uranyl complex band at 651 nm was used for analysis. Beer’s law
was found to be obeyed up to a uranium concentration of 3.5 x 107> M. Below this

concentration absorbance of the complex is proportional to uranium concentration.

3.4 Fourier Transform Infrared Spectroscopy

FTIR analysis was conducted on a Nicolet 6700 spectrometer equipped with di-
amond hastloy attenuated total reflection (ATR) plate. Powder samples were prepared

for analysis by drying, either in dessicator, oven, or open air. The IR spectrum was

1

recorded in the wavenumber range from 4000 to 700 cm™" using 32 scans with resolu-

tion of 2 or 4 cm 1.
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3.5 Evaluation of experimental results

The uptake (%), distribution ratio (Kp), and adsorption capacity (q) of the chi-
tosan sorbents were determined by a mass balance equation. The adsorption capacity,

q: (mg/g), was calculated at time ¢ as

%
= (Cyp—Ct) — 3.1
g =(Co—C) - 3.1
where Cj is the initial metal concentration in solution (mg/L), C; is the metal concen-
tration in solution at time ¢, and m and V are the mass of sorbent (mg) and volume of
aqueous metal solution (mL), respectively. The distribution ratio, K; (L/g), was found

as

Cyo—C f V
K; = — 2
=(2c7) 62)
where Cp and Cy are the initial and final metal concentrations in solution (mg/L),
respectively, V is the volume of aqueous metal solution (mL) and m is the mass of
sorbent (mg). The uptake, expressed as a percentage, is found by

Co—Cs

) = e

(3.3)

where Cy and C; are defined as above. The residual concentration of metal remaining

in solution, C f, Was calculated by
Cr= Ay (3.4)

where Cp is the initial concentration, and Ag and Ay are the initial and final measured
activity concentrations (Bq/mL), respectively. In the case of uranium, Ay and Ay are
the initial and final absorbances of the Arsenazo(Ill)-uranyl complex measured at 651
nm in 1 cm cuvettes, and thus the ratio of initial and final absorbances is equal to the

ratio of the initial and final concentrations.
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3.6 Modeling of adsorption kinetics and isotherms

Modeling of adsorption kinetics and isotherms was done using R, version 2.13.1
(R Foundation for Statistical Computing) [o]r Excel (Mircrosoft). R was used for linear
and nonlinear least squares regressions; Excel was used only for ordinary least squares
regression. The nonlinear least squares method in R implements a Gauss-Newton

algorithm.

3.7 Goodness-of-fit

The goodness-of-fit of isotherm and kinetic models was evaluated using the
residual root mean square error (RMSE), sum of squared errors (SSE), and correla-

tion coefficient (R?). The RMSE is found as
m 1/2

(n; — ;)2
RMSE = [ =L (3.5)

m—=p

where 7; is the model predicted value for observation n;, m is the number of observa-
tions and p is the number of adjustable parameters. The RMSE, as calculated above, is
the estimated standard deviation of the errors. It should be of similar size to estimates
of the measurement errors. Larger values of RMSE indicate that another source of
error is present, and may be indicative of a lack of fit of the model [43].
The SSE is found as
SSE = i M (3.6)
= n

where 7; is the model predicted value for observation n; and m is the number of
observations. The SSE will be minimized when the model parameter estimates (7i;)
approach the observed values (1;), thus, a smaller SSE is indicative of a better fitting

model [28].
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The correlation coefficient is calculated as

i (3.7)

with variables as defined above. The correlation coefficient captures the the fraction of

variance (about the mean) explained by the model [43].
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4 Results and Discussion

4.1 Sorption of radionuclides by chitosan

The sorption of cations by chitosan was found to be dependent on pH, contact

time, and initial metal concentration. These are discussed in the sections below.

4.1.1 Effect of pH

Solution pH affects both the speciation of the metal and the protonation of chi-
tosan amine groups. Both of these factors influence the adsorption process, and so
an examination of the effect of pH on adsorption efficiency is necessary in order to
optimize an adsorption system.

Chitosan has an intrinsic pKj of around 6.5 and dissolves in most organic and
mineral acids (with the exception of sulfuric acid) [84]. In acidic solutions, the amine
group (-NH,) of chitosan becomes protonated. The protonated amine has been deter-
mined to be a site for anion sorption on chitosan, as it allows for an ion association
interaction to take place [22, 42]. However, 