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Abstract of the Dissertation 
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Ever since the proposal of correct structure of CoCl3•6NH3  by Alfred 

Werner in 1893 the field of coordination chemistry has only grown and has 

become the center of chemical science owing to wide ranging applications 

in the fields of catalysis, medicine, biochemistry and organometallic 

chemistry. This dissertation deals with novel application of coordination 

chemistry from three different perspectives. The first explores the fate of a 

known contaminant (uranyl ion) in ground water with natural organic 

matter (NOM) using simple analogous aromatic and aliphatic molecules 

(catechol and oxalic acid). It was found that not only the immediate 

complex formed, long term interactions between the metal ion and the 

organic molecule need to be taken into account for any remediation 
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process, as uranyl can act as a catalyst in polycondensation of 

polyphenols.  The second part deals with modifying a natural 

polysaccharide to improve its metal complexation capacity using 

photochemical enhancement in an electrochemical pathway. Metal 

adsorption capacity of the novel polymer was tested with oxyanions 

(Cr2O7
2-) as well as oxycations (UO2

2+). It was found that a model based 

on monolayer adsorption occurring on an energetically uniform surface 

without interactive molecules best explained adsorption and kinetics of the 

reaction followed a pseudo second order model. 

In the final part strong complex formation between chitosan and metal 

ions was exploited to grow stable nanoparticles for catalysis applications. 

Protonated chitosan was deposited on stainless steel using an 

electrochemically-induced localized zone of high pH near the electrode. 

The hydrogel layer was found to be well adhered and conductive. The 

nature of conductivity is not known but was found to be sufficient for 

subsequent electro-reduction of silver salt to metallic nanoparticles. 

Nanoparticle size as well as distribution over the chitosan layer was 

optimized by controlling operating parameters including voltage, time of 

deposition and thickness of polymer film. The reduced nanoparticles were 

tested for their catalytic activity using the oxygen reduction reaction (ORR) 

and it was found that under oxidative potentials the silver nanoparticles 

were not just stable up to oxygen reduction potential under alkaline 

conditions (0.23V Vs Ag/AgCl) but they exceeded the limit by 200mV thus 
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providing a very broad electrochemical window for the 4 electron pathway 

for oxygen reduction. The stability of silver is expected to have increased 

due to complex formation with amine as well as hydroxyl group in 

chitosan. 
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Chapter 1 : Background 
 

Interactions between metals and non metals, including organic 

ligands, are vital to our very existence from oxygen carrying capacity of 

hemoglobin imparted by iron and photon absorbance of chlorophyll 

containing magnesium to enzymes containing cobalt, zinc etc.  Even 

without the knowledge of bonding, metallic ions bonded with non-metallic 

ligands (coordination compounds) have been utilized by civilizations for 

thousands of years. The first known use of coordination compound is 

bright red colored alizarin dye first used in India. Over the course of 

centuries many organic based as well as fully inorganic (using ammonia 

etc.) coordinated compounds were synthesized mainly for dyes and 

pigments application. Early compounds and theories of coordination 

chemistry are well documented by Joan Gispert in the book ―Coordination 

Chemistry‖ [1]. 

The concept of metal complexes as we understand it now was first 

introduced by Alfred Werner in 1893 to explain the amount of silver 

chloride deposited by different Cobalt (III) chloride with ammonia. Over the 

years many theories have been developed to explain optical magnetic and 

electronic properties of coordinated compounds including molecular orbital 

theory, crystal field theory and ligand field theory. For a detailed 

information on development of various theories in 20th century ―The 

Chemical Bond: Structure and Dynamics‖ edited by Ahmed Zewail [2] is 
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highly recommended. In about a century since its invention coordination 

chemistry has come to occupy the center of chemical world due to its 

widespread applications in the fields of medicine, biochemistry,   

organometallic chemistry and catalysis. 

Perhaps the greatest transformation in our world by coordination 

compound has been their catalytic application in polymerization. Since the 

discovery of Ziegler-Natta catalysts in 1950s billions of pounds of 

polyolefins alone have been synthesized [3] and thousands of patents 

have been filed [4] for different catalysts in polymerization. With the 

abundant supply of organic molecules from the coal and petroleum 

industry as well as advances in catalysis, polymers with controlled size, 

chemistry and properties had been synthesized and became integral part 

of civilization within 50 years by the end of 20th century. 

The 20th century also saw exponential growth in demand for metals. In 

the USA alone demand for metal and minerals grew from about 160 

million tons in 1900 to 3.3 billion tons by the end of century [5]. The 

extensive mining, processing and use of metals have led to their release 

into the environment. While some metals like aluminum and iron are 

benign, many metals including lead, mercury, arsenic, chromium and 

uranium are serious health hazards [6].  Complexation of these elements 

with natural organic matter in soils plays an important role in their 

transport and bioavailability. With an ever increasing focus on the 

environment since 1960s more and more studies have been directed 
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towards understanding metal-organic interaction from the point of view of 

remediation. 

The next quantum leap in coordination chemistry came with the 

development of nanotechnology. Nanoparticles are giant 

pseudomolecules with complex internal structure and high surface energy. 

Small size and high surface energy give metallic nanoparticles unique 

features differentiating them from their bulk counterparts. The surface of 

nanoparticles is ubiquitously coated with lighter molecules which can alter 

its properties like optical characteristics, solubility and stability [7].  Large 

surface area offered by nanoparticles coupled with the flexibility in 

properties of nanoparticles attached to tailor made ligands have led to 

great deal of interest  and extensive application of nanotechnology in 

various fields, including the most pressing one of our times, energy. 

From catalytic converter in automobiles to dye synthesized solar cells 

and from supercapacitors to fuel cells no sphere of energy research has 

remained untouched by metal-organic interactions in nanoscale. Arguably 

the most pronounced effects have been witnessed in fuel cell technology: 

the adsorption of fuel onto electrode surfaces, oxidation of fuel on catalytic 

surfaces, charge transfers between electrolyte and electrode as well as 

reduction of oxygen are all based on metal-ligand interactions. 

Consequently a large volume of research in recent years has been 

directed at better understanding metal-ligand interactions in nanoscale 

and improving their performance and application. 
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1.1. Hypothesis of current work 

 

The research reported in this thesis will improve our understanding of 

metal ion-organic ligand interactions during chemical and electrochemical 

processes, and in particular will explore the following concepts: 

Intentional or unintentional (natural) association of reactive metal ions 

or oxyions with organic ligands results in the formation of nanoscale 

structures. In some cases, the structure consists of organic colloids, as in 

the case of polycondensation catalyzed by metal ion contaminants. In 

other cases, the metal ions themselves can be reduced, resulting in the 

formation of nanoparticles.  

In all cases, the organic ligand can remain somewhat weakly 

associated with the metal through outer sphere complexation or hydrogen 

bonding.  Where association of the organic ligand with the metal ion is 

stronger discreet nanostructures cannot form, and the association remains 

on a molecular scale.  

By controlling the nature and reactivity of organic ligands (whether 

through pH or chemical modification), the resulting nature of the  end state 

of the association (resulting in either strongly bound and hence dispersed 

chemical association or discrete nanostructures) is controlled for 

engineering applications (remediation, nanomaterial formation, etc.)  
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Further, by controlling the kinetics of the reactions in the metal ion-organic 

media through localized control of pH, electron transfer processes and 

other processing parameters, the physical characteristics as well as 

chemical stability of the resulting nanostructures can be controlled. 
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Chapter 2 : Interactions of uranium with 

organic molecules. 

2.1 Introduction 

 

Uranium is present in our environment due to its natural occurrence, 

mining, processing and subsequent use. Radionuclides from mill sites, 

nuclear facilities and waste disposal sites can be spread by air and 

groundwater which necessitates the study of uranium transport and 

reactions in the environment: a number of such studies have been 

conducted [8-15]. Many factors affect the speciation and transportation of 

uranium in soil and groundwater including minerals in soil, nature and 

amount of organic matter in soil, pH of soil and water, rate and direction of 

groundwater flow, and hydraulic gradient [16]. Contaminant uranium in the 

subsurface has been found in very diverse forms including as uranyl 

phosphate, uranyl hydroxide, and an ill-defined uranyl organic phase at 

Fernald [17]. In studies conducted at Oak Ridge National Laboratory, 

uranyl has been found to exist complexed with phosphates and 

carbonates, associated with iron and manganese phosphates [8], and 

complexed with soil organic matter [18]. 

Humic substances form the majority of natural organic matter (NOM) 

in soil. Humic substances are high molecular weight, naturally occurring 

complex aggregates of aliphatic and aromatic chains having a number of 

common functional groups. Humic substances interact with metal ions 

through functional groups, forming soluble complexes, precipitating metal 
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ions by reduction or by ion exchange, modifying the sorption behavior of 

mineral surfaces towards metal ions and modifying colloidal particles 

containing metal ions [19].  More than 40 binding sites for complexation 

have been reported for humic materials including carboxylate, carbonyl, 

polyphenolic and amine functional groups [20]. Oxalic acid is simplest 

aliphatic molecule with two carboxyl group making is highly acidic and an 

ideal analogue towards understanding humic materiel-metal interaction. 

Catechol (o-diphenol benzene) is the simplest aromatic molecule 

containing highly reactive diphenol groups similar to many larger 

polyphenols constituting humic material, which makes catechol an ideal 

candidate for study of metal ion association relevant to contaminant 

mobility in soils. Due to its common presence as a functional group in 

NOM, catechol is also an ideal candidate for the study of oxidative 

polymerization [21].  Oxidative polymerization is an important process to 

understand because of its role in humic polymers originating from 

decomposition of plant residue [22]. 

In addition to the relevance of using catechol as a model ligand to 

understand reactions of mobile metal ions with subsurface organic 

constituents, catechol itself in the subsurface originates from both natural 

and man-made sources. It is produced in nature by bacterial degradation 

of plants and animals [22]. Catechol and other phenolic compounds are 

produced by many chemical industries and need to be removed from 

wastewater discharged by those industries [23]. While catalytic 
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polymerization of catechol was first demonstrated by Ziechmann using 

silica [24], it has also been observed using alumina, FeO, MnO,Ag2O, soil, 

silver colloids [21] and various enzymes, including laccase [23], 

horseradish peroxidase and soybean peroxidase [25]. These enzymes, 

along with an oxidizing agent (hydrogen peroxide/dissolved oxygen), 

oxidize phenols to the phenoxy radical. In turn, the generated phenoxy 

radicals associate to form dimers, trimers and polymers [26]. Abiotic 

oxidative polymerization of phenolic compounds was investigated by 

Colarieti et al. al using soil samples, and it was established that both soil 

and dissolved oxygen are required for polymerization [27].  These authors 

later formulated a three step mechanism for abiotic oxidation of catechol: 

(1) catechol is oxidized by metal oxide(Fe and Mn oxides) and the metal 

oxide is reduced (2) complexation occurs between the reduced metal and 

remaining catechol, and (3) the metal-catechol complex is oxidized by 

dissolved oxygen to form polymers [28].  

In this study we have investigated uranyl (UO2
2+) interactions with 

catechol using spectroscopic techniques including Raman, FTIR and UV-

vis spectroscopies. Catechol was found to polymerize in the presence of 

uranyl.  Catechol polymerization was further investigated for effects of pH 

and dissolved oxygen and presence of other oxyions. Molybdate was used 

for comparison as it is well known oxidizer, and molybdenum is a known 

catalyst for benzene hydroxilation [29]. Moreover, molybdenum occurs 

naturally with uranium and is present in the form of MoO4
2- in leach 
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solutions generated during hydrometallurgical extraction of uranium [30]. 

Molybdenum is also present in spent fuel rods formed by fission of 

uranium and beta decay of niobium, where it is found that Mo6+ converts 

to MoO2
2+ under oxidizing condition with an ionic potential similar to UO2

2+ 

[31]. For these reasons as well as the fact that molybdenum itself is a 

contaminant in groundwater [32] makes molybdate an ideal candidate for 

comparison with uranyl. 

2.2 Experimental 

2.2.1 Synthesis of complexes 

 

0.1M aqueous solutions of catechol (o-dihydroxybenzene, Aldrich 

chemical Corp.), uranyl nitrate (Analar, BDH Chemicals Ltd.), Oxalic acid 

(ethanedioic acid, Fisher Scientific) and sodium molybdate (Aldrich 

Chemical Corp.) were prepared by dissolution  in DI (>18MΩ/cm) water. 

To obtain complexes, catechol was added to uranyl nitrate and sodium 

molybdate in 1:1 volume ratios. Oxalic acid was mixed with uranyl in 1:1 

and 1:2 molar ratio. All the solutions as well as 1:1 molar ratio complexes 

were adjusted to 2, 4, 6, 8, 10 and 12 pH using 1M and 0.1M NaOH and 

HCl solutions. Oxalic acid uranyl complexes were adjusted to pH 3, 7 and 

10 to explore the interactions in acidic, neutral as well as basic 

environment. The pHs of solution were measured using a Corning Scholar 

425 pH meter. Solutions and complexes were analyzed using UV-Vis, 

Raman and IR-ATR spectroscopy.  Spectra of solutions of uranyl nitrate 

and sodium molybdate at various pH were taken before spectra of uranyl-
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catechol and catechol-molybdate to distinguish effects of complexation 

from the effect of pH change. 

2.2.2 Fourier transform infrared spectroscopy 

(FTIR)  

A Nicolet Model Magna 760 FTIR spectrometer with a ZnSe ATR 

crystal was used for analysis. Solutions containing complexes were placed 

on the crystal (in their liquid state). A 4cm-1 resolution was used and 256 

scans were averaged to improve the signal-to-noise ratio. The range 

selected for data acquisition was 3000-900 cm-1 (below 900 cm-1 noise 

was too high for meaningful signal to be observed). DI water (>18MΩ/cm) 

was chosen as background to minimize signal from water peaks during 

data collection. 

2.2.3 Raman spectroscopy 

 

A Nicolet Almega dispersive Raman spectrometer with a 785 nm laser 

source was used for analysis. Samples were put on a gold slide as 

droplets and the Raman microscope was focused at the gold-solution 

interface. Data from averaging 256 scans in the 3444-108 cm-1 range was 

collected.  OMNIC for Nicolet Almega software version 7.3 was used to 

process data. 

2.2.4 UV-Vis spectroscopy 

 

UV-Vis measurements were taken using an Ocean Optics S2000 

spectrometer and OOIBase32 operating software. For UV-Vis 
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measurements 1mM samples were used; deionized water was used as 

reference spectrum. Spectra were collected with 80 mSec integration time 

with an average of 10 measurements. 

For anaerobic UV-Vis measurements 1mM catechol solution was 

deaerated by bubbling nitrogen through the solution for four hours. NaOH 

pellets were then added to solution until pH was greater than 12 while the 

solution continued to be deaerated with nitrogen. This anaerobic catechol 

solution at high pH was then transferred to a quartz cuvette and which 

remained capped  for the initial measurement: for subsequent readings 

the cap was removed to allow air to interact with the solution.   

 

2.3 Results and discussion 

2.3.1 Impact of pH on uranyl nitrate and sodium   

molybdate 

 

FTIR analysis (figure 2.1) of uranyl nitrate at different pH shows a shift 

to lower wavenumbers of the peak associated with the U=O antisymmetric 

stretching frequency of uranyl with an increase in pH, shifting from 961 

cm-1 at pH 2 in solution to 942 cm-1 in the precipitate formed at pH6. On 

further increasing the pH the signal became lost in the background noise. 

The observed shift is likely due to the presence of a greater number of 

hydroxyl ions coordinated with the uranyl ion, due to of the formation of 

different uranyl hydroxides at different pH. In general there are more than 

20 uranyl oxide hydrates [38] which may be formed at elevated pH. Uranyl 
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hydroxide was found to have precipitated out of solution at high pH as 

indicated by the disappearance of the uranyl peak in spectra from solution 

at pH 6 and its subsequent appearance in the condensate. Raman 

analysis (figure 2.2) showed similar results: there is a significant decrease 

in stretching frequency of the U=O uranyl peak from 875 cm-1 at pH 2 to 

794 at pH12 (observed in solution up to pH4 and in precipitate from pH6-

12). This decrease in frequency is a known indicator of complexation, and 

indicates the presence of various uranyl hydroxides [39].  Samples were 

stored in closed containers limiting the amount of atmospheric carbon 

dioxide absorption by solution to avoid formation of uranyl carbonate. No 

peaks corresponding to uranyl-carbonate (1117 cm-1), even at high pH, 

were found. 

Raman spectra from the molybdate solution (figure 2.3) also show a 

shift in the peak associated with the Mo-O vibrational frequency in 

molybdate from 960 to 902 cm-1 with increase in pH, but the change in 

frequency with pH is not gradual as in the case of the uranyl peak. The 

peak at 960 cm-1 starts to lose intensity for pH greater than 4 while a new 

peak at 902 cm-1 gains intensity to pH6:  there is no peak at 960 cm-1
 at 

pH8 and above. This shift is due to the fact that molybdate structure 

changes with pH in basic and neutral solutions: it normally exists as 

simple tetrahedral molybdate ion, but at pH lower than 6 it exists as 

heptamolybdate [Mo7O24]
6-. This transition is complete at pH4.5 [40].  
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2.3.2 Polymerization of Catechol at Elevated pH 

 

The 0.1 M catechol solution was found to become increasingly 

opaque with increasing pH.  The solution first became brown in 

appearance at pH6 and, on further increasing the pH to 8 or higher, it 

turned black (figure 2.4). UV-Vis spectra of the solutions show a peak in 

the range of 250-300nm at all pHs: this is characteristic of π-π* electron 

transitions in phenolic compounds [33]. The change in color of the 

catechol solution was found to be associated with a bathochromic shift 

and an increase in intensity in the UV-Vis absorption spectra indicating a 

greater degree of π-conjugation and thus polymerization [34,35,36] (figure 

2.5). A new peak ~320nm emerges at higher pH indicative of formation of 

a higher molecular weight polymer at higher pH [37, 33]. 

Dissolved oxygen was found to play a role in polymerization, since in 

absence of oxygen no change in color associated with polymerization was 

observed even at pH as high as 12. In addition, the UV-Vis peak at 320nm 

is initially absent (figure 2.6, t=0).  The peak slowly emerges as air is 

allowed to interact with the solution and can be clearly seen after four 

hours (figure 2.6, t=240).  

FTIR analysis (figure 2.7) of the catechol solution at pH 2 and pH 12 

shows clear evidence of the formation of polycatechol.  The four 

absorption peaks between 1466 and 1515 cm-1 may be attributed to 

aromatic ring C=C vibration bands characteristic of the benzene ring. 
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Peaks at 1277 and 1260 cm-1 are due to C-O vibration[41]. The broad 

peak at 1600 cm-1 is a combination of C=C and substituted benzene ring 

vibrations. Peaks at 1202 and 1102 cm-1 observed at pH less than 6 are 

attributed to C-H in-plane vibrations. Analysis from the solution at pH 12 

showed C=C vibration bands between 1410-1584 cm-1, consistent with the 

formation of polycatechol.  The peak at 1487 cm-1, found to appear at pH 

higher than 8 is attributed to substituted benzene ring vibrations (which is 

indicative of catechol chelation and/or higher substitution).  In addition, 

peaks associated with C-H vibrations were not found in the pH 12 solution. 

Raman analysis (figure 2.8) of catechol at different pH is also 

consistent with the formation of polycatechol.  The spectra for lower pH 

(2,4,6) solution show in-plane and out-of plane CH deformation bands at 

1040 and 774 cm-1.  These peaks are absent at higher pH (8, 10, 12). A 

new peak associated with the phenoxy radical appears at 1494 cm-1. New 

peak at 1382 cm-1 associated with in plane C-H rocking vibration was also 

observed indicating retention of some C-H bonds in polycatechol .  In 

addition, a new peak was observed at 1584 cm-1 indicating formation of 

Tropones. From this evidence it appears polymerization is taking place by 

formation of C-C bonds between benzene rings following deprotonation of 

catechol. Pka for catechol is 9.5; thus at pH 8, approximately 3% of the 

catechol will be deprotonated, likely enough to start polymerization (figure 

2.9). 
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2.3.3 Catechol complexes in the presence of uranyl 

and molybdate 

 

Addition of uranyl ion to catechol solution was found to induce 

polymerization at a significantly lower pH than the pH required for 

polymerization in a pure catechol solution:  the uranyl/catechol solution 

was found to become dark instantaneously at pH 6.  FTIR spectra of the 

uranyl/ catechol solution (figure 2.10) shows proof of complexation by 

increase in intensity of the peak due to the substituted benzene ring at 

1488 cm-1 as well as an increase in intensity of the peak associated with 

the C-O band at 1252 cm-1. No major difference in spectra was observed 

between solutions of 1:1 and 1:2 ratio of uranyl:catechol. Raman spectrum 

(figure 2.11) from the uranyl-catechol solution confirmed polymerization at 

low pH: C-H bands at 1052 and 774 cm-1 were present only at pH2.  The 

shift in the C=C peak to 1582 cm-1 as well as the appearance of the peak 

associated with phenoxy groups at 1497 cm-1 were observed at pH as low 

as 2. 

By visual observation it appeared that sodium molybdate had a similar 

and more intense effect on catechol than uranyl nitrate, as color change 

was observed even at pH2 in fresh solution (as opposed to the 

requirement for a pH6 for the uranyl-catechol solution). Molybdate is 

capable of catalyzing polymerization at even more acidic pH due to its 

high affinity for aromatic o-dihydroxy compounds [42] A shown by the 

FTIR spectrum from the molybdate/catechol solution  at pH 6 (figure 2.10), 
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the substituted benzene ring intensity at 1483 cm-1 increased 

accompanied by a larger increase in the C-O band at 1264 cm-1 than in 

the case of uranyl association with catechol at pH 6.  The results indicate 

that oxygen substitution is much faster in presence of molybdate as 

opposed to uranyl at acidic pH. In the Raman spectrum (figure 2.11) from 

the molybdate/catechol solution, C-H bands were not present at any pH, 

and the C=C peak was shifted to 1563 cm-1 showing substitution and 

conjugation.  The peak associated with Mo=O stretching in molybdate was 

also shifted from 900 to 932 cm-1 showing evidence of complexation with 

catechol. 

In all cases, whether by pH-induced polymerization of pure catechol 

solution or whether catalyzed by uranyl or molybdate ions at lower pH, it 

seems the mechanism of catechol polymerization is by formation of C-C 

bonds between benzene rings and not by C-O-C bond formation, as 

characteristic peaks of benzyl ether1090 cm-1 were not observed in any 

case.  Polymerization is associated with a high degree of substitution in 

the benzene ring as proposed by Arana et al. [43] and with formation of 

quinones [44]. No polymerization was observed under anaerobic 

conditions, which implies that substitution takes place before 

polymerization. Formation of quinones and substitution of H by OH may 

be facilitated by an alkaline environment.  

Raman spectra of six month old uranyl/catechol solution were 

obtained to investigate the effect over time on complexation. All the 
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characteristic peaks of catechol polymerization were observed in aged 

samples even at pH as low as 2 (figure 2.11), whereas a pH of 6 was 

required for immediate polymerization. Polycatechol formed was found to 

have precipitated out of solution forming humic-like material. No uranium 

was found in the precipitate; all the uranyl remained in solution after the 

polymerization was complete. Hence the uranyl ion in solution acts as a 

catalyst for formation of polycatechol over time, even under quite acidic 

conditions by complex formation with oxygen from hydroxyl and quinone 

groups. 

2.3.4 Oxalic Acid and its complex with uranyl 

 

Raman analysis of oxalic acid (figure 2.12) at different pH shows no 

change in structure with change in pH. The peak at 1270 cm-1 is from C-O 

stretching of dimer carboxilic acid, while the peak at 1144 cm-1 is from C-O 

stretching of monomer. The peak at 1450 is a combination of C-O 

stretching and O-H deformation. 1351 cm-1 is O-H deformation of 

monomer. The band at 901 cm-1 is O-H..O out of plane deformation band 

for both monomer and dimer. 604 cm-1 represents C-O deformation band 

of dimeric carboxilic acid and 552 cm-1is C-O out of plane deformation 

vibration. The results show that oxalic acid exists as a mixture of monomer 

and dimer at all the pH investigated.  

Raman spectrum of uranyl oxalic complex (figure 2.13) shows shift in 

uranyl peak from 873 to 857 cm-1 on addition of oxalic acid to uranyl 
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nitrate solution at pH3 showing evidence of complexation similar results 

were found for neutral and basic pH also. While no change was observed 

with changing metal-legand ratio at acidic pH, on comparing condensate 

and supernatant solution formed at basic pH we see the effects of relative 

amounts of uranyl and oxalic acid. In the condensate formed at 1:1 no 

oxalic peaks are present (figure 2.14) but when uranyl and oxalic are 

added in 1:2 ratio, oxalic acid peaks are present in condensate. In the 

solution no uranyl peak are detected at 1:2 ratio (figure 2.15). A possible 

explanation of the phenomenon can be that there exists a dynamic 

equilibrium between oxalic acid, uranyl-oxalate complex and uranyl 

hydroxide, which on addition of excess oxalic acid is shifted to right and 

hence the amount of uranyl-oxalate in solution is reduced. The results 

prove that uranyl ion forms strong complex with oxalic acid at all pH and 

the solubility of uranyl increases upon association with oxalic acid. 

2.4 Conclusions 

 

Presence of organic matter in environment can significantly alter 

mobility of uranium, while complexation with large molecules reduces the 

mobility complexation with small organic acids can increase solubility and 

hence transport and bioavailability of uranium. 

In presence of uranyl ions, polymerization of catechol was observed 

even at pH2 over time which can be due to complexation of catechol by 

uranyl ions with subsequent transfer of electron density from the benzene 
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ring towards uranyl, hence facilitating removal of H (figure 2.16).  This is 

consistent with observations by Horsman for catechol polymerization 

catalyzed by  Fe(III) or by Arana for polymerization catalyzed by CuO-TiO2  

[45,46].  Polymerization of catechol may also be influenced by the 

formation of a localized zone of high pH generated by abstracting protons 

from the salvation [48] shell present around uranyl ions. Recent 

collaborative work with Kubicki, et al., indicates the inclusion of not only a 

primary but also a secondary salvation shell of from 20 to 30 water 

molecules is necessary for accurate quantum mechanical molecular 

modeling for uranyl-organic ligands, including uranyl-catechol [47]. 

While further study is needed for developing accurate models of the 

kinetics of long term uranyl association with aromatic molecules with 

phenolic ligands, this result has a number of significant implications.  

These include (a) understanding uranium sorption and transportation in 

surface and some subsurface environments (b) Optimizing the operation 

of any remediation process which either uses organic ligands or which is 

used to remove contaminant uranium from groundwater containing natural 

or pollutant organic material, and (c) for understanding the humification 

process through oxidative coupling of phenols, as this result shows that 

uranyl ion acted as catalyst in the process of polymerization with 

complexation acting as an intermediate step.   
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Figure 2.1 : FTIR spectra of uranyl ion in solution at pH 6 and precipitate at pH 6.  
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Figure 2.2 :  Raman spectra of uranyl ion in solution at pH 2 and 4 
and in the precipitate formed at pH 6, 8 10 and 12. 

 



 

22 

 

 

Figure 2.3 : Raman spectra of molybdate ion In solution at pH 2, 4, 6 
and 8.    
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Figure 2.4 : Catechol solutions (0.1 M) at pH 2,4,6,8,10 and 12 
(left to right). 
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Figure 2.5 : UV-Vis spectra of catechol solution at pH 2 and 12.  
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Figure 2.6 :  UV-vis spectra showing polymerization of catechol in 
solution at pH 12 with exposure to air with time. 
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Figure 2.7 : FTIR spectra of catechol (pH 2) and polycatechol (pH 12).  
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Figure 2.8 : Raman spectra of catechol and polycatechol at Ph 2, 6 
and 12. 
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Figure 2.9 :  Proposed mechanism of catechol polymerization at high 
pH. 
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Figure 2.10 : FTIR spectra of 1:1 uranyl-catechol and 1:1 molybdate-
catechol complexes at pH6 
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Figure 2.11 : Raman spectra of 1:1 catechol-molybdate at pH6, six month old 
uranyl-catechol at pH 2 and uranyl-catechol complex at pH 6. 
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Figure 2.12 :  Raman spectra of oxalic acid at pH2 and pH12.  
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Figure 2.13 :  Raman spectra of oxalic acid and uranyl-oxalate complex at pH2 
showing proof of complexation.  
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Figure 2.14 :  Raman spectra of precipitate formed of uranyl-oxalate complex 
at molar ratio of 1:1 and 1:2 at pH10.  
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Figure 2.15 :  Raman spectra of supernatant solution of uranyl-oxalate 
complex at molar ratio of 1:1 and 1:2 at pH10. 
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Figure 2.16 :  Proposed mechanism of catechol polymerization in presence of 
uranyl.  
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Chapter 3 : Electrochemical modifications 

of Chitosan and their application in 

environmental remediation 

 

3.1 Introduction 

 

Heavy metal contamination of soil and groundwater is a major 

environmental threat. Contamination from toxic heavy metals is present in 

as many as 63% of 1200 sites on the National Priority List of the U.S. 

Environmental Protection Agency (EPA) for treatment of contaminated 

groundwater. At 11% of these sites chromium was found to be present 

making it one of the main heavy metal contaminants [6]. Chromium is 

used in industrial processes such as metal plating, leather tanning and 

pigment production resulting in release to groundwater [49]. In aerated 

aqueous solutions chromium is stable only as Cr(III) and Cr(VI) [50]. While 

Cr(III) is essential for living beings in small amounts for its role in 

carbohydrate metabolism[51], it is toxic at higher concentrations. Also, in 

alkaline environments Cr(III) can oxidize to Cr(VI), which is toxic even at 

low concentrations, as it induces coetaneous allergies and becomes 

carcinogenic over long periods of exposures [51,52].  

Various methods developed for removal of heavy metals from 

groundwater include: isolation and containment, mechanical separation, 

pyrometallurgical separation, chemical treatment, permeable treatment 
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walls, electrokinetics, biochemical processes, phytoremediation and soil 

flushing [6]. Chemical remediation using naturally occurring biodegradable 

biomass has generated a great deal of interest due to its low cost and high 

efficiency [53]. Some of the sorbents based on biomass are bark, 

seaweed, leaf mould and chitosan; detailed information on these and a 

comparison of their chemistry and performance can be found in work of 

S.E. Bailey et al [54]. Chitosan is among the chief biomass-based 

remediation agents. 

 Chitosan is a linear, high molecular weight, crystalline polysaccharide 

consisting of β-(1→4) linked N-acetyl-D-glucosamine [55]. It is produced 

by alkaline N-deacetylation of chitin, the second most abundant natural 

polymer after cellulose [56]. Changing the acetamide group to amine 

increases the reactivity rendering chitosan a better chelation and 

adsorption agent than chitin[57]. The adsorption capacity of chitosan has 

been further enhanced using physical modifications including conditioning 

as gel beads and microcrystalline chitosan as well as chemical 

modifications such as cross-linking and insertion of new functional groups 

[58]. Chemical modification of chitosan utilizes the presence of primary 

amine and primary hydroxyl as well as secondary hydroxyl groups in the 

chitosan molecule, which makes it very amenable to further fictionalization 

and modification. Chemical modifications of chitosan have been 

thoroughly reviewed by Mourya and Inamdar [59]. 

In this section a novel electrochemical process followed by 
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photochemical treatment for chitosan modification is reported. The 

process results in formation of nitro groups through oxidization of a 

fraction of the amine groups of chitosan. The new biopolymer formed was 

characterized using spectroscopic techniques, and metal binding capacity 

was explored using chromium as chromate in aqueous solution. The 

adsorption capacity of the nitro-chitosan was compared with other forms of 

modified chitosan as reported in the literature.   

3.2 Experimental 

3.2.1 Electrodeposition of chitosan  

 

The chitosan solution was made by mixing 1.5g low molecular weight 

chitosan (sigma Aldrich, 75-85%deacetylated) to 120ml DI water under 

constant stirring. 1M HCl was then added drop wise until all chitosan was 

dissolved, which was seen to occur as  the solution reached a pH of 2. For 

electrochemical deposition of chitosan, polished type 304 stainless steel 

(metal composition approx. 19% Cr 9 % Ni, bal. Fe) was chosen as the 

working electrode. This process has been detailed by the authors in a 

previous publication [60]. Pt wire served as the counter electrode. A  

Gamry Reference 600 potentiostat was used to perform electrochemistry 

and Gamry Instrument Framework software was used for control and 

monitoring of voltage and current. Controlled potential coulometry at a 

voltage of -3.0 V (versus Ag/AgCl reference electrode) was applied for 5 

minutes. The resulting hydrogel was rinsed in DI water to remove any 

chitosan solution entrapped in the resulting hydrogel. The gel was then 
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exposed to UV light (20W at 6 cm) for 10 minutes, following which it was 

then peeled from the electrode and left to dry further for 48 hours. A thin 

film may remain behind on the electrode surface, bound to the passive 

layer, as detailed in our previous work[60]. The dried gel film was then 

crushed mechanically to form powder for spectroscopic analysis and 

absorption experiments. 

3.2.2 FTIR Spectroscopy 

 

Fourier Transform Infrared Spectroscopy (FTIR) spectra were 

obtained using a Nicolet 760 infrared spectrometer modified to collect data 

in both mid- and far infrared regions. Samples were ground to a fine 

powder. Spectra were collected using an MCT-A detector with data 

resolution set to 2 cm-1 and summed over 256 scans to improve the 

signal-to-noise ratio. A Gemini sampling accessory (Spectra-Tech) 

collected diffuse reflectance data from powder samples. The analysis 

chamber was purged continuously with doubly dried air to prevent the 

absorption of water vapor, and a globar-type IR source was used. 

3.2.3 Raman Spectroscopy 

 

A Nicolet Almega dispersive Raman spectrometer with a 785 nm laser 

source was used for analysis. Powdered samples were placed on quartz 

slides and Raman microspectroscopy in reflectance mode was used for 

data acquisition. Data was collected in the 3600-400 cm-1 range. An 

average of 10 scans with 5s accumulation time for each exposure was 
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collected. OMNIC for Nicolet Almega software version 7.3 was used to 

process data.  For comparison, chitosan solution at pH3 was dried 

(without any applied potential) on stainless steel and similarly analyzed. 

3.2.4 X-ray photoelectron spectroscopy 

 

To detect speciation of nitrogen, X-ray photoelectron spectroscopic 

(XPS) studies were carried out. Sample preparation consisted of peeling 

off the deposited film from stainless steel substrate after immersion in 

liquid nitrogen for one minute. The film was removed using a stainless 

steel razor and mounted on the XPS sample holder using indium foil. XPS 

measurements were performed using a custom-designed spectrometer 

that utilized a VG Scientific  (Fisons) CLAM2 hemispherical analyzer with 

lensing, controlled by a VGX900I data acquisition system. An Mg Kα1,2 

(hν=1253.6 eV)  X-ray source operating at 20 kV and 10 mA with a 20 eV 

pass energy was used at a pressure of 10-9 Torr. Measurements were 

taken at a 90° take-off angle with respect to the surface and charge 

correction was done by referencing to the C 1s line of adventitious carbon 

(284.6 eV). 

3.2.5 Adsorption experiments 

 

Stock solution (1000ppm) of Cr(VI) was prepared by using K2Cr2O7 

obtained from Sigma Aldrich, in deionized water (>18MΩ/cm) The stock 

solution was then diluted to give standard solutions of appropriate 

concentrations. Batch adsorption experiments were conducted in 250 ml 
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conical flasks and equilibrated using a magnetic stirrer. This is similar to 

the method used in references [50, 61] 0.02g of modified chitosan was 

added to 50ml of standard solution and equilibrated for 30mins. 

Supernatant solution was then filtered and analyzed. For equilibrium time 

determination, 0.5g of modified chitosan was mixed in 1l of 26ppm Cr(VI) 

solution under constant stirring. 2ml of solution was removed at 

predetermined times, filtered and analyzed. To determine the effect of pH 

on adsorption, pH of the   26ppm Cr solution was controlled using 

introduction of a small amount of 1M HCl and 1M NaOH solutions, while 

the remaining parameters were kept the same as that for the batch 

experiments. Chromium concentrations were measured using DCP-AES. 

3.2.6 DCP-AES 

 

Elemental analyses were carried out with an ARL Spectraspan VB 

Direct Current Argon Plasma Atomic Emission Spectrometer (DCP-AES). 

This system uses a Czerny-Turner spectrometer with an Echelle grating 

and 30° prism for order separation. At 400 nm reciprocal linear dispersion 

is 0.122 nm/mm and for a 25 microns entrance slit spectral band pass is 

0.0030 nm. Analyses were performed in single element mode, using 

standard settings and a solution flow rate of 0.5 ml/min. Emission lines 

used for analyses were Cr 425-435nm. 

Standards used for calibration for Cr analyses were prepared from 

commercially available single element 1000 ppm emission spectroscopy 
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stock solution standards prepared in 1-2% nitric acid. Net counts were 

calibrated using a ―two-point‖ calibration system involving a blank and a 

high standard that was prepared to be slightly more concentrated than the 

highest concentration sample, thus bracketing the concentration range of 

the samples. Three to four additional standards, spanning the full 

concentration range of the samples, were also prepared and run as 

―unknowns‖ to confirm linear calibration curves and to monitor 

reproducibility. Samples were run in duplicate. 

3.3 Result and discussion 

3.3.1 Electrodeposition 

 

Chitosan dissolves in acidic aqueous solution by addition of a proton 

to the NH2 group to form NH3
+. The process is reversible and on 

increasing pH higher than 6.3, protonated chitosan deprotonates and 

precipitates. As reported previously by this group [60] as well as in work 

by Fernendes, et al. [62], a localized zone of high pH is created near a 

cathode held at sufficiently negative potential in water, a method utilized in 

this process to electrochemically deprotonate protonated chitosan and 

form deposits on the steel substrate. Stainless steel is chosen as an 

electrode as it is inexpensive, easy to use, and does not corrode at 

cathodic potentials.  The presence of an ultrathin passive layer on the 

steel enhances initial chitosan film formation and sorption, as shown in our 

previous work.  
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During cathodic polarization, reduction of H+ ions results in formation 

of H2 gas, as indicated by hydrogen bubble formation on the steel 

substrate. This removal of H+ ions from solution creates a zone of high pH 

near the substrate where chitosan is deposited. The film thus formed is 

shown in the SEM micrograph in figure 3.1. Chitosan can be seen to have 

been deposited in a multilayer structure. The first layer of chitosan is 

formed on the surface of hydrogen bubbles formed on the electrode 

(indicated in figure 3.1 as the brightest area due to the most penetration of 

electrons from the substrate below) with diameter around 100 microns 

(figure3.1) . With the continuation of electrolysis and further accumulation 

of hydrogen, the bubbles collapse into each other to form larger bubbles of 

hydrogen 300-400 microns in diameter, leaving the precipitated chitosan 

structure behind. An additional layer of chitosan is precipitated on top of 

the new bubbles formed (the areas with intermediate darkness in figure 

3.1). The process continues forming still larger bubbles with diameter 300 

μm to 1mm forming the top layer of the precipitated chitosan film. The 

darkest areas (dark due to the blocking of electrons emitted from the 

substrate below by chitosan) in the figure are those with the maximum 

amount of chitosan which could have formed by transport of material 

along the bubble surface (hence making the top of the bubble 

progressively thinner until it breaks; the resulting fractures in this layer are 

clearly visible in the picture).  
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3.3.2 Chemical characterization 

 

The result of FTIR spectroscopy of the deposited material is 

summarized in table 3.1. The peaks at 1663 cm-1, 1203 cm-1 and 970 cm-1 

indicate oxidation of some of the nitrogen in chitosan as a result of the 

electrochemical process. Raman spectra of air-dried chitosan film as well 

as electrochemically modified chitosan are shown in figure 3.2. The peak 

at 2920 cm-1 from the air-dried sample, most likely results from a 

combination of asymmetric C-H vibration from CH2OH and C-O stretching 

vibration from hydroxyl group. The broad peak at 1634 cm-1 is expected to 

result from a combination of amine N-H deformation and aromatic C=C 

stretching vibrations. The peak at 1465 cm-1 is expected to be from the C-

H scissor vibration while the peak at 1384 cm-1 is expected to be from the 

CH2 wagging. Peaks at 1325 cm-1 and 1188 cm-1 can be attributed to C-N 

stretching from amine group. The peak at 1256 cm-1 can be attributed to 

OH deformation vibration of CH2OH group. The peaks at 1188 cm-1 and 

820 cm-1 are expected to be from symmetrical and asymmetrical C-O-C 

stretching in cyclic ether while the peaks at 935 cm-1 and 468 cm-1 are 

expected from C-O-C bonds between monomer units. The peaks at 628 

cm-1 and 560 cm-1 can be attributed to ring vibrations. Raman spectrum of 

electrochemically deposited material showed various new peaks: a peak 

at 3345 cm-1 from the N-H stretching vibration in C=N-H groups while the 

peak at 1860 cm-1 is expected to be from the C=O stretching vibration. The 

peak at 1589 cm-1 can be attributed to N-H bending in amine and the peak 
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at 1525 cm-1 is consistent with the asymmetric NO2 stretching vibration. 

The peak at 901 cm-1 is consistent with the C-N stretching vibration in nitro 

groups, and the new peak at 491 cm-1 is expected to be from the NO2 

rocking vibration. Vibrational spectroscopy also indicates oxidation of a 

fraction of amine to imine and nitro groups as well as oxidation of some of 

the hydroxyl groups to aromatic ketone.    

To confirm oxidation, XPS of the underside of a removed film layer (as 

described previously) was carried out.  The resulting XPS spectrum of 

electrodeposited chitosan is shown in figure 3.3. Two peaks are present 

for N1s; with charge correction, they correspond to binding energies of 

398.6 eV (NH2) and a large, broad peak at 407 eV.  The peak at 407eV 

confirms oxidation of nitrogen in chitosan, falling in the range of nitrate in 

cellulose nitrate (408.1eV) and C-NO2 nitro compounds (406.3 eV)[63].   

Hence, vibrational and X-Ray spectroscopy provide clear evidence 

oxidation of at least a portion of the amine groups in chitosan to nitro 

groups and some hydroxyl groups to aromatic ketone. The estimated 

structure of this novel molecule is shown in figure 3.4. The oxidation is 

expected to have taken place by reaction of amine and hydroxyl group 

with OH- Ions formed by electrolysis of entrapped water molecules in the 

hydrogel structure as shown in equations below.  

-NH2 + OH-  =NH + H2O + e-  equation (1) 

=NH + 5OH-  =NO2 + 3H2O + 5e-  equation (2) 
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-OH + OH-  =O + H2O + e-   equation (3) 

 Exposure of hydrogel to ultraviolet light was found to increase the 

intensity of the oxidized nitrogen peak in X-ray photoelectron 

spectroscopic spectrum (not shown) indicating oxidation of higher fraction 

of amine.  Enhanced oxidation of nitrogen by hydroxyl ion in presence of 

UV light has also been observed by other researchers [64].  

3.3.3. Equilibrium adsorption isotherms 

 

The amount of metal adsorbed per unit mass of electrochemically 

modified (ECM)-chitosan, Qe, was calculated using formula:  

 

Where Ci is the initial concentration and Ce is equilibrium 

concentration in mg/l and M is dry mass of adsorbent in mg. The results of 

batch equilibrium adsorption are shown in figure 3.5. The amount of 

chromium adsorbed by unit mass of ECM-chitosan increases with initial 

concentration of chromium till a plateau was achieved at 300ppm, a result 

was similar to observations involving other forms of modified 

chitosan.using poly(2-acrylamido-2-methypropane sulfonic acid) and poly 

3-methyl thiophene [65,66]. The adsorption capacity was found to be 

174.4 mg Cr(VI)/g of ECM-chitosan which is higher than values observed 

for modifications of chitosan by Verma at el.[67] and the references cited 

therein. 
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Equilibrium adsorption isotherms were used to investigate interactive 

behavior between the solution and adsorbent. A widely used Langmuir 

model which is representative of monolayer adsorption occurring on an 

energetically uniform surface without interactive molecules [68], was found 

to fit the process successfully( figure 3.6). The Langmuir model (equation 

5) and its linear transformation(equation 6) are given below. 

  

    

Where Qe is equilibrium adsorption capacity (mg/g), Ce is the solution 

concentration at equilibrium(mg/l) Qm is Langmuir constant representing 

maximum adsorption capacity(mg/g) and b is the Langmuir constant 

related to energy of adsorption (l/mg). The calculated value of Qm was 500 

mg/g which is well above the experimentally observed value. The 

calculated value of b was 0.001 l/mg, with a correlation coefficient (R2) of 

0.9909. A dimensionless separation factor (RL) was used to determine 

efficiency of adsorption obtained by equation RL= 1/(1+bC0) where C0 is 

initial concentration. The positive value calculated for b ensures an RL 

value between 0 and 1 indicating the process of adsorption is feasible. 

3.3.4 Effect of pH on adsorption of Chromium 

 

The pH of the adsorption medium influences the physicochemical 
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interactions between dissolved ions and adsorptive sites on the adsorbent 

[69]. The effect of pH on adsorption of chromium (VI) by electrochemically 

modified chitosan in the pH range of 1 to 8 is shown is figure 3.7.  The 

maximum adsorption of Cr was observed for pH 3 followed by a plateau 

region between pH 4-7, while the adsorption capacity of ECM-Chitosan 

was found to collapse on reaching pH8. Chromium exists as H2CrO4 at pH 

less than 2 which accounts for the low value of adsorption at very low pH.   

The precipitation of chromium due to presence of OH- ions can be a 

contributing factor towards the near complete lack of adsorption at pH 

higher than 8.  

The adsorption behavior at intermediate pH values can be due to 

several single or combined effects. Adsorption most likely occurs due to 

formation of a pendant structure with nitro and oxidized hydroxyl groups. 

At low pH the surface of the ECM chitosan, just like pure chitosan, would 

be surrounded by hydronium ions which would increase attractive force 

between chromium(VI) and binding sites [70].Upon increasing pH, fewer 

hydronium would be present thus reducing this attractive force. Adsorption 

may also occur due to electrostatic attraction between any remaining 

positively charged amino groups and negatively charged 

chromate/dichromate ions in solution [71], a process which would be 

enhanced with reconversion of nitro groups to amino groups at very acidic 

pH values.  
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3.3.5 Sorption kinetics 

 

Chromium removal by ECM-chitosan as a function of contact time is 

shown in figure 3.7.  The reaction was rapid initially with 50% metal uptake 

complete within first 5 minutes after which it proceeded slowly and 

equilibrium was achieved in 3 hours. To further investigate adsorption, 

mechanism and rate controlling step kinetic models were used. Pseudo 

first order, pseudo second order as well as inter particle diffusion models 

were used for analysis. The pseudo second order reaction (equation 7) 

was found to fit the experimental data successfully (figure 3.8). 

 

The value of k was found to be 2.038 g/mgh with a linear correlation 

coefficient of 0.9987 indicating that the rate controlling step in chromium 

adsorption is chemisorption involving valence forces through the sharing 

or exchange of electrons between chromium and ECM-chitosan [72] in the 

concentration range tested.  

3.3.6 Chloro-chitosan 

 

During application of high negative potentials on working electrode for 

chitosan deposition a side phenomenon was observed at counter 

electrode. It was found that chlorine from HCl used to adjust pH of 

chitosan was being oxidized at anode. Nascent chlorine is extremely 

reactive and readily reacted with chitosan in the vicinity of electrode 
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forming a white product. While in concentrated solution the new polymer 

formed was found to be deposited on platinum electrode, in dilute solution 

it was found to possess frothy disposition. The froth was skimmed, dried, 

rinsed and analyzed using Raman spectroscopy.    

Figure 3.9 shows the spectrum of the polymer formed at counter 

electrode. The presence of peak at 3347 cm-1 attributed to amine N-H 

stretching vibration indicates the amine group was intact after reaction of 

chitosan with chlorine. Other peaks typically present in chitosan at 2889 

cm-1, 1658 cm-1, 1379 cm-1, 1119 cm-1 and 933 cm-1 assigned to C-H 

stretching, C=C stretching, C-H2 deformation, symmetric C-O-C stretching 

vibration and ring vibration respectively. In addition a new peak at 737 cm-

1 associated with C-Cl was observed, the result shows that chlorine reacts 

with chitosan in solution and displaces one or both of hydroxyl group from 

the chain. Estimated structure of the polymer is shown in figure 3.10. 
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Peak (cm-1) Assignment 

1663 combination of amide I C=O stretching, 

asymmetric NO2 stretching and OH 

deformation vibrations 

1585 NH bending frequency 

1442 C-C stretching vibration 

1380 combination of CH3 deformation and CO 

stretching frequencies 

1203 combination of NH deformation and symmetric 

NO2 stretching vibrations 

1154, 1020 symmetric and asymmetric stretching 

vibrations of C-O-C respectively 

970 amine oxide 

805 O-H deformation 

 

 

 

 

Table 3.1:  Peak positions and assignments for Fourier Transform Infrared spectrum 
of electrochemically modified (ECM) chitosan. 
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Figure 3.1 : Scanning electron microscopy of electrochemically deposited 
chitosan on stainless steel at -3.0V vs Ag/AgCl reference electrode. 
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 Figure 3.1 : Raman spectra of ECM-chitosan and dried chitosan 
solution at pH2.  
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Figure 3.2 : XPS of electrodeposited chitosan . Peak 1:  primarily amine (-
NH2), Peak 2:  similar to nitrate, possible nitronyl (N=O). 
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Figure 3.3 :  structures of chitosan and nitro-chitosan synthesized by 
electrochemical deposition and photochemical oxidation.   
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Figure 3.4 :  Isotherm for adsorption of Cr(VI) onto ECM-chitosan 
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Figure 3.5:  Langmuir plot for adsorption of Cr(VI) onto ECM-
chitosan.  
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Figure 3.6: Effect of pH (red) and contact time (Blue)  on chromium 
adsorption onto ECM-chitosan. 
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Figure 3.7:  Curve fitting by pseudo second order reaction model on 
adsorption.  
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Figure 3.8:  Raman spectrum of polymer formed on counter electrode at -2.0V versus 
Ag/AgCl, showing  C-Cl vibrational peak.  
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Figure 3.9:  Expected structure of chloro-chitosan. 
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Chapter 4 : Polysaccharide assisted 

electrochemical pathway for formation of 

silver and palladium nanoparticles for 

catalytic applications. 

4.1 Introduction  

 

Inexpensive, ―green‖ materials for catalytic applications in energy, 

environmental and biomedical engineering are required for innovation in 

device development and manufacturing. [73]  In the area of fuel cell 

development, catalytic electrode surfaces for key chemical reactions, 

including the hydrogen evolution reaction  (HER) and oxygen reduction 

reaction (ORR) are required which are durable, inexpensive and easy to 

manufacture [74].  Environmentally-benign manufacturing techniques 

which eliminate harsh or toxic chemicals and which can proceed at low 

pressure, room temperature and in simple operating environments, are 

especially valuable[75]  This is especially true if the methods used are 

adaptable, both in terms of materials used and geometry of the device 

produced.   Tolerance of variability in source materials is critical, as 

manufacturability and quality depend on the ability to meet performance 

criteria in a robust fashion. Conformal coatings, for example, provide the 

ability to be adapted to multiple surface geometries and sizes [76].  

While PEM fuel cells are receiving much of the attention in 

commercial research and development, alkaline fuel cells (AFC) have a 

long history of use by NASA for power requirements of satellites, and are 
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being further explored by a number of companies due to certain 

advantages including an electrical efficiency of 50% or more.  In general, 

the possibility of using less expensive materials made possible by lower 

overpotential requirement make AFC a commercially attractive technology 

[77]. 

Metal nanoparticles have been identified as an extremely important 

class of catalysts for a variety of chemical processing needs, including for 

the conversion of organic compounds in energy generation[78], use in 

polymer membranes in hydrogen fuel cells, chemical synthesis (e.g. 

carbon-carbon bond formation and oxidation reactions[79]) and a number 

of other reactions. Silver have been identified as catalyst for oxygen 

reduction reaction (ORR)[81] in AFCs, the works on silver nanoparticles 

for ORR include; controlling size of nanoparticles using DMSA by  Lu and 

Chen[82],  bimetal catalysts using platinum[83, 84, 85], palladium [86, 

87,88] and cobalt [89,90]. Most reported fabrications of catalytic metal 

nanoparticles (e.g. Ag, Au, Pt and Pd) involve a three stage process 

requiring: (a) a metal salt in solution; (b) a ―shaping‖ or encapsulation 

agent, which is usually an organic molecule, [80]; and (c) a strong 

reducing agent (e.g.NaBH4) to reduce the metal ions for the formation of 

nanoparticles. It is this third highly reactive component which is often an 

environmental or health hazard, and which limits the sustainability of the 

chemical process.   

Chitosan, a linear polysaccharide of 2-amino-2-deoxy-D-
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glucopyranose obtained by deacetylation of chitin from crustaceans, 

mollusks, insects and fungi, is the second most abundant natural 

biopolymer (after cellulose). It has found a broad range of applications in 

the form of powder, flakes, beads, and occasionally fibers and membranes 

in the pharmaceutical, food processing and medical industries due to its 

biocompatibility and non-toxicity, its excellent gel and film-forming ability 

[56]. In present work we report a novel two step electrochemical process 

for nanoparticles fabrication using chitosan. Silver nanoparticles were 

grown by electrochemical reduction of Ag+ on a chitosan film. Particle size 

was controlled by optimizing voltage time and thickness of chitosan film. 

The synthesized nanoparticles were tested for catalytic activity and were 

found to be a good candidate for the ORR for fuel cell and other 

applications. 

4.2 Experimental   

4.2.1 Materials 

  

Chitosan solution was prepared by dissolving 1.5g of low molecular 

weight chitosan (obtained from Aldrich) in 120 ml of deionized water 

(>18mΩ/cm). Silver nitrate(>99% purity) was obtained from Sigma-Aldrich, 

0.1M solution was used for silver deposition. 304 stainless steel sheet 

12‖X12‖ 0.036‖ thickness with #8 mirror finish was obtained from 

McMaster-carr. All other chemicals used were reagent grade. 

 



 

65 

 

4.2.2 Scanning Electron Microscopy  

 

 The SEM system used was a Leo 1550 with a Robinson back scatter 

Gemini detector with EDAX, BS, AC, EBSP, SE, InLens detectors. Back 

scattered images were used to investigate morphology of Silver particles 

deposited and EDS pattern was used to estimate chemical composition of 

particles formed. 

4.2.3 UV-Vis spectroscopy 

 

 UV-Vis measurements were taken using an USB4000 spectrometer 

with Analytical Instrument Systems Inc. Model DT 1000 CE UV/VIS light 

source and data was collected in 250-900 nm wavelength range.  Data 

accumulation and processing were performed using Spectra Suite 

software. 

4.2.4 Synchrotron FTIR  

 

 Fourier Transformed Infra Red spectroscopy were conducted at 

beamline U10B  at Brookhaven National Laboratory using a  Hyperion 

3000 IR microscope in 900-4000 cm-1 frequency range with a resolution of 

4.0cm-1. Data accumulation and processing were done with OMNIC for 

Nicolet Almega version 7.3. 

4.2.5 Cyclic Voltammetery  

 

Cyclic Voltammetry measurements  to monitor oxygen reduction 
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reaction  were done using Gamery reference 600 potentiostat and data 

acquisition was done using Gamry Echem software. The measurements 

were performed using a three electrode assembly with 1mV resolution. 

While silver/chitosan nanocomposite on stainless steel was used as 

working electrode, platinum wire served as the counter electrode and 

Ag/AgCl was used as the reference electrode. All measurements were 

done at 20mV/s scan speed. A custom designed electrochemical cell was 

used and the electrolyte(0.1M NaOH) was purged with oxygen(>99.6% 

pure) for ORR and with nitrogen (>99.99 pure) for comparison. 

4.2.6 Silver-Chitosan Composite synthesis  

  

An electrochemical  layer of chitosan was deposited on stainless steel 

the method for electrochemically-induced deposition is based upon 

cathodic polarization of the electrode on which deposition is to occur – a 

process which has long been shown to create a region of higher pH (> 6.3, 

due to hydrogen evolution) [91]. The process of chitosan deposition on 

stainless steel has been reported in our earlier work [60]. Chitosan was 

deposited for 120 seconds at a potential of -2V Vs Ag/AgCl. The hydrogel 

thus formed was rinsed with DI water to remove any HCl still present; the 

film was then left to dehydrate for 24 hrs. Silver deposition on chitosan 

coated stainless steel was carried out by applying negative potential to the 

electrode in a 0.1M silver nitrate solution. Silver deposition on the 

composite electrode was conducted at varying time as well as voltage to 

access the effects of parameter variables on size and morphology of 
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nanoparticles deposited. 

4.3 Results and discussion 

4.3.1 Silver deposition 

 

Silver was found to be successfully deposited on chitosan at reducing 

potentials; the structure formed at -0.5V after 60 seconds of deposition is 

shown in figure 4.1.  The deposition was found to occur in three different 

stages depending on thickness of chitosan film initially formed. The initial 

chitosan layer is formed on the steel surface on the surface of small 

hydrogen bubbles created through cathodic reduction of protons at the 

solution interface. The craters formed by collapse of the smallest bubbles 

are ~100 µm in diameter and have the thinnest layer of chitosan; silver 

deposition initiates at these sites. After 60 seconds of deposition at -0.5V 

the particles showed dendritic growth forming structures up to 20 µm long. 

Additional nuclei on which growth has not yet taken place can also be 

seen in this area in the figure. In the areas of intermediate thickness 

(where bubbles 300-400 µm diameter formed) nucleation with 40-100 nm 

long nuclei was found but no growth was observed. The areas with 

thickest layer of chitosan showed no presence of silver for this voltage and 

deposition time, consequently these areas were darkest in the image.  

The schematic is shown in figure 4.2. At stage (a) hydrogen bubbles 

are formed on steel electrode in chitosan solution creating a localized 

zone of high pH caused by removal of H+ ions form the solution. 2(b) 
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shows the stage when protonated chitosan is depronoted and deposited 

over bubbles and in areas between them. 2(c) depicts the stage where the 

bubbles formed at stage (a) collapse into each other leaving thin film of 

chitosan behind. A new layer of chitosan is formed on top of bigger 

bubbles formed. The process gets repeated thus forming ―circular step‖ 

structure with thinnest layer of chitosan at sites of initial bubble sites and 

so on. It is at these sites that nucleation of nanoparticles takes place as 

shown in figure 4.2(d).  

4.3.2 Effects of deposition time on Ag 

nanoparticles 

 

The effect of deposition time on size and distribution of silver 

nanoparticles on chitosan was analyzed by depositing silver at -3V vs. 

Ag/AgCl for different time periods; the results are shown in figure 4.3. It 

was observed that after five seconds there were multiple nucleation sites 

and a very few particles which grew to a size of 1 µm. After ten seconds of 

deposition no significant increase in number of nucleation sites was 

observed; however, the bigger particles continued growing and at this 

stage dendritic structures could be seen. The largest particles at this stage 

were several microns in length. After fifteen seconds of deposition 

significant growth was observed at multiple locations, and cubical particles 

of silver were found to have grown on top of dendrites. The cubes formed 

were 200-500nm wide while the dendrites below them were about 10 µm 

long. Further growth was observed and by thirty seconds aggregated of 
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particles 20-30 µm in size could be seen. At this stage, both the dendrites 

as well as cubes were found to be covered with nanoparticles 10-20 nm 

long.  

The results at fixed voltage indicate that reduction of silver through the 

chitosan layer has two rate controlling steps. Initially the rate of growth of 

particles depends upon conduction through the chitosan layer as evident 

from nucleation at the thinnest regions of the film and the initial growth of 

dendrites.  After this initial growth stage, a large surface area of silver is 

available for reduction of Ag+ ions and the rate is limited by amount of Ag+ 

ions in solution as evidenced by formation of smaller nanoparticles on top 

of structures already formed at thirty seconds. 

4.3.3 Effects of deposition Voltage on Ag 

nanoparticles 

 

In the next set of samples the time of deposition was kept constant at 

sixty seconds and voltages chosen were -2.0V, -1.5V,-1.0V and -0.5V. 

While all the samples showed dendritic structure (not shown) in the 

thinnest region of the chitosan layer, significant differences were observed 

in the vicinity of dendrites as shown in figure 4.4. 

At -2V and -1.5V a flat islanded structure was found to have been 

formed. While at -2V the islands were found to have grown into one 

another, at -1.5V open areas between islands could be seen indicating 

that islands are formed by growth of nanoparticles in X and Y direction. 
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Thickness of the chitosan layer does play a role in island formation as 

these were primarily found in the areas with an intermediate thickness of 

chitosan; understanding the exact nature of growth of islands requires 

further exploration. No island formation was observed from deposition at -

1V and -0.5V. Some cubic crystals were formed on dendrites at -1V, but at 

-0.5V only dendrites and nanoparticles were found to be present. Based 

on time and voltage optimization, operating parameters for silver 

deposition for the remainder of the experiments were chosen to be -0.5V 

for 30 seconds. A second layer of chitosan deposition was formed on top 

of the initial deposited layer to improve homogeneity of the surface 

structure for further experiments; the resultant structure with improved 

homogeneity of distribution and uniformity in thickness is shown in figure 

4.5.     

4.3.4 Spectroscopic analysis of Ag-chitosan 

composite 

 

UV-Vis spectroscopy of sliver NPs on chitosan showed broad bands 

due to surface plasmon resonance (SPR) at λmax ~460nm and ~350nm 

(figure 4.6). The band at 350nm is attributed to multipole transitions of 

surface plasmon [92]. The band at 460nm is red shifted from SPR of pure 

silver at around 420nm [93], the shift is expected to be caused by 

presence of nanoparticles of varying shapes and thus varying absorption 

maximum [92]. The sharp decline in intensity of peak at right hand side is 

expected to be caused by limit on maximum size of nanoparticles, as 
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broadness of band is caused by broad size distribution [93].  

Synchrotron IR spectroscopy (figure 4.7) of pure chitosan when 

compared to that of an Ag nanoparticle/chitosan composite layer shows 

several distinct differences, including the loss of a shoulder at 3440 

wavenumbers and the replacement of the doublet at 1660/1590 

wavenumbers by a single dominant peak at 1600, both indicative of 

complexation at the amine group of chitosan.  Additional changes occur in 

the peaks at 1300-1450 wavenumbers (the amide II region) indicating 

additional complexation.  What is not clear is whether amine groups 

oxidize during the deposition process (due to electrochemical 

polarization), and this in turn leads to subsequent association with silver 

nanoparticles formed , or whether bonding occurs on exposure of chitosan 

film to Ag+ solution prior to application of voltage and reduction of the 

silver ions.  It is also possible that individual Ag ions may be complexed 

with chitosan while the metallic nanoparticles are separately associated 

with the chitosan matrix through liganding.   

4.3.5 Oxygen reduction reaction on Ag 

nanoparticles 

 

Figure 4.8 shows cyclic voltammetry data obtained on the 

nanoparticles in oxygen saturated 0.1M NaOH. CV for AgNP showed 

reduction peaks at 0.23V, -0.5V and -0.86V.  The peak at 0.23V can be 

attributed to oxygen reduction by a 4 electron reduction pathway as shown 

in equation 1.  The small peak at -0.5V is associated with the 2 electron 
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pathway of oxygen reduction (equation 2) [96]. The peak at -0.86V is 

expected to be oxygen reduction by single electron transfer as shown in 

equation 4 [97] and not the two electron pathway shown in equation 3, as 

evident from the presence of cathodic peak at -0.45V which is associated 

with oxidation of superoxide radical anion (O2
-).  Shifting of the reduction 

peak to more negative and oxidation peak to more positive potentials can 

be due to potential barrier resulting from complexation of Ag with chitosan, 

similar to iodine adlayer on gold as observed by Miah and Ohsaka [96].  

O2 + 2H2O + 4e-   4OH-          Equation (8) 

O2+ H2O + 2e-    HO2
- + OH-  Equation (9) 

HO2
- + H2O + 2e-   3OH-   Equation (10) 

O2 + e-     O2
-   Equation (11) 

Ag       Ag+ + e-  Equation (12) 

Silver oxidation and reduction peaks as shown in equation 5 were 

also observed: oxidation of silver nanoparticles started at 0.44V and 

peaked at 0.55V and reduction of Ag+ was observed in a broad range with 

the peak centered at 0.56V.  The onset of oxidation of silver was observed 

to occur at a  200 mV higher positive potentials than that observed by Guo 

et. al. [95] The stability of nanoparticles formed is expected to be a result 

of complex formation with the amine group of chitosan. The difference of 

190mV between silver oxidation and oxygen reduction through the 4 
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electron pathway makes electrochemically synthesized silver 

nanoparticles onchitosan an excellent candidate for catalysis in alkaline 

fuel cells. 

4.3.6 Formation of palladium nanoparticles 

 

Even though the reduction potential of Pd2+ (-0.987V v/s NHE) is 

similar to that of Ag+ (-0.799V v/s NHE) the two step processing of 

nanoparticles could not be applied to palladium. The reason for the 

phenomenon can be reaction of palladium with chloride ions present in the 

solution resulting in the formation of PdCl42-. PdCl4
2- has a reduction 

potential of -1.8V, thus electrolysis of water also takes place at the voltage 

required. The vigorous evolution of gaseous hydrogen at the steel-

chitosan interface is detrimental for the chitosan film in palladium nitrate 

solution, and the film was found to have lost adhesion with the steel at this 

highly negative potential. 

One step deposition was thus employed for palladium nanoparticle 

synthesis. Varying amounts (10, 25, 50 % v/v) of 0.01M palladium nitrate 

solution was added to chitosan stock solution. A potential of -2.0V (vs 

Ag/AgCl) was then applied to the steel working electrode to co-deposit 

chitosan and palladium.  A schematic of the process is shown in figure 

4.9. It was found that palladium was still not electrochemically reduced, 

but rather formation of Pd metallic nanoparticles occurred by reduction of 

Pd with hydrogen with two distinct morphologies.  
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 Figure 4.9(a) shows formation of first morphology: palladium is 

reduced over hydrogen bubbles while hydrogen is still being formed.  This 

process leads to pressure build up inside the bubble which eventually 

ruptures leaving behind the structure formed as shown in figure 4.9(b). 

The morphology created by this mechanism is shown in figure 4.10.     

The second morphology involves formation of fine Pd nanopartcles 

suspended in solution. After rupture of the bubble, escaping hydrogen 

reacts with Pd2+ ions in solution creating very fine particles (the size of the 

particles were too small to be estimated using SEM at 100K 

magnification). Some of these particles get deposited over the film formed 

(figure 4.11) while most particles remain in solution turning it black from 

reddish brown. The solution was filtered with a Sarstedt Teflon filter (pore 

size 0.45µm). Even though some of palladium passed through the pores 

the filter was found to be fully clogged after filtration of less than 5ml 

solution. Strong association of palladium with chitosan is expected to be 

responsible of pseudo large size of nanoparticles. . X-ray diffraction of the 

particles attached to the Teflon filter show the presence of nanocrystalline 

metallic palladium formed (figure 4.12), Chitosan peak at 2θ = 22o   can 

also be clearly seen suggesting association between chitosan and 

palladium. 

Further spectroscopic analysis of the Pd nanoparticles will be needed 

to identify the nature of the association of chitosan functional groups with 

the metal surface.  Studies will also be required to better understand the 
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durability and functionality of the particles for catalytic applications. 

4.4 Conclusions  

 

Silver nanoparticles with controllable size can be efficiently grown on 

electrochemically deposited chitosan. The initial chitosan layer has 

sufficient conductivity to facilitate reduction of Ag+ and conduct charge 

from steel to silver for the ORR, though the exact nature of conductivity 

needs further exploration. Through the use of electrochemical formulation 

of chitosan-based metal-composites, we reduce the need for enzymes 

and chemical processing steps involving non-renewable solvents 

(resulting in a more sustainable process).  By depositing 

electrochemically, we also gain the added benefit of being able to 

incorporate reduction of metal ions into the process for design and 

development of composites and the ―green‖ manufacture of nanoparticles. 

Our process uses a room temperature, rapid technique taking advantage 

of electrochemical reduction to develop a nanoparticle/chitosan layer 

composite. Our method not only incorporates the principles of ―green‖ 

chemistry but also is an important step toward design of a sustainable 

manufacturing technology for metal nanoparticle composites that is rapid, 

safe and inexpensive. 

In contrast to the formation of Ag nanoparticles through 

electrochemical reduction, Pd nanoparticles were apparently formed 

through reduction by hydrogen (generated through a hydrogen evolution 
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reaction on the cathode) but were found to be attached to chitosan film. 

Catalytic activity of palladium over chitosan film for electrodes needs to be 

tested especially after the fact that conductivity of films have been 

observed.  
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Figure 4.1: Scanning electron microscopic image of Ag deposited on 
chitosan at -0.5V for 60 seconds shown at different magnifications. 
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Figure 4.2: Schematic diagram of silver nanoparticles formation.  
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  Figure 4.3: Scanning electron microscopic image of Ag deposited on 
chitosan at -3.0V for 5(a), 10(b), 15(c) and 30(d) seconds. 



 

80 

 

 

 

 

 

Figure 4.4: Scanning electron microscopic image of Ag deposited on 
chitosan at for 60 seconds at -2.0V(a), -1.5V(b), -1.0V(c) and -0.5V(d). 
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Figure 4.5: Scanning electron microscopic image of Ag deposited on 2 
layers of chitosan at for 30 seconds at -0.5V at different magnification. 
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 Figure 4.6: UV-Vis spectrum of Ag nanoparticles formed at -0.5V 
and 30 second deposition time. 
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Figure 4.7: Synchrotron FTIR spectra from chitosan-Ag nanoparticles 
composite coating (blue) versus that from a pure chitosan coating 
(red). 
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Figure 4.8: Cyclic voltammogram of oxygen reduction reaction using Ag 
nanoparticles as catalyst. 
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Figure 4.9: Schematic diagram of palladium nanoparticles formation.     
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Figure 4.10: SEM image of palladium formed over hydrogen bubble. 
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  Figure 4.11: SEM image of palladium reduced by hydrogen. 
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Figure 4.12: XRD pattern of deposited palladium. 
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Chapter 5 Future works. 
 

Study of uranyl ion interaction with catechol showed that uranium can 

act as a catalyst in oxidative polycondensation of polyphenols. The results 

are significant for design of remediation process as well as for 

understanding humic formation.  

1) In the next stage of these studies comparisons with polyphenols 

having hydroxyl group at different position of benzene ring should be 

done.  

2) Effects of presence other functional group in ring should also be 

studied to estimate complexation with complex molecules like humic 

material. 

3) Results from quantitative analysis into rate of reaction would be 

required for better understanding of the process. 

4) Effects of salvation shell on polymerization need to be explored 

further. 

 

The study of uranly interaction with oxalic acid showed strong bonding 

between uranly and carboxyl acid group leading to changes in solubility 

and thus transport properties uranium. The phenomenon is extremely 

useful in estimating behavior of uranium in natural environments due to 

acidic nature of humic material. To accurately predict association of 

uranium is natural organic matter further work must be done to access: 

1) Change in complexation with change in acidic strength, with chain 
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length, number or carboxylic group and branching. 

2) The effect of other functional group on nature of complex formed. 

 

Electrochemical modification of polysaccharide was found to be a 

cheap, fast and environmentally friendly way to synthesize polymer 

derivatives at room temperature. Initial results are promising but the 

process needs further exploration before it can be commercialized, the 

works include: 

1) A detailed study of physical and chemical properties of nitro-

chitosan should be undertaken.  

2) Study of change in chemistry with deposition made at different pHs 

should be undertaken. Initial results show that thickness of coating 

increases with pH, which can be explained in terms of zone of high pH. If 

the solution is already at pH5 a larger volume gets to pH>6.3 resulting in 

more deposition, but its effect on chemistry of hydrogel deposited is not 

known. 

3) Metal binding and other properties of chloro-chitosan need to be 

investigated. 

4) Attempts to create new derivatives of chitosan using other acids 

can be made. 

5) Electrochemical modification of other water soluble polymers 

should be tried to find cheap alternative way of synthesizing derivatives. 

6)  Polymer emulsions can be explored for modification in mechanism 
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similar to formation of chloro-chitosan. 

The deposited chitosan film on stainless steel formed a good base for 

subsequent deposition of silver nanoparticles. The size and distribution of 

nanoparticles was optimized for deposition voltage, time of deposition and 

layers of chitosan. The nanoparticles formed were found to be metallic 

and good catalyst for oxygen reduction reaction. The results show 

chitosan contributed towards stability of nanoparticles and the composite 

film can be a good candidate for electrode in alkaline fuel cells. To 

develop the composite film into electrode the works required will be: 

1) Finding exact nature of bonding between chitosan and silver 

particles using NMR and EXAFS. 

2) Finding the nature of conductivity through the chitosan film. 

3) Exploring effects of cycling on nanoparticles and the film. 

4) Finding effects of temperature on the composite. 

5) Exploring poisoning effects due to presence of fuel or the 

byproducts. 

6) Exploring aging effects on composite. 

 

The synthesized composite should be tested for other expected 

application including photo catalysis and anti-bacterial applications. 

Attempts to reduce other catalytic metals should be made.  One such 

attempt was made using palladium but it was found that palladium 

followed a completely different mechanism due to formation of PdCl4
2- . 
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The particles were formed in this case by hydrogen reduction. This 

phenomenon opens a lot new opportunities by widening the 

electrochemical window beyond the potentials of electrolysis of water. 

Future work in this area should include: 

1) Finding bonds between metal and chitosan 

2) Testing conductivity for similarities and differences to silver 

deposition. 

3) Testing catalytic activity of deposited metal. 

4) Using chitosan solution without hydrochloric acid for palladium 

deposition. 
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