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Abstract

Cellulose, the most abundant organic polymer on earth, has numerous applications including the
application in pharmacy as excipient in different kinds of pharmaceutical formulations where it
comes in contact with metal compounds used in therapeutic purposes. Chemically, is composed of
hundreds to thousands of B 124 linked D glucopyranose units. It is insoluble in water and most
organic solvents and its structure cannot be loosened by heat or with solvents without causing
irreversible chemical decomposition. However it can be broken down chemically into glucose units
by treatment with concentrated acids at high temperatures. Aqueous solutions of several metals are
also known to dissolve cellulose by deprotonating and coordinative binding the hydroxyl groups in

the C2 and C3 position of the anxydroglucose.

In this work, different metal complexes of copper, iron, vanadium and zinc, and native cellulose were
used to a better understanding on the interactions established upon adsorption. Those metals are
long used as components of dietary supplements, food additives and different kinds of drugs. It is
also known from previous research that the metals complexes can react with cellulose, changing its
structure or even cause its decomposition under certain conditions. In general, cellulose fibers have
very few functional groups that are capable of bonding with metals and interaction between
cellulose and metals and their compounds can occur in one of four ways: adsorption on the fibers,
forming chemical bonds with the reactive groups of cellulose, incorporation into cellulose matrix, and

formation of complexes with dissolved degradation products of cellulose.

The objective of this work was to study the interaction of cellulose fibers with these four metals
complexes, evaluating the changes induced by the matrix on the metal complex, specially by the
identification of different metal adsorbed species, and assessing the changes in the cellulose
structure namely in its crystallinity degree, upon the metal complex adsorption. For the analysis two
spectroscopic techniques were used: diffuse reflectance infrared spectroscopy (DRIFTS) and diffuse

reflectance ultraviolet-visible spectroscopy (DRUVS).

One of the effects that the adsorption of the metal can have in cellulose is by altering its chain spatial
arrangement changing its crystallinity degree. The cellulose crystallinity of the samples estimated by
DRIFTS, using the region between 1300 and 1180 cm™ and bands at 898 and 1430 cm™, showed that

in the case of vanadium (V) and zinc (ll) there has been increase in the degree of crystallinity while



for the other metals crystallinity was not influenced by the presence of metal complexes. However,
guantification of this change was only possible in the case of vanadium (V) where it was clear that in
the acidic environment at pH 3 and 5 and concentrations higher than 1mM / g cellulose, crystallinity
increased from approximately 44 to 76% with the increase of vanadium complex concentration from

1to 10 mM / g cellulose.

The influence of the matrix on the metal complex structure, in the case of vanadium (IV) was
analyzed by the alterations observed in the infrared bands, in particular in the regions 1000 -1200
cm™ and 600 — 670 cm™, showed that there has been a change in crystalline structure of the initial
compound from water soluble a to insoluble B form. The shift of the bands at 1200 cm™ in all three
sets of samples (three different pH) indicated entrapment of the SO,” ion into cellulose and shift in
the band at approximately 980 cm™ indicates entrapment of different vanadium species in the
cellulose chains but only in the high range of concentrations. The ultraviolet-visible absorption
spectra (DRUVS) shown low intensity of d-d transition bands in the region after 500 nm for the
samples with pH 3 and non-adjusted pH, which can be related with the oxidation from V(IV) to V(V).
However, considering the blue color of these samples, characteristic for V(IV), the low intensity of
the d-d bands in diluted samples appear weak only because they are so in comparison with the
stronger CT bands at ~240nm. On the other hand, the high intensity of the CT relative to the d-d
bands in samples with cellulose compared to the control may be indicative of binding of cellulose
groups to the metal. In the set of samples with pH 5 there are indications of the formation of a new

complex and also partial oxidation of V(IV) to V(V).

For vanadium (V) adsorbed onto cellulose, the analysis of the new appearing bands present at
wavenumbers 960, 971 and 965 cm™; 836, 829 and 829 cm™ 703, 750 and 747 cm™ for the non-
adjusted pH set of samples, pH 3 and pH 5 sets of samples, respectively, revealed deposition of
different polymeric vanadium species onto cellulose when vanadium is present in higher
concentrations. Since the equilibrium of vanadium species greatly depends on the pH value it was
expected that different species deposited onto cellulose will be observed in the sets of samples with
different pH values. At low pH values such as pH 3 it is found that decavanadates are dominant
species. At pH 5 dominant species seemed to be mixture of tri and decavanadates and at pH 6-7 we
can expect to have mixture of tri and tetravanadates deposited on cellulose. These conclusions are
also confirmed after analysis of the DRUV spectra which showed that there hasn’t been any

reduction from V (V) to V (IV) and that only different polyoxovanadates are formed in the samples.



The DRIFT spectra of iron (ll) indicated very weak interaction between the metal complex and the
matrix, which means a deposition of the complex on the cellulose surface or on the amorphous
phase. Analysis of DRUV spectra showed that it is possible that Fe (lll) ions were formed in the

samples during oxidation of Fe (ll) under aerobic conditions.

A different behavior was proposed to iron (lll), since in the DRIFT spectra of Fe(lll) complex samples
(at all preparation pH values) strong bands are appearing at 1384 cm™ but they are probably just the
result of the high complex concentration leading to deposition onto the cellulose exterior surface
with low interaction. However, the shifted bands at 1360, 830 and 802 cm™ indicate deposition of
different species or more probably an adsorption onto the cellulose chains with stronger

interactions.

In the case of zinc and copper metal complexes no significant effect is present in any of the spectra.
In fact, neither the bands of the metal complex or those of cellulose are affected by the deposition of
the metal complex onto cellulose. Moreover, no new bands are observed, pointing to a poor
interaction between the complex and the matrix upon deposition. Since zinc has very low
absorptivity in the UV/Vis region no additional information were obtained from the analysis of DRUV
spectra. However, the absence of expected d-d bands at around 800 nm in the DRUV spectra of Cu
() samples, confirmed that the deposition of octahedral copper species onto cellulose did not

occurred.

Quantitative analysis is performed, for all the metals except zinc, using the Kubelka-Munk equation,
or reemission function which gives the correlation between the intensity of the diffuse reflected
radiation and concentration for solid samples, similarly to the lambert-Beer law for liquid samples. In
all metal complex/cellulose pairs studied the increase of F(R) with increase of concentration was
evident. In the full range of concentrations only regression models for V(V) set of samples with pH 5
and V(IV) set with pH 3 showed good fit for the data while in all the other cases only regression
models in the lower range of the concentrations from 0.20 up to 1.00, 3.00 or 5.00 mM/g of cellulose
(depending of the sample set) showed good fit. These results point to the necessity of optimizing the
sample preparation, with a very low repeatability, reducing and replacing the steps involved that

leads to a huge possibility of loss of analyte.



Resumo

A celulose, é o polimero organico mais abundante na crosta terrestre, de entre a suas iniUmeras
aplicacOes, é utilizado como excipiente em diferentes tipos de formula¢des farmacéuticas. Na
qualidade de excipiente entra em contacto com compostos metdlicos ou ides de metais utilizados
para fins terapéuticos. Quimicamente, é composto por centenas de milhares de B 1 - 4 unidades de
D-glucopiranose ligadas. E insolUvel em dgua e a maioria dos solventes organicos e a sua estrutura
ndo alterada por acc¢ao calor ou por solventes, sem causar a sua decomposicao quimica irreversivel.
No entanto, por accdo quimica a celulose pode dividida em unidades de glicose, este efeito pode ser
observado no tratamento com dacidos concentrados a temperaturas elevadas. Alguns metais em
solucdo aquosa também tém capacidade para degradar a celulose, por desprotonacio e

coordenacdo aos grupos hidroxilo na posicdo C2 e C3.

Neste trabalho, diferentes complexos de metais de cobre, ferro, vanadio e zinco, foram usados para
estudar as interacGes estabelecidas quando os metais se adsorvem em celulose nativ. Estes metais
sdo muito utilizados em suplementos alimentares, aditivos alimentares e de diferentes tipos de
medicamentos. E também conhecido, que os complexos de metalicos podem reagir com a celulose,
alterando a sua estrutura, ou mesmo provocar a sua degradacdo em condi¢des particulares. Em
geral, as fibras de celulose tém poucos grupos funcionais com capacidade de ligagdo aos metais,
assim a interac¢do entre a celulose e os metais e os seus complexos pode ocorrer de quatro modos:
deposi¢do, adsorgdo entre as cadeias, a formagao de ligagdes quimicas com os grupos reactivos de

celulose, e formacgdo de complexos com os produtos de degradacdo da celulose que se dissolvem.

O objectivo deste trabalho foi estudar a interac¢do de fibras de celulose com quatro complexos
metalicos, avaliar as alteracGes induzidas pela matriz no complexo, especialmente por a identificacdo
de diferentes espécies de metal adsorvido, e a avaliagdo das altera¢des na estrutura da celulose
nomeadamente no seu grau de cristalinidade, apds o complexo se adsorver. Para a analise foram
utilizadas duas técnicas espectroscopicas: espectroscopia de reflectancia difusa no infravermelho

(DRIFTS) e espectroscopia de reflectancia difusa no ultravioleta-visivel (DRUVS).

Um dos efeitos que a adsor¢do do metal pode ter na celulose é, alterando a disposi¢do espacial das
cadeia, alterar o seu grau de cristalinidade. A cristalinidade de celulose das amostras estimadas por
DRIFTS, na regido entre 1300 e 1180 cm™ e as bandas a 898 e 1430 cm™, indicam que, no caso de

vanadio (V) e zinco (ll), hd aumento do grau de cristalinidade enquanto, para os outros metais esta



ndo foi influenciada pela presenca dos complexos metalicos. No entanto, a quantificacdo desta
mudanca so foi possivel no caso de vanadio (V), onde se mostrou que em meio acidoapH3 e5e
concentracdes superiores a 1 mM / g de celulose, a cristalinidade aumentou de cerca de 44 para 76%

com o aumento da concentragdo de complexo de vanadio de 1 a 10 mM / g de celulose.

A influéncia da matriz no complexo metalico, no caso de vanadio (IV) foi analisado por as alteragdes
observadas nas bandas de absor¢do no infravermelho, em particular nas regides 1000 -1200 cm™ e
600-670 cm™, mostraram que tem havido uma mudanca na estrutura cristalina do composto inicial
de soltvel em agua (forma a) para a forma insoltvel (forma B). O desvio da banda a 1200 cm™ em
dos trés conjuntos de amostras (aos trés diferentes pH) indicou o aprisionamento do o SO,
(ligando do complexo metalico) entre as cadeias de celulose, por outro lado, para concentracdes
elevadas do complexo de V(IV) o deslocamento na banda a ~980 cm™ indica adsorcdo de diferentes
espécies de vanadio na celulose. Os espectros de absorcdo no ultravioleta-visivel (DRUVS), tém baixa
intensidade das transicdo d-d na regido de 500 nm, nas amostras com pH 3 e pH ndo ajustado, o que
pode estar ser explicado pela oxidacdo de V(IV) a V(V). No entanto, considerando a cor azul dessas
amostras, caracteristica de V (IV), a baixa intensidade das bandas d-d em amostras com baixa
concentracdo de complexo pode apenas ser devida ao facto de as bandas CT a ~240 nm serem muito
fortes. Comparando a relacdo de intensidades destas mesmas bandas quando o complexo esta
adsorvido em celulose, onde as bandas d-d parecem ser ainda mais fracas do que na amostra de
controle (complexo depositado na auséncia de celulose) , pode significar que existe ligacdo ou

interac¢do forte entre alguns grupos da celulose e o metal. Nas amostras com um pH 5, existem

indicacGes de formacdo de um novo complexo e também de oxidac¢do parcial de V (IV) a V (V).

O vanadio (V) adsorvido em celulose, apresenta novas bandas a 960, 971 e 965 cm™, 836, 829 e 829
cm™ e 703, 750 e 747 cm™, respectivamente para o conjunto de amostra de pH n3o-ajustado,
amostras de pH 3 e amostras de pH 5. Estas novas bandas podem ser devidas a deposicdo na celulose
de diferentes espécies de poli vanadio, em particular quando em concentra¢des mais elevadas. Uma
vez que o equilibrio das espécies de vanadio é dependente do valor de pH, seria de esperar que para
cada conjunto de amostras, em que se varia o pH, diferentes espécies de metal adsorvido em
celulose. As amostras a pH baixo, tal como o pH 3, verifica-se que sdo decavanadatos as espécies
dominantes. A pH 5 nas amostras a espécie dominante parece ser uma mistura de tri e
decavanadates, enquanto para as amostras a pH 6-7, podemos esperar ter mistura de tri e

tetravanadatos depositados em celulose. Estas evidéncias sdo confirmadas na andlise dos espectros



DRUV que mostrou n3o haver reducdo do V>* nas amostras mas que apenas sdo formadas diferentes

espécies de polyoxovanadates.

Os espectros DRIFT de ferro (ll) indicam haver interacgdo muito fraca entre o complexo metalico e a
celulose, o que significa uma deposicdo do complexo sobre a superficie da celulose ou na fase
amorfa. No caso dos espectros DRUV mostraram que é possivel existirem ides Fe** que se teriam

formado nas amostras por oxidacdo do Fe®*, em condicBes aerdbias.

No caso do ferro (lll), dado que no espectro de DRIFT das amostras (a todos os valores de pH de
preparacdo) é observada a banda forte de complexo de Fe*" a 1384 cm™, provavelmente apenas
como resultado da elevada concentragdo de complexo, por deposicdo sobre a superficie exterior da
celulose e interacdo fraca. No entanto, os desvios das bandas a 1360, 830 e 802 cm™ indicam a
deposicdo de espécies diferentes ou, mais provavelmente, uma adsorcdo entre as cadeias de

celulose com interac¢des mais fortes.

No caso dos complexos de zinco e cobre de nenhum efeito significativo é observado nos espectros.
De facto, nem as bandas do complexo metalico nem as da celulose sdo afectadas pela deposicao.
Além disso, ndo sdo observadas bandas novas, apontando para uma interacdo fraca entre o
complexo e a matriz. Uma vez que o zinco tem muito baixa capacidade de absorcdo na regido de
UV/Vis nenhuma informacdo complementar foi obtida por da andlise dos espectros de DRUV. No
entanto, a auséncia de bandas d-d esperadas a cerca de 800 nm no espectro das amostras de Cu (ll),

confirmou que ndo ocorreu a deposicao de espécies octaédricas de cobre na celulose.

A andlise quantitativa é realizada, por todos os metais, com excep¢do do zinco, utilizando a equagdo
de Kubelka-Munk, ou fungdo de reemissdo, que correlaciona a intensidade da radia¢do reflectida
difusamente e concentragdo para amostras sélidas, de forma semelhante a lei de Lambert-Beer para
amostras liquidas . Em todos os pares de metal complexo / celulose estudado o aumento de F(R) com
o aumento de concentragdo foi evidente. No entanto, a linearidade entre F(R) e a concentragdo em
toda a gama de concentragdes somente se mostrou possivel para as amostras de V(V)apH5e V
(IV) a pH 3. Em todos os outros casos apenas foi possivel aplicar a regressdo linear, com resultados
aceitdveis, nas amostras com concentra¢des baixas, de 0,20 até 1,00, 3,00 ou 5,00 mM / g de
celulose (dependendo do conjunto de amostras). Estes resultados apontam para a necessidade de
optimizar a preparacdao das amostras, processo com repetibilidade muito baixa, reduzindo e

substituindo os passos envolvidos com maior possibilidade de perda de analito.
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1. Introduction

The objective of this project will be study the interaction of cellulose fibers with four different

metals: vanadium, iron, copper and zinc.

Different compounds of all examined metals are used as components of various dietary supplements
and food additives and also different kinds of drugs for treatment of conditions such as diabetes,

cancer, anemia, as anti-parasitic agents etc.

Cellulose and its derivatives are one of the most commonly used pharmaceutical excipients.”*>*

Microcrystalline cellulose (MIC) and powdered cellulose are often used in pharmaceutical products
as a diluent / filler but also as directly compressible excipient for tablets"**” due to its high

compactibility which enables it to produce strong tablets at low forces.

One of the primary criterions for choosing excipients is compatibility with the active components and
other excipients. Some metal compounds can interact with the cellulose fibers and change its
structure and characteristics. Degree of crystallinity of cellulose can affect different properties of
tablets such as crushing strength® and absorption of moisture from the air since in cellulose water is
not taken up through the whole structure but only in the amorphous regions®. The amount of water
absorbed into tablets changes with the different ratios of crystalline and amorphous regions in the
cellulose so consequently the dissolution rate and the drug release from the tablets can be
modified.>” Interaction of metals with cellulose such as forming complexes can cause changes in
chemical stability of administrated active components or decrease their bioavailability and therefore

decrease the effect of the drug and therapy.

Besides these pharmaceutical uses interaction between cellulose and its derivatives and metals is

also being used for other purposes such as preconcentration, separation and removal of heavy

8,9,10

metals from water or in the form of metal-containing fabrics with antimicrobial activity."*
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1.1. Metals

1.1.1. Vanadium

Vanadium is found in over 100 different minerals, ores and in smaller amount in the form of organic
complexes in some crude oils. In the marine environment it’s the second most abundant transition
element.”? In biological systems vanadium is present in small amounts where it has different
biochemical and physiological roles and among them is insulin mimetic or antidiabetic activity." In
human body vanadium is present in small amounts, in blood plasma, tissues and it can also be
accumulated in bones, kidneys and liver."> Almost 90% of vanadium in human body is bonded to
proteins and the rest is present in ionic form. The most common use of vanadium is industrial, the
largest part being used as a steel additive in the production of ferrovanadium.'” Other industrial
applications are mostly in ceramics and electronics.'* Apart from this uses vanadium is also used in
chemical industry most often as a catalyst in the form of oxides, and in the pharmaceutical industry
as a component of different kinds of drugs and food supplements. Due to its antidiabetic activity
vanadium has long been used in the treatment of diabetes, and in the last years scientists have also
been studied possible utilization of vanadium as anti-parasitic agent™ and its role in prevention and

treatment of cancer.” *®

Vanadium can exist in four possible oxidation states: +2, +3, +4 and +5. However, since V (ll) is very
unstable and it is easy oxidized in V (lll) only last three have importance in biological systems. In
water solutions vanadium has very complex chemistry since it undergoes different chemical
reactions which are highly dependent on the pH of the solution; depending of the prevalent
oxidation state vanadium shows color pallet from violet (oxidation state 2+) to green (oxidation state
3+), blue (oxidation state 4+) and yellow (oxidation state 5+)."> Range of existence of different
oxidation states and species of vanadium is best reflected in Baes-Mesmer diagram (Figure 1.1)

which shows speciation of V™ according to the redox potential and pH of the media.
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Figure 1.1. Baes—Messmer diagram for the aqueous vanadium system. Standard redox potentials (in V) vs the
normal hydrogen electrode (NHE) are given. The two parallel dashed lines running from the upper left to the
lower right indicate the range of stability of water."?

Stability of vanadium in aqueous solutions depends on pH, redox potential and ability to form
complexes. V (ll) is highly unstable in water solutions and it is quickly oxidized to V (lIl). Vanadium
with oxidation state 3 and 4 are cationic in water solutions while vanadium 5 species are mostly
anionic. Vanadium with oxidation state +4 is stabile in a form of hydrated vanaydil cation VO(H,0)s**
( or abbreviated just VO**) in acidic solutions, but it is unstable at higher pH values and easily oxidized

to V(V)."

At neutral pH values dominant form of V (V) depends of concentration; at lower concentrations it is
usually in the form of monomeric anion, H,VO, or HVO,> while in the high concentrations (above

- 12,18

1mM) dominant form is polymeric V,0.,". Diagram showing speciation of V" as a function of pH

and concentration is presented in Figure 1.2.

Monomeric anion easily undergoes condensation reactions with different nucleophilic ligands
including other vanadium species, and therefore dominant species in solution are different types of
oligomers depending of the environmental pH. In pH values below 6 dominant oligomer is
decavanadate V;40,° (or just V). Decavanadates forms orange-yellow solutions and it is the only
form of V (V) anion that is colored. Although V (V) is mostly anionic in aqueous solutions, in highly
acidic environment (below pH 2) decavanadates became unstable and cationic vanadium (V)

monomer VO," is formed in the form of octahedral complex [VO,(H,0),]"."?
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Figure 1.2 Predominance diagram, showing the regions in which the species indicated are those present in the
highest concentration. Broken lines indicate less certain demarcations.*

1.1.2. Iron

Free iron is rare in nature, usually it is found in the form of oxides and different minerals. It exists in

various oxidation states from -2 to +6 but two most common ones are +2 and +3.%°

Pure iron is soft and usually it is mixed with different kind of impurities in order to achieve better
properties. Most common form of iron is steal which is formed by adding carbon in different
amounts. The most dominant usage of iron is industrial and mainly in construction. Iron is he most
used of all the metals and about 95% of worlds metal production is accounted for iron. Besides this it
is also used as catalyst in many chemical processes, in the process of water purification, dyeing of the
textiles, coloring agent in paints, etc. It also used in medicine in treatment of different pathological
conditions primarily anemia, iron deficiency’®** and coughs caused by ACE inhibitors®*. There are also
indications that in the future it can be used in treatment of conditions such as attention deficit-

hyperactivity disorder (ADHD),”*** Crohn’s disease, female infertility and others.

Regarding its biological role, iron is the essential element for almost all living organisms and it is vital
for the processes in which cells generate energy. It is integral part of proteins and enzymes which are
engaged in key metabolic roles in human body. The biggest part of iron in human body is found in a

form of two proteins: hemoglobin and myoglobin, where it has crucial role in transportation of

oxygen.
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In aqueous media iron is found in two oxidation states, Fe (II) and Fe (lIl). Fe (II) is easily oxidized to
Fe (Ill) under influence of environmental oxygen. This reaction occurs at all pH values but it is

significantly faster in basic than in acidic solutions.™

Both ferrous (Fe*") and ferric (Fe**) compounds upon dissolution in water form strongly acidic
solutions where predominant ion species are aqua complexes with octahedral geometry:
([Fe(H,0)e]** and [Fe(H,0)¢]*").” With an increase of pH value of aqueous solution of iron (I11) or (I1)

insoluble hydroxides Fe(OH); and Fe(OH), are formed.
1.1.3. Copper

Properties of copper such as high occurrence in nature, good ability to form alloys, low corrosion,
high thermal and electrical activity, has made it one of the most important and most utilized metals
in the world. Free metal is found in small amounts in nature but it is usually found in the form of
different compounds, most often minerals such as sulfides, carbonates or oxides. The most common
oxidation states of copper are +1 and +2. Although it can form compounds with oxidation states +3
and +4, these are extremely rare and not very important.”® Regarding its biological importance,
copper is known to be essential microelement not only for humans but also for animals and plants. It
has important role in functioning of several enzymes and proteins involved in wide range of different
metabolic processes. Copper is needed for normal infant growth, normal functioning of organisms

defense mechanisms, iron transport, blood cell maturation, formation of connective tissue, etc.”®

Due to its good electrical conductivity it is extensively used for electrical purposes. It can be used as
pure metal or in a form of alloys. It is also commonly used for water tanks and pipes, in construction,
as fungicide and catalyst in different chemical processes™ and in a form of copper containing fabrics

as antimicrobial agent.”’

The most important oxidation state of copper is +2 also known as cupric ion, and it is oxidation state
generally found in water solutions. Most cupric compounds and complexes are blue or green and
usually have high solubility in water?® where they form aqua complexes [Cu(H,0)s]** with distorted
octahedral (tetrahedral) structure.” At low concentrations and pH values higher than 7.5 insoluble
hydroxide Cu(OH), is formed (Figure 1.3), however, at high concentrations it can also be formed even
at lower pH values. Cu(OH), stays dominant species in basic environment up to the pH 12.3 when

forming of Cu(OH); occurs.”®
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Figure 1.3. Speciation of copper as a function of pH and concentration at 25°C (only dominant copper species

are shown).28
1.1.4. Zinc:

Zinc is most commonly found in association with other metals in the form of ores. It has low affinity
for forming oxides and prefers to bond with sulfides so the most common form in which zinc is found

is sphalerite (Zn,Fe(S)).

In human body zinc is vital for many biological functions and has an important role in functioning of
large number of enzymes. It is also well known that zinc plays essential role in the normal functioning
of immune system.” It is found in almost all parts of the human body but the largest part is located

in muscles and bones.

It can be utilized as free metal or in a form of different compounds and alloys, especially brass. Due
to its resistance to corrosion zinc is used as anti-corrosion agent for coating of iron (process known as
galvanization). It is also used in production of batteries, white pigment in paints, as wood
preservative, as catalysts, agricultural fungicide.” In pharmaceutical industry it is used as food

29 30

supplement in treating zinc deficiency, diarrhea” =", Wilson’s disease®, acne, anemia, common cold

etc.

Zinc can exist in two oxidation states, +1 and +2 but oxidation state +1 is extremely rare and doesn’t
have much significance. Zn (Il) compounds are usually colorless and produce also colorless water
solutions. In water it forms 4-coordinate, tetrahedral or (less commonly) 6-coordinate octahedral

complexes. Therefore in aqua solutions it exists in the form of aquo- [(Zn(H,0)s]** or hidroxo-
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[Zn(OH)s]*and [Zn(OH),]* complexes. In aqueous solutions it has similar behavior as copper®; In
basic conditions at pH higher than 8.7 (or lower depending on concentration) Zn (ll) is precipitated in
a form of hydroxide Zn(OH),. However in the higher pH values hydroxide is dissolved and zincates are

formed [Zn(OH),])*.*°

1.2. Cellulose:

Cellulose is the most abundant organic polymer on earth. In nature it can be found in pure form but
most often it is combined with other polysaccharides such as lignin and hemicellulose in the cell wall
of plants. Commercial cellulose is primarily produced from harvested sources such as wood or

cotton.*

Chemically cellulose is linear homopolymer consisting of hundreds to thousands of B 1->4 linked D
glucopyranose units (Figure 1.4.) where every other monomer is rotated by the angle of 180° with
respect to its neighbors.*® This chain conformation is the lowest possible free energy conformation of
the molecule. In this case the hydroxyl groups are positioned in the ring plane and hydrogen atoms
are in the vertical position. Free hydroxyl groups are contained at C-2, C-3 and C-6 atoms. Presence
of numerous polar groups enables formation of hydrogen bonds within the molecule (intramolecular)
and also between different molecules (intermolecular) making the cellulose structure more complex.
It is assumed that intramolecular hydrogen bonds are formed between 0-3-H and O-5’ and between
0-2-H and 0-6’ in the neighboring glucopiranose units and they play important role in the
conformation and stiffness of single chain units. Intermolecular bonds are formed between OH
groups at C-6 and C-3 positions at the neighboring chains and they are responsible for organization of
linear polymers in the sheet-like structure of native cellulose. The order of the molecules in cellulose
fiber is not uniform in the whole structure. There are regions with low or high crystalline order and
low order regions are known as amorphous cellulose. Degree of crystallinity of cellulose depends of
the origin and pretreatment of the sample but usually it is in the range between 40 and 60%.>* When
cellulose reacts with different substances reaction occurs in the amorphous region and on the

surface of the crystalline region of the cellulose while intracrystalline region remains unaffected.*
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Figure 1.4. Molecular structure of cellulose

Glucose monomers are also called anhydroglucose units (AGU) due to the loss of water molecule in
the process of polymerization. Number of AGU units determines degree of polymerization of

cellulose (DP) and may significantly vary depending on the source.*

Cellulose can exist in 4 different crystalline modifications, the most important form being cellulose |,
also known as native cellulose. Native cellulose consists of two different crystal structures la and I
where la has triclinic and IB has monoclinic cell structure.® Cellulose la is mainly contained in the cell
wall of algae and IB in the cell wall of cotton, ramie and other wood fibers, and it is considered more
stable form™®. Small differences in the structure of these two forms also lead to different hydrogen

bonding pattern.*

Cellulose Il can be obtained from cellulose | by precipitating dissolved cellulose into an aqueous
medium or in the so-called process of mercerization. The process of transforming cellulose | into
cellulose 1l is irreversible. Cellulose Ill can be obtained by treating native cellulose with dry liquid
ammonia at temperatures below 30 °C, and cellulose IV by treatment of other forms of cellulose with

a suitable liquid at high temperature and under tension.*

Due to the strong dipolar attraction between the molecules, cellulose shows thermosetting behavior.
Its structure cannot be loosened by heat or solvents without causing irreversible chemical

decomposition.*®

It is insoluble in water and most organic solvents but it can be broken down chemically into glucose
units by treatment with concentrated acids at high temperatures. Aqueous solutions of several
metals are also known to dissolve cellulose®® by deprotonating and coordinative binding the hydroxyl

groups in the C2 and C3 position of the anxydroglucose, as well as ionic liquids®’.
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1.3 Spectroscopy:

Different spectroscopy techniques can be used for structure determination of the molecules.
Although these techniques are versatile and operate over different frequency ranges within the wide
range of electromagnetic spectra, they all work based on the same principle that under certain
conditions materials absorb and/or emit energy. The condition for radiation absorption is that the
energy difference between two energy levels of the molecule matches the energy of the radiation. In
this case the absorption corresponds to a transition between two states and a spectrum is typically
the set of all possible transitions in a spectral range of the electromagnetic spectrum. In the infrared
(IR) and ultraviolet/visible (UV-Vis) regions two different transitions can be promoted, in IR the

vibrational transitions are stimulated while in the UV-Vis are the electronic transitions.

A molecule can vibrate in many different ways and each of these vibrations is called a vibrational
mode. The number of vibrational modes of a molecule depends on the number of atoms and each
atom can be displaced in three directions corresponding to the three degrees of freedom. A
nonlinear molecule with N number of atoms has 3 x N — 6 normal modes while in linear molecule 3 x

38,39

N — 5 modes are possible. There are two main types of vibrational modes: stretching mode

characterized by movement along the bond axes where the distance between atoms is decreasing
and increasing, and bending modes that are characterized by changes of the angle between bonds.*
Molecular vibrations are not random motions but specific displacements of the atoms in given

molecule and therefore characteristic of that molecule.®

Electronic transitions occur when the wavelength of the absorbed light has sufficient energy to move
electron from a lower to a higher energy level. At room temperature all molecules are in the
electronic ground state (lowest possible energy level) since the energy difference between the
ground and excited states is relatively large.* The electrons that are situated in the outer shell of an
atom can be found in one of three types of orbitals: single (o) bonding orbitals with the lowest
energy, double or triple () bonding orbitals and non-bonding (n) orbitals which have the highest
energy. When the radiation is absorbed a transition occurs from one of these levels to an empty,
anti-bonding orbital 6* or m*. Usually only m- t*, n- t* and n- o* transitions are occurring.”* The
exceptions are d-d transitions that can happen in the complexes of transition metals that have

41,42

partially filed d orbitals.

19



When radiation with intensity |, pass through the sample it is expressed as | intensity of the radiation

that is transited. Transmittance is then defined as the ratio between | and I.:
T=1/1, (eq. 1)

The absorbance is a quantification of the radiation that is absorbed by a molecule, and is defined as a

logarithmic function of the inverse of the transmitted radiation:

A=logy, (lo/1) (eq. 2)
Transmittance and absorbance are connected through the relation:*

T=10" (or A=-log,,T) (eq.3)

According to Lambert-Beer law the amount of radiation absorbed by the molecules (defined as
absorbance, A) in the sample depends on the concentration and the length (or thickness) of the

sample.
A=c€lc (eq. 4)

Where, € is the molar absorption or extinction coefficient, | is the path length and c is the
concentration of the absorbing species. The extinction coefficient for a given substance under
constant conditions is characteristic and constant value. As it can be seen from the eq. 4, for the
given path length, absorbance increases with the increase on concentration and in theory they
should have linear behavior.” However in a lot of cases a plot of absorbance versus concentration
shows a non-linear dependence which can be due to the chemical effects, stray radiation or low
resolution, which is the most common case. Beer’s law is only strictly valid for monochromatic

radiation.*

The spectroscopic information in the reflectance mode is obtained based on the measurement of the
reflected light. When radiation strikes liquid, solid or gas sample some of the photons are absorbed,
some are transmitted and some of them are reflected of the surface of the sample or scattered by
the sample. In powders or solid samples, no significant amount of radiation is transmitted; therefore,
the radiation that does not interact with the sample is mainly reflected on the surface of the sample.
This part of the radiation that is reflected of the surface of the sample is then studied as a function of

a wavelength.*
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Reflection in general can be specular or diffuse reflection. Specular or regular reflection is scattered
with the same angle as the incident light angle and it is associated with the reflection from samples
with smooth, polished, mirror-like surfaces, while the diffuse reflection is associated with the
reflection from irregular, rough surfaces like powders as in case of our samples. In transmission
spectroscopy the band intensity (its area in absorbance units) is directly proportional to
concentration (see eq. 4), but no linear relation is obtained with transmittance. In diffuse reflectance
spectroscopy also, there is no linear dependence between band intensity (or intensity of the

reflected light) and concentration.**

Quantitative analysis is enabled by using Kubelka-Munk theory which deals with radiation transport
in scattering media and gives the correlation between the intensity of the diffuse reflected radiation

and concentration. The Kubelka-Munk equation is defined as:
f(R.) =(1 - R..)*/2R.. = c/k= K/s (eq. 5)

where, where, f(R..) is the Kubelka-Munk function (or reemission function), R.. the absolute
reflectance of the layer (the ratio of the sample diffuse reflectance spectrum and non-adsorbing
reference, both measured at infinite depth), K is the absorption coefficient, s the diffusion
(scattering) coefficient that is proportional to the fraction of diffused light, and c is the sample
concentration. The more important condition is that the sample is thick enough that prevents
radiation to reach the end of the sample (transmitted radiation is not possible) and it is known as

infinite (eo) thickness.**

When we apply Kubelka-Munk function on the diffuse reflectance spectrum it is transformed to
‘corrected’ spectrum that resemblance the spectrum in absorption and demonstrates the linear
relationship between the sample concentration and band intensity. In the y axis of this spectrum we
have Kubelka-Munk units that relate concentration to reflectance using a scaling factor. In Kubelka-
Munk theory it is assumed that ‘s’ is constant and independent of wavelength, that sample layer is

infinitely thick and that the sample has small absorbing power.*

Diffuse reflectance technique can be applied in the IR region (and then it is referred as Diffuse
Reflectance Infrared Fourier Transform Spectroscopy or DRIFTS) or in UV-Vis region (and then it is

referred as Diffuse reflectance ultraviolet visible spectroscopy or DRUVS).
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In middle infrared region (MID IR, 4000-400 cm™) diffuse reflectance is very weak and can only be
measured using Fourier transform infrared (FTIR) spectrometer.** Fourier transform is used to
transform an interferogram of polychromatic light to its spectrum. The main part of FTIR
spectrometers is an interferometer, most common is Michelson type. After the Fourier transform is
applied using computer processing, interferogram of the polychromatic light is transformed into its
spectrum and what we get is a new plot which represents signal intensity in correlation to

wavenumber.®

Infrared is the portion of electromagnetic radiation that covers the region between 700 nm and 1

mm (or 14200 to 10 cm™)***” and can be divided into three regions:

Near infrared 4000 — 13000 cm™
Middle infrared 400 — 4000 cm™

Far infrared 10 - 400 cm™*®

Infrared spectroscopy is used for long time for determination of the structure of samples using
characteristic absorption bands of each molecule. Today average modern instruments usually use

spectra recordings at wavenumbers between 4000 and 400 cm™.*’

Every molecule is composed of atoms tied together by chemical bands. These chemical bands have
behavior that can be described as elastic springs between the atoms, so depending on the type of
atoms (primarily its mass) and strength of the chemical bonds that connects them every molecule
has a characteristic set of vibrational frequencies. Besides this, there are other factors that influence
the vibrational frequencies of one molecule such as position and geometry of its chemical groups.
Similar structural units will absorb infrared radiation at similar frequencies and intensities, the
molecules with those groups will show similar bands in the spectra and these bands are called group
frequencies.*® These group frequencies may be viewed quantitatively as well as qualitatively since
the absorption band assigned to a certain group increases proportionally to the number of times that
group occurs within the molecule. The complete spectrum is basically a composed by the group
frequencies, with band intensities in part related to the contribution of each functional group in the
molecule.”” When molecule absorbs infrared radiation it results in change in dipole moment of the

molecule.
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The spectra in the ultraviolet and visible region cover only a small portion of electromagnetic
spectrum. Ultraviolet light is electromagnetic radiation with a wavelength from 10 to 400 nm, and
visible light from 400 to 700 nm.*® Photons of UV-Vis light have enough energy to cause transitions
between electronic energy levels in atoms and molecules. In the case of molecules electronic level
transitions are usually accompanied by a simultaneous change between numerous vibrational levels,
which additionally has a number of rotational levels associated with it. Therefore the transition
consists of electronic component, vibrational and rotational element. This causes superimposing of
the vibrational and rotational energy levels and as a consequence the bands are broadened.”® As
opposed to IR spectroscopy, which gives us many narrow bands, in UV-Vis spectroscopy usually we
obtain only a few broad absorption bands and it provides only a limited amount of qualitative
information.* For that reason UV-Vis spectroscopy is in most cases used only for quantitative

analysis.

Many inorganic molecules absorb UV-Vis light where absorption rises from charge transfer process
when electrons are moved from one part of the system to another due to the energy provided by the
light. Many metals also have the ability to form complexes with organic and inorganic molecules, and
the basis for their spectroscopic determination is absorption due to movement of electrons between
energy levels of ligand — metal complex.* Electronic transitions in transition metals complexes in
general can occur in two ways: charge transfer (CT) transitions and d-d transitions. CT transitions can
be ligand-to-metal (LMCT) or metal-to-ligand (MLCT) charge transfers. LMCT usually occurs when the
metal is in high oxidation state and MLCT when the metal is in the low oxidation state. d-d transitions
in complexes of transition metals happen because In this case d orbitals do not all have the same
energy and therefore the transition of electrons from one to the other d orbital is possible. These
transitions are forbidden in the most cases and can happen only if molecular vibration occurs

together with the d-d transition.*
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1.4. DRIFT and DR-UV/Vis spectroscopy methods for studying the interaction

of metal compounds with cellulose

DRIFTS can be used to evaluate the crystallinity and structural changes of cellulose and of the metal
complexes, while DRUVS can be used to analyze the metal compounds that are deposited over the

cellulose surface.

Interaction between cellulose and metals and their compounds can occur in one of four main ways:
adsorption on the fibers, forming chemical bonds with the reactive groups of cellulose, incorporation
into cellulose matrix, and formation of complexes with dissolved degradation products of

50,51

cellulose. In general, cellulose fibers have very few functional groups that are capable of bonding

with metals.”

Complexes between Cu and cellulose | can be formed but that process is very slow.”® However, Cu
can also interact with the cellulose by adsorption or by forming chemical bonds.* It is known from
previous research that degree of complexation of Cu with the cellulose raises with the increase of pH

20525435 hrobably due to the deprotonation of hydroxyl groups of cellulose.”® In some cellulose

value
derivatives such as carboxymethil cellulose COOH groups are also included in the formation of

complexes with the Cu but the same behavior concerning pH has also been noted.>**’

When cellulose is treated with alkali in the process of mercerization its structure is changed (cellulose
| is transformed to cellulose 1l) and formation of complexes is facilitated. Alkali causes swelling of the
cellulose and rearrangement of its structure.’®>> It is usually accompanied by a decrease in
crystallinity and also a decrease in the degree of polymerization. The mercerization increases the
separation between the cellulose chains and in that way facilitates the penetration of Cu into the
structure.” Cellulose matrix that is changed in this way can easily bind copper and this process
probably includes the formation of Cu (11) hydroxyl complexes.”® Copper that interacted with cellulose
can cause additional changes of cellulose structure by modifying it from twofold to trifold helix.>®
Concentrated aqueous solutions of cuprammonium hydroxide, or cuoxam, is known to dissolve
cellulose through mechanism that also involves forming complexes between OH groups of cellulose

and metal ions.”®*°

Fe ions have similar behavior like Cu ions. Cellulose in general has low affinity for binding Fe (ll) and

Fe (lll) ions. However in alkaline environment and in the presence of ligands such as D-gluconate and
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hepta D-gluconate cellulose has distinct capacity to complex Fe (lll) ions by ligand exchange

reactions.®%%¢2

The mechanism of forming complexes involves first forming complexes between Fe
(1) ions and ligands. In alkaline solutions competition for Fe (lll) ions between ligands and cellulose
occurs and leads to forming Fe-cellulose complexes.® Cellulose derivatives such as carboxymethyl
cellulose (CMC) and hydroxyethil cellulose can form monoligand iron complexes with tetrahedral

coordination.®

Fe (Il) ions can form complexes with cellulose without involvement of the ligands through hydroxyl
groups of cellulose. However, hydroxyl groups must be modified (oxidized) first in the high pH values
and by presence of oxidizing agent such as hydrogen peroxide.®* Coordination bonds are then formed
between Fe (I1) ions and modified OH groups at the 2", 3™ and 6™ carbon positions of cellulose.®®
However not all hydroxyl groups are oxidized and unreacted hydroxyl groups can also form

complexes with iron involving cation exchange reactions.®

As opposed to iron and copper, zinc ions form complexes with cellulose at low pH values. In acidic
conditions hydroxyl groups become protonated and as a result zinc ions can replace hydrogen and

6>%¢ Depending on the reaction conditions such as concentration or

attach directly to oxygen atoms.
temperature zinc can form complexes with different structure. When zinc chloride is used as a source
of Zn (Il) ions, at low concentrations loose complexes between C2 or C3 hydroxyl groups of cellulose
and Zn (ll) are formed. At higher concentrations of zinc chloride Zn ions form complexes involving C1,
C3 and C5 atoms.® It is assumed that forming of Zn-cellulose complexes using Zinc chloride leads to
decrease in cellulose crystallinity.®” Dissolution of cellulose using concentrated solutions of zinc
chloride is based on the same mechanism and depends on direct interaction of metal ions and OH
groups. However, cellulose dissolving ability of zinc chloride also depends on amount of water

present in the inner coordination sphere of the cation and while ZnCl, x 3H,0 can dissolve cellulose,

ZnCl, x 2H,0 and ZnCl, x 4H,0 can only cause swelling but not the complete dissolution.”®

In previous studies it has been demonstrated that vanadium in the form of polyoxometalates at

aerobic conditions and low pH values has the ability to cause oxidative cleavage of C-C bonds in

68,69,70,71
d.

cellulose leading to formation of formic and acetic aci Good catalytic activity was also

%72 3lthough in this case different mechanism of reaction is proposed.

achieved using vanadylsulfate
It is assumed that VO ion is the active species in isomerization of cellulose into fructose which is

then fragmented into trioses by C-C cleavage and converted into lactic acid.”
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In acidic environment V (V) ions are also known to form complexes with cellulose. In this process
cellulose is serving as reducing agent and transformation of V (V) in V (IV) occurs.”? Complexation of
carboxyl methyl cellulose in acidic (pH 4) and neutral (pH 7) environment with both V (V) and V (IV) in
the presence of ligands such as ascorbic acid (AA) or L-cysteine (Cys) was also described. In this case
ligands react as reducing agents and depending on if the used ligand complexes with different
structure are obtained. When AA was used five and six-coordinate V (IV) complexes are formed and
when Cys was used five and six-coordinate V (V) complexes were dominant.” It is also noted that in
the low pH values reduction from V (V) to V (IV) is generally more efficient but both species are

equally able to form complexes.

2. Experimental:

2.1. Materials

All reagents used were of reagent grade. Native cellulose, iron (lll) nitrate-9-hydrate and ammonium-
meta-vanadate were purchased at Riedel -de-Haen, Germany. Iron (ll) sulfate heptahydrate (Sigma —
Aldrich, Germany), copper (Il) sulfate pentahydrate (Scharlab S.L., Spain), zinc sulfate pentahydrate
(Merck KGaA, Germany) and vanadyl sulfate hydrate (Aldrich Chemical Company Inc., USA). KBr and
BaSO, (FITR grade from Aldrich).

2.2. Methods:

2.2.1. DRIFTS Measurements. The IR spectra were obtained using Mattson RS1 FTIR spectrometer
with a wide-band mercury-cadmium-telluride (MCT) detector. All spectra were recorded in diffuse
reflectance mode (with a Grasey/Specac accessory) and spectral range from 4000 to 450 cm™ with a
resolution of 4 cm™. The ratio of 500 single-beam scans to the same number of background scans

was used. Before performing the measurement each sample was diluted with KBr in the ratio
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approximately 1:5, placed in 8mm sample cup and manually pressed. The diffuse reflectance spectra
were transformed to Kubelka-Munk units using the FIRST software. All fallowing spectra

manipulation and data treatment was performed using OriginPro 7.0 software.

2.2.2. DRUVS Measurements. The UV-Vis spectra were performed on a double beam UV-Vis
Shimadzu MPC-3100 Multi-purpose spectrophotometer using BaSO, as reference. Measurements
were performed in diffuse reflectance mode at slow or very slow scan speed, sampling interval 2 and
slid width 2. First scans were performed in the region from 200 to 800 nm but showed a lot of noise
in the region from 200 to 214 nm so all fallowing scans were performed at the range from 214 — 600,
700 or 800 nm depending of the sample set. Powder samples were placed into a sample holder and
compacted without the dilution with BaSO, except control samples for each metal that had to be
diluted. All spectra were converted from the experimentally obtained reflectance (R) into remission
function, F(R) in UVProbe software using the equation: F(R)=[(1-R)2]/2xR. All DRUV spectra

manipulation and data treatment was performed using OriginPro 7.0 software.

2.3. Sample preparation

Samples were prepared in two different ways. First group of samples was prepared by evaporation

and second by filtration.

2.3.1. Evaporated samples:
In first group samples for 6 different compounds were prepared:

copper (ll) sulfate pentahydrate
vanadyl sulfate hydrate
ammonium-meta-vanadate
Iron (Il) sulfate heptahydrate
iron (Ill) nitrate-9-hydrate

zinc sulfate pentahydrate.
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For each metal, three batches of samples were prepared: first batch with non-adjusted pH and
second and third batch with pH values adjusted to 3 and 5, respectively. Each batch contained twelve
samples including ten different concentrations and two blank samples, one blank containing only
cellulose and water without the stock solution, and one control sample containing only and stock
solution without cellulose). At the end we had 72 samples for each of the metals and therefore first

group had 216 samples in total.

Samples for the each compound were prepared in the fallowing way: First, 1 g of native cellulose was
weighed in 30 mL plastic beakers using the analytical balance. In each of the beakers we added 10 mL
of distilled water and left for about 90 minutes for the cellulose to swell and allow uniform
distribution of the metal. Then we added different amounts of previously prepared stock solution in

each of the beakers: 0.0, 0.2, 0.25, 0.5, 0.75, 1.0, 3.0, 5.0, 6.0, 8.0, 10.0 and 10.0 mL.

Stock solution for each compound was prepared in concentration of 100 mM. Exception was
ammonium-meta-vanadate solution where, due to the low solubility, stock solution had the
concentration of 50 mM and therefore the amounts of the solution added in the beakers with the

cellulose were doubled in order to achieve the same final concentration in each of the samples.

Finally, distilled water was added to each of the samples up to the volume of 20 mL, and initial pH
vas measured and recorded. The final concentration of the metals was 0.2, 0.25, 0.5, 0.75, 1.0, 3.0,

5.0, 6.0, 8.0 and 10 mM /g of cellulose. Detailed tables for sample preparation are given in Anex 5.1.

Second and third batch of samples were prepared in the same way as the previous one. After
measuring the initial pH values, pH was adjusted to the values of 3 and 5, respectively, using sodium
hydrohyde and nitric acid solutions. All the samples were kept at room temperature in the fume

chamber until complete evaporation of the liquid.

When the samples were evaporated sufficiently (to a soft paste consistency) we stirred them 2-3
times every day to achieve better homogeneity. This was repeated daily until a fine powder was
obtained. Finally, the samples were put in the vacuum oven for 72 hours for removing the residual

solvent and then sealed with plastic caps (Picture 2.1).
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(d)

Picture 2.1. Prepared samples of (a) Cu(ll) with pH 3, (b) Fe(lll) with pH 5, (c) V(V) with non-adjusted pH and (d)
Zn(Il) with non-adjusted pH.

The only exception from this group of samples was batch of vanadium IV samples with non-adjusted
pH. In this case the samples were prepared in glass beakers and supplemented with distilled water

until total amount of 40 mL instead of 20 mL.

Samples were labeled with the five-character codes. The first number (1-12) is the serial number in

each set of 12 samples, second number (1-3) represents pH value of sample set (1-non adjusted pH,
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2-pH 3 and 3-pH 5), letter represents chemical symbol of each element and the last number is

oxidation state of the metal in the initial compound.

The pH of all the samples was measured and recorded daily using portable pH meter. Time needed
for the liquid phase to evaporate was usually between 7 and 10 days and during this time no
significant changes in the pH were observed. In most of the cases changes in pH value were smaller

than 0.4 pH units.

2.3.2. Filtrated samples:

For the second group of samples only three compounds were used:

copper (Il) sulfate pentahydrate
vanadyl sulfate hydrate

iron (Ill) nitrate-9-hydrate.

The samples for VOSO, and FeN3;0Oq were prepared in three batches. Each batch contained 6 samples
including 4 different concentrations and two blank samples (one cellulose blank containing just water
and cellulose and one control sample containing just stock solution without the cellulose). In total 18
samples were prepared for each compound. All three batches were prepared in the same way with
the difference that pH value for the first batch is only measured and recorded after preparation and
for batch two and three pH was adjusted to 3 and 5, respectively, using sodium hydrohide and nitric

acid solutions.

First we measured 1 g of cellulose in 30 mL plastic beakers using analytical balance and 10 mL of
water was added to each sample and left for about 90 min for cellulose to swell. After that, different
amounts of stock solution were added to each sample: 0.0, 10.0, 5.0, 2.0, 1.0 and 1.0 mL. Finally,
distilled water up to the volume of 20 mL was added in each sample. Detailed tables for sample

preparation are given in Anex 5.2.

The stock solution concentration for both compounds was 0.1 M, and final concentrations of metal in

samples were 0.0, 1.0, 2.0, 5.0 and 10.0 mM / g of cellulose.

Samples were held in sealed beakers for 10-15 days and then filtrated through grade 4 Sintered Glass

Buchner Funnels using vacuum pump. pH for all the samples was measured again before filtration.
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In the filtration process the samples were dried by keeping the pump on until apparently dry powder
was obtained. The samples were collected from the funnels, transferred into plastic tubes and put
into vacuum oven for 12 hours for final drying. After drying the samples were sealed with plastic

caps.

Samples for copper were prepared without pH control. This set of samples contained 4 different
concentrations of CuSO, and two blank samples (one with just cellulose and water and one with just
CuSO, solution with the lowest concentration). For the samples 1 g of cellulose was measured in

150mL glass beakers using technical balance.

Aqueous solutions with following concentrations of CuSO, were prepared: 0.5, 0.25, 0.125 and 0.05
M. 75mL of each solution was added to cellulose and left for two weeks in fume chamber and then

filtrated and dried using the same procedure described above.

Filtrated samples were labeled in a same way as evaporated ones with the addition of number 1 at

the end of each code.

The samples pH was measured immediately after preparation and again just before the filtration.
Significant changes were recorded only for V(IV) pH 5 set of samples where pH decreased in all the
samples in the range from 1 — 1.7 pH units. In all the other samples pH also showed decrease but not

significant and change in most cases was below 0.5 pH units.

3. Results and discussion:

3.1. DRIFT measurements — evaporated samples

3.1.1. Cellulose - Effect of pH adjustment and band assignment:

Effect of pH value on the cellulose was determined by comparing the IR spectra of blank cellulose
samples with non-adjusted pH value and pH values 3 and 5. The pH value of the samples with non-

adjusted pH was in the range from 5.25 to 6.05.
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Blank cellulose samples were prepared in each different set of samples (6 blank cellulose samples for
each pH value), however since the same conditions and procedure was used in the preparation of all

the samples only cellulose samples prepared in the vanadium 4 and 5 sets are shown in Figure 3.0.

All samples contained bands characteristic for cellulose; OH stretching bands at 3342 cm™ and OH
bending mode between 1630 and 1640 cm™; IR spectra of cellulose should contain three bands in the
OH stretching region but they can’t be individually distinguished and usually appear as one wide OH
stretching band.”” However in all the samples a small shoulder at around 3280 cm™ is present and
together with the shoulder at around 710 cm™ confirms the presence of cellulose I as a dominant
form.*’® Bands at 2900, 1318 and 1280 cm™ are assigned to CH symmetrical stretching, CH,

vibration and CH deformations, respectively.

All samples also have characteristic bands at 898 and 1430 cm™ which are known as amorphous and

73 Broadening or decrease / increase in the intensity of these bands

crystallinity bands, respectively.
may suggest changes in the degree of crystallinity in the samples. In the case of blank cellulose

samples there were no significant changes.

Also there were no new bands in the spectra of any of the samples or any changes in position or
shape of other characteristic cellulose bands so we can conclude that adjusting pH value of the

samples had no effect on cellulose. Detailed band assignment for cellulose is given in Table 3.1.

11v4a
R 12v4
13v4
1.0 H 11v5
12v5
1 13v5
= 0.8 H
I N
@« ]
= |
> 0.6 4 M
E K
= | 4
= |
& |
== |
L 0.4
=
v ] l
0.2 / N\ | )
] / /z‘ VM/
f \ /
0.0 == . .

3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Figure 3.0. Compared DRIFT spectra of blank cellulose samples at different pH values
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Table 3.1. Cellulose band assignment:

Vanadium 4 Vanadium 5
pH3 pH5 non pH3 pH5 non Band assignment
adjusted adjusted
pH (6) pH (6)
13v4 12v4 11v4 13v5 12v5 11v5
3341 (m) | 3340 (m) 3340 (s) 3342 (m) | 3340 (m) 3340 (s) v OH
2900 (m) | 2900 (m) | 2900 (m) | 2899 (m) | 2900 (m) | 2901 (m) v CH

1633 (w) 1640 (w) 1631 (w) 1635 (w) 1635 (w) 1635 (w) 60H adsorbed water

1429 (m) | 1429 (m) | 1429 (m) | 1429 (m) | 1429 (m) | 1429 (m) | &,CH, 5OCH or 5C-H

1368 (m) | 1369 (m) | 1369 (m) | 1369 (m) | 1369 (m) | 1371 (m) 6CH
1334 (m) | 1334(m) | 1335(m) | 1334(m) | 1334(m) | 1336(m) 8OH and Vypg
1318 (m) | 1317(m) | 1318 (m) | 1318 (m) | 1317 (m) | 1318 (m) 8..CH2
1282 (m) | 1282 (m) | 1283 (m) | 1282 (m) | 1282 (m) | 1282 (m) 6CH
1200 (m) | 1200(m) | 1201 (m) | 1201 (m) | 1200 (m) | 1202 (m) 50H
1160 (s) 1161 (s) 1161 (s) 1160 (s) 1160 (s) 1160 (s) V,sC-0-C
1105 (vs) | 1105(vs) | 1106(vs) | 1105(vs) | 1105(vs) | 1106 (vs) v(ring)

1058 (vs) | 1058 (vs) | 1059 (vs) | 1058 (vs) | 1058 (vs) | 1059 (vs) vC-C, vC-OH, vC-H of
ring and side group

1036 (vs) | 1036 (vs) | 1037 (vs) | 1036 (vs) | 1036 (vs) | 1037 (vs) vC-O

899 (m) | 898(m) | 898(m) | 899(m) | 898 (m) | 898 (m) 5COC, 56COC or 5CH

667 (s) 667 (s) 667 (s) 667 (s) 667 (s) 667 (s) 6C-OH (out of plane)

*vs - very strong, s - strong, m - medium, w - weak, vw - very weak, sh - shoulder, br -broad

Next to the blank cellulose samples prepared by evaporation blank cellulose samples were also
prepared in the set of samples prepared by filtration and analyzed in the same conditions. Spectra of
filtrated samples did not show any significant differences compared to evaporated samples and
contained the same characteristic bands. Therefore, it is possible to conclude that different

treatment of cellulose samples during the preparation did not influence its structure.
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3.1.2. Effect of dissolution on IR spectra of M"* compounds

In order to determine how or if the dissolution of compounds effected their structure we compared

the IR spectra of the control samples prepared at different pH values with the spectra of

corresponding solids used to prepare the stock sol. obtained under the same conditions (Figure 3.1.)
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Figure 3.1. Compared spectra of control samples for Cu(ll) - (a), Fe(ll) - (b), Fe(lll) - (c), V(IV) - (d) and Zn(ll) - (e),

and corresponding solids used to prepare the stock solutions
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Some differences are present in IR spectra of ZnSO, and Fe(NOs); but mostly in the regions of the
spectra assigned to the water bands and probably result of the high degree of hydration of initial
compound. In the case of ZnSO, additional bands are present in the OH stretching region at 3530 and

3465 cm; also peak assigned to water HOH bending mode was shifted to the 1599 cm™.

In the spectra of pure Fe(NOs);, the OH stretching bands in the 3300-3400 cm™ region are shifted to
lower wavenumbers and the HOH bending mode at around 1620 cm™ is more intense when
compared to non-adjusted pH set sample. Also in the spectra of pure compound band at 661 cm™
present in set sample is missing which is expected since this band is assigned to Fe-O stretching
mode of aFe-OOH that is formed in diluted water solutions of Fe(NO;); as a result of slow hydrolysis

during longer time at room temperature.

In the region between 900 and 1300 cm™ in spectra of pure vanadyl sulfate bands assigned to sulfate
modes are sharper and better separated compared to spectra of diluted samples which can be due to

the crystalline structure of the solid, and also additional peak is present at 770 cm™.

Spectra of pure compounds in almost all the cases showed no or not significant differences
compared to the spectra of corresponding sample with non-adjusted pH value. Therefore it is safe to
assume that any differences in the spectra of three control samples for each metal are due to the pH

adjustment and not to the dissolution in distilled water.

3.1.3. Vanadium IV

3.1.3.1. Effect of pH on vanadyl sulfate and band assignment

Effect of pH to vanadyl sulfate was determined by examining control vanadium samples — solutions
of vanadyl sulfate in distilled water without addition of cellulose. After evaporation of the water the
residuals were mixed with KBr and IR spectrum was obtained in the same manner as for the all other

samples.

In the case of sample with adjusted pH 3 (122V4) and sample with non-adjusted pH (121V4, pH value

was around 2.6) we couldn’t achieve complete evaporation of the liquid. The samples contained
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some crystals but mixed with the part of the sample which had consistency of oil. For that reason
spectra of these samples contained a lot of water bands (3800-2500 cm™, and ~1640 cm™, the
stretching and the deformation modes region of water, respectively) and in the low frequency region
from 1300 to 4500 cm™ showed big differences compared to the completely dry sample with pH 5
(123V4) which had no significant bands in that region (Figure 3.2).
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Figure 3.2 Compared DRIFT spectra of control V (IV) samples at different pH values

Considering that the VOSO, crystal is composed of SO,” and VO** we should expect to see free group
vibrations of V=0 at 985 cm™ and bands that can correspond to one of the four possible sulfate

modes v1, v2, v3 and v4 at 980, 450, 1100 and 615 cm™, respectively s

Vanadium (IV) in aqueous media forms monooxido complexes based on the oxidovanadium (IV)
anion VO*" which stays in the solution under acidic condition (precipitation of insoluble hydrate and
forming of oligonuclear hydroxo species begins at pH values higher than 5). In aqueous solution,

vanadyl sulfate can only exist in the acidic region."

VOSO, is a hydroscopic substance and there are several possible hydration possibilities (VOSO4 x n
H,0), typically from 3 - 5. It can also occur in three modifications; one water soluble, known as a-
VOSO, with tetragonal crystal structure, water insoluble - VOSO, with orthorhombic structure and
y- VOSO,.”””® Beta modification contains distorted VOg octahedra linked together in a zigzag course
parallel to the a-axis by sharing opposite corners in infinite chains along which adjacent VOg

octahedra are also connected by a bridging sulfate group. The remaining two oxygen atoms of the
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sulfate groups link by corner sharing to upper and lower lying VOg octahedra along the b-axis, thus

forming a three-dimensional network.

The crystal structure of a- VOSO, is characterized by continuous chains of corner shared VOg
octahedra running parallel to the c-axis where each chain is connected to four other chains by corner

sharing with sulfate tetrahedra.”

All three samples showed bands characteristic for the presence of S0,>* Dry sample with pH 5 had
very sharp peaks at 1146/1054 cm™ and 640/617 cm™, characteristic for v3 (S0,%) and v4 (SO,> )
modes, respectively. Less intense peaks were at 962 and 994 cm™ indicated the presence of V=0

bonds.”’

Other two samples have very similar spectra and both also showed clear presence of SO, - strong
peaks at region around 1200, 1110 and 1055 cm™ characteristic for v3 (5042'), 669 and 602 cm™,

characteristic for v4 (50,7).

It is known from previous research that a- and B- modifications have infrared bands at slightly
different wavenumbers. In particular, the characteristic V=0 stretching band has been reported at

lower wavelengths (938-945 cm™) in B-VOSO, compared to a -VOSO, (970-983 cm™).”’

The spectra of pure compound used for the preparation of stock solution shows V=0 bands from 964
t0 994 cm™ (Table 3.2) which can be assigned to both modifications. We might therefore assume that
it was a mixture of water soluble a-VOSO, form and insoluble B form. However, compared to the
pure compound, the IR spectra of our samples showed majority of the bands characteristic for B
modification (Table 3.2), therefore it appears that there has been a change in crystalline structure of

VOSO, from a to B modification.

On the other hand, published data applies to pure crystalline forms of VOSO,. The present results
were obtained from evaporation of solutions, some of which with adjusted pH 3 and non-adjusted
pH are forming oils so they are most probably amorphous forms of hydrated VOSO,. Detailed band

assignment for vanadyl sulfate is presented in Table 3.2.
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Table 3.2.band assignment for V (IV) samples

Pure

non adjusted

V0S0,.5H,0 pH3 pH5 oH (2,6) Band assignment
122v4 123v4 121v4
3464 (m) VOH (water)
3070 (s) vOH (water)
3199 (s) 3189 (s) vOH (water)
1656 (m) 1634 (m) S0H (water)
1612 (m) 1617 (m) S80H (water)
1203 (s) 1202 (s) v3 (50,%) of B-VOSO,
1141 (vs) 1146 (vs) v3 (50,%) of B-VOSO,
1126 (sh) v3 (S0,”) of B-VOSO,
1118 (vs) 1104 (vs) v3 (S0,%) of a-VOSO,
1055 (vs) 1055 (vs) 1054 (w) 1061 (vs) v3 (S0,%) of B-VOSO,
985 (vs) 994 (sh) 990 (vs) v(V=0)
976 (vs) 980 (w) vl (S0.%)
962 (w) v(V=0)
825 (sh) 822 (sh) v(VO,)
766 (s) W-0-V
669 (s) 667 (s) v4 (S0,%) of B-VOSO,
650 (s) 640 (vs) v4 (50,%) of B-VOSO,
617 (vs) v4 (S0,%) of o -VOSO,
603 (s) 602 (s) 603 (vs) v4 (50,%) of a-VOSO,
490 (s) 494 (sh) v(V-0)
470 (s) 474 (sh) v(V-0) of V,05

*vs - very strong, s - strong, m - medium, w - weak, vw - very weak, sh - shoulder, br -broad

3.1.3.2. Effect of vanadium (IV) deposition on native cellulose

Effect of vanadium (IV) deposition on native cellulose is determined by comparing spectra of native

cellulose deposited at pH values 3, 5 and in the range from 2 -4 for set of samples with non-adjusted

pH. The concentration of vanadium was in the range from 0,2 — 10 mM per gram of cellulose.

Compared DRIFT spectra for all three pH values and different vanadium concentrations are shown in

Figure 3.3.
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Figure 3.3. Effect of vanadium (IV) deposition on native cellulose at non-adjusted pH (a), pH 3 (b) and pH 5 (c)

at different concentrations of vanadium
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In the spectra of all three sets of samples there are some similar changes. In the regions from 3200 to
2945 cm™ and from 1700 to 1550 cm™, bands for samples with the highest range of concentrations
are shifted and there seems to be some changes in the spectra. Initially, samples with non-adjusted
pH and pH 3 have peaks in these regions but in the dry vanadium (IV) sample there are no bands at
all in this region. Therefore, the bands were assigned to adsorbed water and the observed changes in
the spectra in these regions most probably are not the result of vanadium presence. Being so, those
shifts can be due to water presence. Nevertheless, the presence of some kind of vanadium aqua

complexes, not present in the dry samples (pH 5) cannot be excluded.

In the region from 1100 to 900 cm™ a small shift in the bands is noticeable particularly in the band at
985 cm™, assigned to V=0 (Figure 3.4). As the concentration of V increases so does the intensity of
the V=0 band, as expected. The shift to lower wavelengths may be due to the decreasing influence of
the cellulose bands at 1030cm™. This change is present in the pH 3 samples (Figure 3.4a) and samples
with non-adjusted pH, but again also present in the samples with pH 5 (Figure 3.4b). Any interaction
with a ligand, such as cellulose OH groups, involving weak axial binding to V=0 would result in an
increase of the V=0 band wavelength. In this case, the observer shift in the V=0 band could be
explained by a predominance of the “free” VOSO, at higher concentrations, relative to the “bound”
VOSO, at lower metal concentrations. Hence, it is not possible to ascertain whether the shift of the
V=0 is due to a spectroscopic artifact (overlapping with stronger cellulose bands at lower metal

concentration) or to axial binding to vanadium.

pH3

——12v4
—22v4
32v4
—42v4
52v4
——62v4
72v4
——82v4
——92v4
—— 102v4|
—— 112v4|
—— 122v4|

Kubelka-Munk units / a.u.
Kubelka-Munk units / a.u.

T T T — 1 T T = 1
1100 1050 1000 950 900 1100 1050 1000 950 900

Wavenumber / cm™ Wavenumber / cm™

Figure 3.4 Changes in the spectra in the region from 1000 cm™ and spectra of pH 3 (a) and pH 5 (b) sets of

samples
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In all three sets of samples, the spectra of the ones with high concentration present a shift of the
bands at 1200 cm™ assigned to v3(SO,%). These peaks are clear in the samples with pH 3 and non-
adjusted pH samples and may indicate entrapment of the SO, ion into cellulose. Also related with
the ligand, in the set of samples with pH 5 there is a shift of the bands in the higher range of
concentrations at 1160 and 1115 cm™, corresponding to the peak at 1146 cm™ in vanadium blank
sample assigned to v3(50,”) of B-VOSO,. In other two sets of samples there is no change in the
position or intensity of the band and no vanadium peaks also. This may be due to the formation of j3-

VOSO,and its’ bonding to cellulose at pH 5.

3.1.4. Vanadium (V)

3.1.4.1. Effect of pH on ammonium metavanadate and band assignment

The effect of pH to ammonium metavanadate is determined by examining control vanadium samples
— solutions of ammonium metavanadate in distilled water without addition of cellulose. After
evaporation of the water the residuals were mixed with KBr and spectrum was obtained as described

in experimental section.

The spectrum of three control samples is shown in Figure 3.5 Very small differences are observed
between samples 122V5 (pH 3), 123V5 (pH 5) and sample 121V5 (for which pH was measured after
preparation and the value was approximately 7). The most distinct difference is in the band at 900
nm, which is only present in the sample without pH adjustment. Besides that the differences are still

negligible and the influence of pH on the samples is not considered to be significant.

Kubelka-Munk units / a.u
o] 0
I )
| I |
——
=

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Figure 3.5 Compared DRIFT spectra of control V(V) samples at different pH values
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The NH* ligand should have four characteristic vibrational modes in the region between 1400 and
3500 cm™: totally symmetric stretching mode v1, doubly degenerate bending mode v2, triply

80,81

degenerate asymmetrical stretching mode and triply degenerate bending mode v 4. Existence of

the bands in these regions in our samples clearly indicates the presence of NH," ion.

In the region between 2500 and 3500 cm™ at the room temperature IR spectra of NH,VO; provides
usually three broad bands; however, some of these modes (except for v 1) are expected to split in
more than one band; this behavior is usually noticed when spectra are recorded in low
temperatures.®’ In the case of all three samples there are 2-3 more expressed bands in this region: at
3201, 3134 and 3150 cm ™ assigned to v3 mode and at 3016, 3034 and 3034 cm™ assigned to vl mode
for samples 121V5, 122V5 and 123V5, respectively. And also band at 2830 cm™ assigned for v4 mode
for all three samples. Next to these, there are also a few less intense bands and shoulders in this

region assigned to v3 and v4 modes. Detailed band assignment is presented in the Table 3.3.

Mode v4 has characteristic intense band in the region around 1400 cm™ that is usually composed of
at least three bands.?’ Intense bands are present at 1418, 1401 and 1404 cmtin the samples 121V5,
122V5 and 123V5, respectively, and also strong bands at 1385 cm™ for both 122V5 and 123V5
samples. Besides that there are also number of less strong bands and shoulders of the bands in the

region from 1420 and 1450 cm™ for all three samples which can indicate presence of NH," ion.® &

Bands at the region from 1610 to 1630 cm™ in all the samples are assigned to OH symmetric

deformation of adsorbed water.®®

Characteristic vibration bands of the ammonium metavanadate are also located at 935 (strong,

vVO,), ~890 (weak, v,VO,), 840-850 (strong, v,VO,) and 690 cm™ (strong, v,V-0-V).%*

Strong peaks assigned to v(VO,) asymmetric modes of ammonium metavanadate are present at 838
and 845 cm™ in the 123V5 and 121V5 sample, respectively. The rest of the characteristic bands are
not present in the samples, or are present only as small shoulders masked under the other stronger
bands. Therefore, by looking to the spectra we can conclude that only small amount of the initial

compound is present in our samples.

Other vanadium species that most probably can be present in the samples are V,0s, different
polymeric vanadate species (hexavanadates, decavanadates..) metavanadate ions with cyclic form

and tetrahedral coordination and vanadium linear tetrameric species.
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The V,05 species are identified by its very strong V-0 stretching bands observed near 1020 and 825
cm ™ 828 The V-0 bonds in V,0s have different lengths and the band at 1020 cm™ is assigned to the
bond that is significantly shorter than the other bonds in the structure.® In our samples there is no
clear evidence of presence of V,0s except for the very strong peak at 829 in 123V5 sample (but also
can be the sign of the presence of decavanadates). Other characteristic bands are missing or they are

present only as shoulders (at 1020 cm™ for all samples and shoulder at 829 cm™ for 121V5 sample).

The presence of bands characteristic for V-O-V bridging vibrations confirms that there polymeric
vanadates are present in our samples.®® These bands are present in all the samples in the region

between 830 and 520 cm™.

The spectra of hexavanadates have characteristic VO stretching modes in two regions, 950 to 1000
and 720 to 760 cm™.® Decavanadates are identified based on a presence of characteristic bands at
960, 825/750 and 590 cm™, assigned to wW=0 (terminal groups), v,\V-O-V and v.V-O-V (bridging

83868788 Differentiation between hexa and decavanadates is enabled since

groups), respectively
decavanadates have one strong band in the region around 960 cm™ while hexavanadates have two

bands®.

In the spectra of each of our three samples there is only one band in this region; at 950, 972 and 950
cm™ for 121V5, 122V5 and 123V5 samples, respectively. Therefore in this case decavanadates are
dominating species in our samples. Apart of this, there are several more bands characteristic for
decavanadates such as strong peaks at 750 and 747 cm™ for samples 122V5 and 123V5 and also at
732 cm™ for the sample 121V5. However, the sample 121V5 has pH around 7 and at this pH value
decavanadates are not usually formed, so in the case of this sample these bands can be probably

assigned to other polyoxovanadate species.

Strong peaks at 829 cm™ are present in 123V5 and 121V5 samples. However, bands at this
wavenumber are also characteristic for V,05 so at these wavenumber we can’t be sure which

compound is responsible for the bands.

Metavanadate ions with cyclic form and tetrahedral coordination have characteristic bands at around
900 cm™ (v,VO,) and 953 (v,VO,) %%, Only in the sample 121V5 there is evidence of the presence of
this vanadium species: strong bands at 900 and at 950 cm™. The band at 950 cm™ can also be

assigned to decavanadates. Decavanadates are not thermodynamically stable at pH 7 but are

43



sometimes observed in these conditions because they are kinetically quite stable. During the
evaporation the solution is not perfectly homogeneous, and the media close to glass surface may be
more acidic than the bulk solution. In these conditions, decavanadates may be formed locally, and,
because they are kinetically stable, may not decompose in contact with the solution at higher pH.
Nevertheless, it is more likely that these bands are the sign of the presence of metavanadates, such

as H.V,0,™, HoV506™, HoV,05,"*, HoVs04,™.

The vanadium linear chain tetrameric species (monoprotonated monomer [HVO,]* and the dimer
[V,0,1%) present characteristic bands at around 930 cm™ (WWO,), and also very strong bands at
around 640 and 520 cm™ that can be related with protonated species™ (V-0 mode of VOH groups).
In the region around 930 cm™ there are no characteristic bands and also the strong band at 640 cm™
characteristic for all metavanadates with polymeric chain structure® is missing. The only band
suggestions that can be related to the protonated species are shoulders at 520 cm™ in the spectra of

122V5 and 123V5 samples.

Table 3.3. Band assignment for vanadium (V) samples

n.a. pH (7) pH3 pH5 band assignment
121v5 122v5 123v5
3534 (w) 3531 (w) v(V-)OH or vNH,"
3265 (w) 3265 (sh) v3(vNH,")
3201 (m) v3(VNH,')
3150 (m) v3(VNH,")
3134 (m) v3(VNH,")
3034 (m) 3034 (m) v1+v3 (VNH,")
3016 (m) v1+v3 (VNH,")
2950 (sh) v1(VNH,")
2830 (w) 2830 (m) 2830 (m) vA4(VNH,")
2800 (sh) 2800 (sh) 2800 (sh) V4(VNH,")
1683 (w) 1681 (w) 1681 (w) v2(6NH,")
1610 (w) 1630 (w) 1626 (w) 60H (water)
1447 (sh) 1447 (sh) 1447 (sh) VA4(SNH,")
1426 (sh) 1426 (sh) VA(SNH,")
1418 (s) VA4(SNH,")
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n.a. pH (7) pH3 pH5 band assignment
121v5 122v5 123v5
1401 (w) 1404 (s) VA(ENH,")
1385 (s) 1385 (s) v2(5NH,")
1020 (sh) 1020 (sh) 1020 (sh) v,V=0 in V,0,
995 (w) 995 (m) 995 (w) vs(V=0)
7200 ol gl
st | W Ogt e o
o500 0D e etarcates
900 (s) Vs (VO,) (cyclic form)
845 (vs) Vg (VO,) linear metavanadates
838 (s) v,5(VO,) linear metavanadates
829 (sh) 829 (vs) Vas(V-0-V)
732 (vs) 750 (s) 747 (vs) vV-0-V bridging
714 (vs) Vas(V-0-V)
682 (sh) Vas(V-0-V)
604 (vs) 607 (vs) 604 (vs) Vas(V-0-V)
560 (vs) 558 (sh) 558 (vs) vV-0-V bridging
542 (vs) 542 (vs) vV-0-V bridging
520 (sh) 520 (sh) vV-0-V bridging

*vs - very strong, s - strong, m - medium, w - weak, vw - very weak, sh - shoulder, br -broad

These results show that upon evaporation, a mixture of different metavanadates and possibly
decavanadates are formed, as expected from the aqueous chemistry of V(V). The IR spectra shows

that different species form at different pH.

3.1.4.2. Effect of vanadium (V) deposition on native cellulose:

Effect of vanadium deposition on native cellulose is determined by comparing spectra of native
cellulose deposited at pH values 3, 5 and approximately 6 - 7 for set of samples with non-adjusted
pH. The concentration of vanadium was in the range from 0,2 — 10 mM per gram of cellulose.

Compared DRIFT spectra for all three pH values and different vanadium concentrations are shown in
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Figure 3.6. The evolution of the cellulose bands in the region around 3000 and 2700cm™ and

between 1500 and 1000cm™ seems to be random and not dependent on vanadium concentration.
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Figure3.6 Effect of vanadium (V) deposition on native cellulose at non-adjusted pH (a), pH 3 (b) and pH 5 (c) at
different concentrations of vanadium
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However, in the spectra of all the three sets of samples there are some similar changes; new bands
are present at wavenumbers 960, 971 and 965 cm™’; 836, 829 and 829 cm™ 703, 750 and 747 cm™ for
the non-adjusted pH set of samples, pH 3 and pH 5 sets of samples, respectively. New bands are
present only in the spectra of samples in the higher range of concentrations (Figure 3.7). In the pH 3
and 5 samples these shifts correspond to the bands assigned to decavanadates and V-O-V bridging
vibrations of other polymeric species. This can be an indication of the deposition of polymeric
vanadate species on cellulose when vanadium is present in higher concentrations. At low pH values
such as pH 3 decavanadates can form even at low concentrations, however in the samples with pH 5

we probably have a mixture of tri and decavanadates deposited on cellulose.
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Figure 3.7 Changes in the region from 980 to 700 cmin the spectra of non-adjusted (a), samples with pH 3 (b),
samples with pH 5 (c) and spectra of non-adjusted pH set normalized at 900 (d).
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For the samples with non-adjusted pH value (pH in the range from 5.50-7.20) bands at 950 and 845
cm™ are both assigned to metavanadates. Small changes in the spectra are also present at 703 cm™
possibly due to the band at 714 cm™ assigned to V-O-V bridging vibrations of polymeric vanadate
species. After normalization of the spectra at 900 nm (Figure 3.7d) we can better see the evolution of
the bands at 960 and 836 nm. In both cases new bands are present only in the 5 samples with the
high concentration of vanadium. These new bands are probably due to the presence of the mixture
of different polyoxovanadates and at these pH values (in the range from 6.40 to 6.75 for the most
concentrated samples) we can expect to have mixture of tri and tetravanadates deposited on

cellulose.

3.1.5. Iron (ll) and iron (llI)

3.1.5.1. Effect of pH on iron (ll) sulfate and iron (lll) nitrate and band

assignment:

Effect of pH for both iron (ll) and iron (lll) was examined by comparing infrared spectra of residuals
obtained after evaporation of water from control iron samples that contained no cellulose. Spectra
are shown in Figure 3.8 and 3.9. In the case of Fe (Il) samples there is no significant difference
between spectra of three solid residues (Figure 3.8); they all show characteristic sulfate bands in the
region below 1300 cm™. These bands generally appear in regions ~1050-1250, ~1000, ~500-700, and
~400-500 cm™, corresponding to the asymmetric stretch (v3); symmetric stretch (v1); asymmetric

bend (v4) and symmetric bend (v2), respectively.”

Kubelka-Munk units / a.u.
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Figure 3.8 Compared DRIFT spectra of control Fe (ll) samples at different pH values
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It is found in previous research that all four characteristic sulfate bands are expected to be found in
FeSO, x nH,0 compounds due to the low sulfur site symmetry.** All three sets of samples have bands
with maximum at 1151, 1100, 614 and 500 cm™, assigned to v3, v3, vl, v4 and v2 modes,
respectively. Additionally, samples with pH 3 and 5 have bands at 1216 cm™ assigned to v3 mode.
Since all four fundamental sulfate vibrations are present in the sample we can conclude that sulfate

is present in a form of coordinated rather than free pyramidal sulfate ions.”

The position and maximum of the fundamental bands depends on the sulfate symmetry as well as
the degree of deformation of the anion, but also on the presence of OH and H,0 in the molecular

structure.

The amount of hydration will mostly affect the high-frequency position of the v3 fundamental bands
in a way that v3 band occurs at a lower-frequency (lower wavenumber) position if the state of
hydration is higher.”*

Spectra of all three samples contained characteristic water bands in the region around 3200 — 3500

and 1620 — 1650 cm™, assigned to stretching and bending modes of water, respectively. Detailed

band assignment is given in Table 3.4a

Table 3.4a. Band assignment for Fe (ll) samples:

Pure 121Fe2 122Fe2 123Fe2 ,

FeSO,.7H20 | n.a.pH (3.4) pH 3 pH 5 assignment

3455 (m) 3460 (m) 3460 (m) 3460 (m) vOH (water)

3377 (m) 3374 (m) 3368 (m) 3381 (m) vOH (water)

3254 (m) 3255 (m) 3255 (m) 3255 (m) vOH (water)

1651 (w) 1650 (w) 1652 (w) 1650 (w) 80H (water)

1619 (m) 1620 (m) 1620 (m) 1620 (m) SOH (water)

1216 (sh) 1216 (sh) V3 (VasS0,7)

1151 (vs) 1151 (vs) 1151 (vs) Vs (Va5S0,7)

1100 (vs) 1100 (vs) 1100 (vs) 1100 (vs) V3 (V2sS04”)

989 (m) 989 (s) 989 (s) 989 (s) V1 (vsS0,%7)
828 (w) 6Fe-OH (a-FeOOH)

613 (vs) 614 (vs) 614 (vs) 614 (vs) V4 (8,:504°7)

498 (vs) 500 (vs) 500 (vs) v, (8:504°7)

*vs - very strong, s - strong, m - medium, w - weak, vw - very weak, sh - shoulder, br -broad
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In the case of Fe(lll) samples there are big differences in spectra of the three samples with different
pH values (Figure 3.9). Common features for all three samples are found in the region of the spectra
highly characteristic for bands of nitrates at frequencies between 815 — 840 and 1350 — 1380 cm™.**
All samples have very strong peaks with maximum at 1384 cm™ and bands at 842 (121Fe3) and 836

cm™ (122Fe3 and 123Fe3) assigned to nitrate modes. Detailed band assignment is presented in Table

3.4b.
n.a pH
; pH 3
pH 5
1.0 4
g 0.8 —
é 0.6 —
= _
= o4 |
0.2 —
0.0 =— T T T T T T T
3500 3000 2500 2000 1500 1000 500
WwWavenumber / cm™
Figure 3.9 Compared DRIFT spectra of control Fe (lll) samples at different pH values
Table 3.4b: Band assignment for Fe(lll) samples:
Pure
121F 122F 123F i
Fe(NO,);.9H,0 e3 e3 3Fe3 assighment
3596 (s) vOH (water)
3510 (s) VOH (water)
3479 (m) vOH (water)
3326 (s) vOH (water)
2830 - Overtones and combination
2080(w) bands
2395 (w) Overtones and combination
bands
1789 (m) vN=0 (NOg, bidentate)
1612 (s) vN=0 (NO3, monodentate)
1633 (w) 60H (water)
1384 (vs) 1384 (vs) 1384 (vs) 1384 (vs) vi(NO,) of NO5°
1350 (s) 1350 (s) vs(NO,) of NO3’
825 (w) 842 (m) 836 (s) 836 (w) 8(NO,) of NO3
804 (m) O60H of FeOOH
661 (s) vFe-O

*vs - very strong, s - strong, m - medium, w - weak, vw - very weak, sh - shoulder, br -broad
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In the spectra of the sample 123Fe3 (pH 5) besides these two bands at 836 and 1384 cm™, no
additional bands are present. However, in other two samples more bands characteristic for nitrates
are present; strong bands at 1350 cm™ in spectra of both samples and also peaks at 1789 cm™

(122Fe3) and 1633 cm™ (121Fe3).

In the spectra of the sample 121Fe3 (non-adjusted pH) the bands at 3479 and 3326 cm™ are
consistent with the presence of water and assigned to its OH stretching modes. The bands at 661 and
804 cm™ which can be assigned to the Fe-O stretching and Fe-O-H bending modes of a-FeOOH,
respectively. In fact, this is consistent with the formation of a-FeOOH that is usually formed in diluted

aqueous solutions of Fe(NO); as a result of slow hydrolysis (during long time) at room temperature.”

The sample 122Fe3 has a lot of bands in the region from 2000 — 2800 cm™ that are assigned to

overtones and combination bands of the fundamental modes.

3.1.5.2. Effect of iron deposition on cellulose:

Effect of iron deposition on cellulose is studied by comparing the spectra of cellulose samples treated

with different iron concentrations and at different pH values.

For analysis of iron samples, Fe(ll) and Fe(lll), from each of the three sets of samples (with three
different pH values) analyzed by DRIFTS we only discuss the highest concentration (10.00 mM/g
cellulose), one in the middle range (3.00 mM/g cellulose), one in the low range of concentrations
(0.25 mM/g cellulose) and control iron samples. Since after comparing the obtained infrared spectra
for Fe (ll) there was no significant difference. However in the spectra of Fe (lll) samples there was
some difference so two more samples from each set were discussed. The spectra are shown in Figure

3.10 and Figure 3.11.
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Figure 3.10 Effect of Fe (ll) deposition on native cellulose at non-adjusted pH (a), pH 3 (b) and pH 5 (c) at
different concentrations of iron
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Compared spectra of Fe(ll) samples at three different pH values is shown in Figure 3.10. The relative
intensity of some cellulose related increases with the increase of metal complex concentration, but
there is no change in the band shape and no additional bands. Pointing to a very weak interaction
between the metal complex and the matrix, which means a deposition of the complex on the

cellulose surface or on the amorphous phase.
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Figure 3.11. Effect of Fe(lll) deposition on native cellulose at non-adjusted pH (a), pH 3 (b) and pH 5 (c) at

different concentrations of iron
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The spectra of samples prepared with the complex of Fe(lll), in Figure 3.11, with non-adjusted pH (pH
value was in the range from 3.58 for lowest concentration to 1.92 for the most concentrated sample)
no clear changes in the cellulose bands for low metal complex concentration, but for the higher
concentrations some changes are present in the spectra region characteristic for nitrates. Additional
bands at 1384 cm™, shoulders of the bands at 1360 cm™ and new bands in the samples with high
concentrations at ~830 cm™. All this changes are related with nitrate bands, at 1384, 1350 and 840
cm’, respectively, that became visible with increasing complex concentration on cellulose matrix. In
the sample with the highest metal complex concentration there is a small band at 802 cm™

corresponding to the peak at 804 cm™ assigned to Fe-OH bending vibrations of Fe-OOH.

These differences enable to conclude that the peaks appearing at 1384 cm™ are probably just the
result of the high Fe complex concentration leading to deposition onto the cellulose exterior surface
with low interaction, while the shifted bands at 1360, 830 and 802 cm™ indicate deposition of
different species or more probably an adsorption onto the cellulose chains with stronger
interactions.

The same spectral changes can be observed for the samples with pH 3 and pH 5, however the
changes in the region around 1380 cm™ seem to be more pronounced in the lower pH values. In fact,
for the samples prepared with pH 5, besides the cellulose bands, the complex band at this
wavenumber is present only in the two samples with the highest concentrations, while for the
samples with lower pH values the-band is also present in lower concentrations, being visible already

at the concentration of 3 mM/g cellulose.

3.1.6. Copper (1) and Zinc (ll)

3.1.6.1. Effect of pH on Cu (ll) and Zn (ll) sulfate and band assignment:

Effect of pH for both Cu (II) and Zn (ll) was examined by comparing infrared spectra of residuals
obtained after evaporation of water from control samples that contained no cellulose. Spectra are

shown in Figure 3.12 and 3.13.

The DRIFT spectra of all three CuSO, set of samples show that there are no meaningful differences in
the spectra of samples with pH 3, pH 5 and non-adjusted pH (pH value around 4.20). All samples

contain absorbed water molecules and therefore have stretching OH bands in the region between
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2500 and 3200 cm™ and water bending modes at 1670 cm™.%*%” Also fundamental vibrations of SO,*
ion are present at 685 cm™ and region between 960 and 1200 cm™.*****” The band assignment is

given in Table 3.5a.
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Figure 3.12 Compared DRIFT spectra of control Cu (Il) samples at different pH values

Table 3.5a. Band assignment for Cu (ll) samples.

c:‘;r;“ 121Cu2 | 122cu2 | 123Cu2 assignment
pH4 pH3 pHS
3477 (sh) vOH (water)
3468 (sh) 3468 (sh) | 3468 (sh) vOH (water)
3318 (sh) | 3322(sh) | 3322 (sh) VOH (water)
3177 (m) | 3170 (m) 3167 (s) 3174 (s) VOH (water)
2476 (W) | 2478 (w) | 2478 (w) | 2478 (w) overtones and combination bands
1673 (m) | 1670(m) | 1670(m) | 1670 (m) SOH (water)
1197 (s) 1197 (s) 1199 (s) Vs (VasS04”)
/ / 1150 (s) V3 (VasS04” )
1112 (vs) | 1106 (vs) | 1112 (vs) | 1098 (vs) Vs (V5504”)
1088 (vs) v1 (vsSO,7)
1000 (sh) | 1000 (sh) | 1000 (s) V1 (vsS0,77)
962 (m) 962 (m) 962 (m) V1 (vsS0,%7)
870 (s) 870 (s) 870 (s) 870 (s) pOH (water)
658 (sh) 658 (sh) 658 (s) V4 (8:50477)
622 (vs) 622 (s) 622 (s) 622 (s) vCu-O
587 (sh) 587 (sh) 587 (s) vCu-O

*vs - very strong, s - strong, m - medium, w - weak, vw - very weak, sh - shoulder, br -broad
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In water solution the cupric ion typically forms aqua complexes [Cu(H,0)¢]** with distorted
octahedral structure. Insoluble hydroxides are formed at higher pH values, usually higher than pH 4
at high Cu (Il) concentrations (above 10 M), and for low Cu (Il) concentrations at higher pH values.
Since the concentration of copper in our samples was between 10 to 10 M and pH value around
and below 5 is not expected that formation of hydroxides to occur.” In low pH values from 3-7 small
amount of Cu(OH)" is also formed.”® Peaks at low frequencies below 700 cm™ are due to the Cu-O
vibrations.***®

The behavior in aqueous solutions of Zn (ll) is similar to copper, but in the case of zinc the formation
of hydroxides was detected at a concentration range from 10 to 10* M and starts at even higher pH
values (higher than 7). Bands characteristic for Zn(OH), should be located at 1080, 830, 750 and 715
cm™. In the spectra of our samples there are no bands at these wavenumbers which confirms that

101

there was no forming of Zn(OH) ™ The band assignment is given in Table 3.5b.
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Figure 3.13 Compared DRIFT spectra of control Zn (Il) samples at different pH values

Table 3.5b. Band assignment for Zn (II) samples

Pure 1217Zn2 1227Zn2 123Zn2 .

ZnSO, n.a. pH (5) pH3 pH5 assignment
3531 (m) vOH (water)
3464 (m) vOH (water)
3176 (m) | 3174 (m) 3142 (m) 3139 (m) VOH (water)
1598 (w) combination band

1506 (w) 1506 (m) 1506 (m) combination band
1190 (sh) 1190 (sh) Vs (v2sS04”)
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Pure 121Zn2 1227Zn2 123Zn2 .

ZnSO, n.a. pH (5) pH3 pH5 assignment
1153 (vs) | 1153 (vs) 1153 (vs) 1153 (vs) Vs (V2SO
1106 (vs) | 1108 (vs) 1108 (vs) 1108 (vs) Vs (V25047 )

1020 (w) 1020 (m) 1020 (m) V1 (v,S0,% )

1004 (W) | 1009 (w) 1009 (sh) v1 (vsSO,7)

882 (m) 882 (s) 882 (s) pOH (water)

655 (m) 657 (m) 668 (m) 668 (m) V4 (8:50,%)

642 (s) 624 (s) V4 (8,5047)

611 (s) 610 (s) 607 (s) 607 (s) V4 (6:50,%)
570 (m) 572 (s) 572 (s) vZn-0

*vs - very strong, s - strong, m - medium, w - weak, vw - very weak, sh - shoulder, br -broad

Compared DRIFT spectra of Zn control samples (Figure 3.13) shows bands at around 3150, 880 and

102103 3nd also characteristic vibrations of

570 cm™ assigned to stretching and bending water modes
S0, ion in the regions around 1100, 1020 and 600-700 cm™ assigned to v3 stretching, v1 stretching
and v4 bending SO, modes, respectively.'®>'**'% The band at 570 cm™ is assigned to Zn-O band

probably of an aqua complexes.'®

Other Zn-OH vibrational modes as a frustrated translation (bending) and a deformation should be
found at around 445 and 1462 cm™ respectively'®. However in the spectra of our samples there are
no characteristic bands in those regions.

The DRIFT analysis showed that the species formed upon dissolution and pH control are very similar
to the pure reagent although some bands can be associated to the presence of aqua complexes of

the corresponding metals.

3.1.6.2. Effect of copper and zinc deposition on cellulose:

The deposition of Cu and Zn onto cellulose is analyzed by comparing DRIFT spectra of cellulose with
different concentrations of initial metal complex at different pH values. From each set of samples
only three samples will be used in the discussion, one with high (10.00 mM/g cellulose), one with
medium (3.00 mM/g cellulose) and one with low concentration (0.25 mM/g cellulose). Compared

spectra at different pH values and different concentrations are presented in Figures 3.14a and 3.14b.
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Figure 3.14 Effect of Cu (Il) (3.14a) and Zn(Il) (3.14b) deposition on native cellulose at different pH values and

different concentrations

In the case of both zinc and copper metal complexes no significant effect is present in any of the
spectra. In fact, neither the bands of the metal complex or those of cellulose are affected by the
deposition of the metal complex onto cellulose. Moreover, no new bands are observed, pointing to a

poor interaction between the complex and the matrix upon deposition.
3.2. Filtrated samples - DRIFT analysis

The filtrated samples are prepared only for three compounds (VO(SO),4, Cu(SO), and Fe(NQOs); ) and in

higher concentrations (10, 5, 2 and 1mM/g of cellulose), then DRIFT spectra was collected fallowing
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the same procedure as for the evaporated samples and for comparison used spectra of control

samples obtained by evaporation with corresponding pH values.

In the case of V(IV) all samples form the set were analyzed but for Cu(ll) and Fe(lll) we only analyzed
the samples with the highest concentrations from each pH set. Effect of metals deposition on the
structure of native cellulose was determined by comparing the spectra of native cellulose deposited
at pH values 3, 5 and for set of samples with non-adjusted pH. For Cu and Fe, there was no
significant difference in the spectra compared to blank cellulose samples, the collected spectra of Cu
and Fe samples are shown in Figure 3.15a. Only was observed that the intensity of cellulose bands is
higher in the samples with higher pH values, in fact no shift of bands maxima or additional bands was
identified in spectra. In the spectra the bands related to the metal complex were not clear.
Therefore, it is possible to conclude that copper and iron probably didn’t have any effect on

cellulose, but about the metal complex no deductions can be inferred.
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Figure 3.15. Effect of vanadium (IV) deposition on native cellulose at different pH values and different

concentrations of vanadium
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In the case of vanadium all the samples were analyzed from all three sets of samples (Figure 3.15b, c
and d) but there are also no significant changes in the intensity or position of the cellulose bands. As
for the other metal complexes there are no clear vanadium complex bands. Based of those spectra

there is no evidence for deposition of vanadium species or any changes in the cellulose structure.

Therefore, conditions used in preparation of evaporated samples were not suitable for FTIR analysis
since we can’t get any significant information in the spectra about the metal complex depositing
species using the samples prepared in this manner. Probably this is due to a poor affinity of the metal

complex species in solution to adsorb onto the cellulose chains.

3.3. Effect of metal complexes on the degree of crystallinity of cellulose

The cellulose crystallinity is defined as the ratio of the amount of crystalline cellulose to the total
amount of material. It is expressed as degree of crystallinity and, as said before, usually is in the

range from 40 to 60 %*. It can be measured by different methods such as X-ray diffraction'®”1%1%,

76,110 111,112 76,113,114
 NMR

RAMAN spectroscopy and FTIR spectroscopy . The crystallinity of our samples
was estimated by DRIFT following two approaches: using the region between 1300 and 1180 cm™,
and by the relation of the bands at 898 and 1430 cm™ (amorphous and crystalline bands,
respectively). In the case of the region 1300 and 1180 cm™ it is the ratio between intensities of the
bands at 1200 and 1280 cm™ (l1280/11200) that are related with the crystallinity degree of cellulose. The
band at 1280 cm™, assigned to the C-H bending mode should increase with the increase of
crystallinity while the band at 1200 cm™ assigned to the C-O-C stretching mode should not be

115,116

sensitive to changes in crystallinity. After obtaining liyg0/l1200 ratio (R.n), the degree of

crystallinity was calculated using the equation™®:
x.=1.06 R.,,+ 0.19 (eq. 6)

For vanadium (V) samples it is possible to calculate crystallinity in this way since V>* shows no bands
in the targeted region. However in the case of all other metals it was not possible to use this method
for calculation of crystallinity because control samples of all the metals had bands in this region and

therefore influence the ratio between the cellulose bands.
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Calculated crystallinity for the blank cellulose samples is in the range from 42 — 44% and it is in the

agreement with the specifications for native cellulose. The variation is obviously related with the

experimental error of the measurements and with the fact that we only have one cellulose sample

for each set of samples. The results are in Table 3.6 and Figure 3.16a

Table 3.6. Changes in degree of crystallinity of cellulose with concentration.

| 9 Vv
s?::::f cr(\r/‘sc;cnﬁ sample | cryst% | sample | cryst% 23;‘; g
H H H H
adi) adi) (PH3) | (pH3) | (pH5) | (pH5) cell
1.1.v5 44.60 1.2.V5 42.42 1.3.V5 43.30 /
2.1.V5 41.02 2.2.V5 45.92 2.3.V5 41.08 0.20
3.1.V5 42.30 3.2.V5 42.40 3.3.V5 43.53 0.25
4.1.V5 46.70 4.2.V5 44.49 4.3.V5 42.79 0.50
5.1.V5 41.85 5.2.V5 47.43 5.3.V5 45.45 0.75
6.1.V5 44.72 6.2.V5 44.62 6.3.V5 44.16 1.00
7.1.V5 4491 7.2.V5 52.92 7.3.V5 51.29 3.00
8.1.V5 48.18 8.2.V5 59.48 8.3.V5 60.41 4.99
9.1.V5 44.86 9.2.V5 66.29 9.3.V5 64.62 6.00
10.1.v5 | 51.01 | 10.2.V5 62.93 10.3.v5 | 70.37 7.99
11.1.V5 48.91 11.2.V5 73.77 11.3.V5 76.08 10.01
80 —
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Figure 3.16a. Changes in degree of crystallinity of cellulose with vanadium concentration.
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In the V(V) set of samples with non-adjusted pH calculated crystallinity was in the range from 41 to
51% but the changes seemed to be random with no noticeable connection between the crystallinity
variation and vanadium complex concentration. However, in the samples with acidic pH values the
degree of crystallinity increased with the increase of vanadium complex concentration from 42.4 to
73.8 % and from 41.1 to 76.1 % for samples with pH 3 and 5, respectively (Figure 3.16). This increase
in crystallinity is more pronounced in the higher concentration levels, in the samples with vanadium
concentrations from 1.00 — 10.00 mM/g of cellulose, while in the lower concentration range, from
0.20 — 1.00 mM/g of cellulose, changes are random and concentration seems to have no influence on

the degree of crystallinity (Table 3.6).

In an attempt to overcome the overlapping between the complex bands and those of cellulose used
to quantify its crystallinity, other cellulose bands can be used, although only in a qualitative form, to
attest the influence of the metal in the cellulose structure. This analysis is based on the bands at 890
and 1430 cm™. In the case of iron (11) there is a big overlap of the metal complex bands and therefore
this method can’t be used to estimate if there has been changes in crystallinity or not. The ratio
between the intensity of the bands at 1430 and 898 nm for all the other metals are presented in the

Tables 3.7 (for vanadium) and 3.8 (for iron, copper and zinc).

Table 3.7. Ratio between intensities of the bands at 1430 and 898 nm for Vanadium (1V) samples

Ratio 1430 / 898
mM / g cell n.a. pH pH3 pH5
0.00 2.09 2.13 1.80
0.20 2.11 2.13 1.85
0.25 2.13 2.00 1.76
0.50 2.13 2.27 2.09
0.75 2.17 2.07 2.20
1.00 2.00 1.95 1.88
3.00 2.08 2.21 2.09
5.00 2.13 2.24 2.10
6.00 2.11 2.20 2.27
8.00 2.29 2.21 2.10
10.00 2.29 2.50 2.20
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Table 3.8. Ratio between intensities of the bands at 1430 and 898 nm for Iron (IV), Copper (ll) and Zinc ()

samples
Iron (ll) Zinc (1) Copper (ll)
Ratio 1430 / 898
mM / g cell n.a. pH pH3 pH5 | n.a.pH | pH3 | pH5 | n.a.pH pH3 pH5
0.25 2.20 2.30 2.27 2.18 212 | 2.08 1.80 2.23 2.08
3.00 2.36 243 2.00 2.14 244 | 221 1.88 231 2.22
10.00 2.56 2.47 2.64 1.79 291 | 2.40 243 2.47 2.23

Small increase in crystallinity is present only in the zinc samples with pH values 3 and 5. In the case of

all the other samples the ratio of the bands is more or less constant and random, so there seems to

be no influence on the degree of crystallinity (Figure 3.16b).
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Figure 3.16b. Changes in degree of crystallinity of cellulose with concentration of: (a) vanadium (1V), (b) copper

(1), (c) iron (1) and (d) zinc (II).

64




The increase of cellulose crystallinity on the samples with V(V) and Zn(ll) complexes can be explained

by the hydrolysis of the amorphous regions of cellulose, catalyzed by the metal ions in acid medium.

3.4. Absorption in the ultra-violet/visible analysis
3.4.1. Vanadium metal complexes in cellulose

The vanadium UV-Vis spectra, depending on the oxidation state, we can expect to see CT transitions
and d-d transitions.’” In the case of V°* it has 3d° electronic configuration and therefore it does not
show d-d transitions.'*® UV-Vis spectra of V (V) are characterized by charge transfer (CT) transitions
between central vanadium atoms and oxygen ligands in the region below 400-500 nm.''®1%120121 The
energy of these transitions is influenced by the number and nature of ligands that are surrounding
central vanadium ion. In general, isolated species shows bands at higher energy (lower

wavenumbers) compared to polymeric species.'*

Bands characteristic for pseudo-tetrahedral coordinated V (V) species are in the range from 285 to

330 nm™"***'% and octahedrally coordinated species have CT transition bands at lower frequencies,

118,122 121,122

usually around 400nm. A band at around 470 - 487 nm is characteristic for crystalline V,0s.

In the UV-Vis spectra of V (IV) we should expect to see bands corresponding both CT and d-d
transitions. CT transitions of V (IV) are appearing the range from 250 to 285 nm.'?’ The d-d
transitions are usually characterized by three bands. The first one is usually superimposed with a CT
band; other is located at around 300 nm*® and the third one in the region 600 — 800nm.*"** These
d-d transitions typically have much lower intensity than the very broad CT transitions."*® Therefore, if
both transitions are occurring sometimes it can be difficult to distinguish d-d transitions from the CT

transition bands that are easy to identify due to its high intensity.
3.4.1.1. Vanadium (V)

The DRUV spectra for V (V) samples were scanned in the range between 214 and 600 nm since it
does not show any absorption in the higher wavenumbers spectral region, the spectra are shown in
Figure 3.17. However, additional spectra at full wavelength from 214 to 800 nm were done for two

samples with the highest concentration from each pH set and control V>* sample to prove that there
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was no reduction of V (V) and that no V (IV) species is present in these samples. Since no additional

information is obtained the spectra are not shown.
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Figure 3.17 DRUV spectra of V (V) samples with non-adjusted pH (a), pH 3 (b) and pH 5 (c).

In all three sets, in the samples with low metal concentration the CT band is observed around 250 nm
(Figure 3.17), while for the samples with higher metal concentration the CT transitions have two
relative maxima. These two CT transition maxima are located at 244, 254 or 258 nm and at 352, 370
or 356 nm for samples with non-adjusted pH pH 3 and 5, respectively. It should be noted that in the
samples without pH adjustment it ranges from 5.51 for the least concentrated sample to 6.95 for the

sample with the highest concentration.

The position of the CT band can give indication of the geometry if the vanadium adsorbed species. CT
bands at around 250 nm indicate presence of tetrahedraly coordinated VO, species, and the region
between 350 -370 nm to 2D-square pyramidal or 3D-octahedrally coordinated VO, species. The
spectra normalized at 244, 256 and 258 nm for non-adjusted pH, pH 3 and pH 5, respectively, are

shown in Figure 3.18.
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Figure 3.18 Normalized DRUV spectra of V (V) samples with non-adjusted pH (a), pH 3 (b) and pH 5 (c)

After the DRUV spectra normalization becomes clearer that in the samples with higher metal
complex concentrations a new band in the visible region of the spectra is appearing. Since in the
spectra which cover the whole range up to 800 nm there are no absorption bands above 600 nm we
can safely say that there was no reduction of V (V) to V (IV) and therefore only different
polyoxovanadates are formed. This conclusion also agrees with the results obtained with DRIFT

scans.
3.4.1.2. Vanadium (IV)

The DRUV spectra for the vanadium (IV) complex adsorbed on cellulose, scanned in different spectral
regions, are shown in Figure 3.19. In the region above 600 nm only in the evaporated vanadium (V)
samples with pH 5 have a small absorption, and its spectra were scanned from 214 to 800 nm. In the
other samples no significant bands after the wavelengths of 600 nm were observed, therefore all the
corresponding spectra were done at the wavelength range from 600 to 214 nm. However additional
scans at full range from were done for the non-adjusted and pH 3 sets but only for the higher

concentrated samples.

The spectra of the samples with pH 3 and non-adjusted pH (pH in the range from 2.5 to 4.2) were
very similar; in the range from 214 and 300 nm with bands of very low intensity especially in the

lower concentration range (Figure 3.19a). The bands due to the d-d transitions that are expected in
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the region from 600 — 800 are present but, due to the low intensity, only in samples with high

concentrations are observed (Figure 3.19b).
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Figure 3.19a DRUV spectra of V (IV) non-adjusted (a) and pH 3 samples (b) - range 214 — 320 nm.
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Figure3.19b DRUV spectra of V (IV) non-adjusted (a) and pH 3 samples (b) - range 600 — 800 nm.

In Figure 3.20 are shown the spectra after normalization at 250 nm, being clear that only control
vanadium samples showed significant absorption beyond 500 nm. This band is assigned to a d-d
transition, in the samples with low metal complex concentration the band is also present but with
very low intensity. Since water has neutral or slightly oxidizing redox potential we would infer that in
these samples oxidation from V (IV) to V (V) occurred. . Nevertheless, the samples have a blue color,

which is characteristic of V (IV). A partial oxidation to V (V) would render the samples green, and a
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complete oxidation would make them yellow or colorless. Hence, the d-d bands in diluted samples
appear weak only because they are so in comparison with the stronger CT bands at ~240nm. On the
other hand, the high intensity of the CT relative to the d-d bands in samples with cellulose compared

to the control may be indicative of binding of cellulose groups to the metal.
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Figure 3.20 Normalized DRUV spectra of V (IV) samples with non-adjusted pH (a) and pH 3 (b)

The set of samples with pH 5 (Figure 3.21) had intense bands corresponding to CT and V (IV) d-d
transitions. When the metal complex is in higher concentrations we can see three distinct bands at
244, 346 and 700 nm. The band at 244 nm is a CT band and at 700 nm a V(IV) d-d band (band |,
according to the model of Balhausen and Gray'?). The absorption at 346 nm could be caused by a
charge transfer or a d-d transition (band Il of V(IV)). As the intensity ratio of this band with band | is
not constant, we assume this must be another CT band. This is quite interesting, because the
appearance of a new ligand-to-metal CT band shows the formation of a new complex. This could be
simply the result of hydrolysis and formation of V hydroxides, but it could also result from binding to

cellulose groups.

In the samples with low metal complex concentrations only the CT bands, with very low intensity, are
present and the d-d band either disappeared or is very weak. These samples had green color, which
shows there has been some level of oxidation of V(IV) (blue) to V(V) (typically yellow), resulting in the

green as a mixture of the two colors.
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Figure 3.21 DRUV spectra of V (V) pH 5 samples: (a) spectra without treatment and (b) spectra normalized at
246 nm

3.4.1.3. The Vanadium (IV) filtrated samples

The DRUV spectra of filtrated V (1V) are shown in Figure 3.22, for the samples with adjusted pH 5.

1.0 H 13v4al
| 23v4a1l
33v41l
= 0.8 - 43v41l
< 53v41
« 4
=
=
= 0.6
S
=
= i
==
Z 0.4
=
>
0.2 -
00 T T T T T T T 1
250 300 350 400 450 500 550 600

Wavenumber / nm

Figure 3.22 Normalized DRUV spectra of filtrated V(IV) samples with pH 5

In the DRUV spectra of the samples with non-adjusted pH and pH 3 showed no clear bands can be
detected. Nevertheless, the two highest concentrations samples with pH 5 two bands at 252 and 402
nm, corresponding to CT and d-d transitions, respectively are observed in the spectra. However, full

scans of these samples were not clear of the third d-d transition band at around 700 nm. If this is the
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case, and only two bands are present in the spectra, then this could mean that at this pH value the

metal V (IV) is oxidized to V (V) and these bands point to the presence of the polymeric V (V) species.

3.4.2. Iron metal complex in cellulose
3.4.2.1. Iron (lll) samples:

The Fe (lll) ion is expected to show two bands in DRUV spectra, usually below 300 nm, due to the CT
transfer. The exact position of these bands depends on the number of ligands; it is expected that the

bands will be shifted to higher wavenumbers with the increase of coordinating oxygen ligands.***

The spectra of the samples of the Fe (lll) adsorbed onto cellulose are shown in Figure 3.23. For the
samples with non-adjusted pH (pH around 2 for the samples with higher metal complex
concentration) the spectra present two bands: one at 253 and the other at 338 nm that can be

assigned to CT transitions of tetrahedral and octahedral Fe (l1l) species, respectively.'***>*%
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Figure 3.23 DRUV spectra of Fe(lll) samples with non-adjusted pH (a), pH 3 (b) and pH 5 (c).

The DRUV spectra of Fe(lll) samples with pH 3 and pH 5 are very similar with two bands one at
around 300 nm and the other with weak intensity around 470 nm. The band at 300 nm can be an
indication of the presence of Fe (lll) ions in octahedral symmetry.’** This band can also be assigned to
FeOH?" which has two characteristic bands in ultraviolet spectra, one around 300 nm and the other

127,128

with maximum at around 205 nm. Since the band at 205 nm is not possible to identify in the

spectra due to the high spectral noise level in this region, this hypotheses cannot be confirmed.
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In order to detect more changes in the absorption bands of the samples prepared with Fe(lll) the

spectra were normalized at 253, 297 and 300 nm for the samples with non-adjusted pH, pH 3 and 5,

respectively (Figure 3.24).
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Figure 3.24. DRUV spectra of Fe (lll) samples with (a) non-adjusted pH, (b) pH 3 and (c) pH 5, normalized at 253,
297 and 300 nm, respectively.
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Two bands are visible in the spectra of the samples prepared at pH 3 and 5 as can be observed in
Figures 3.24a and 3.24b, respectively. The first band at around 350 nm, which increases in intensity
with the metal complex concentration increasing, and the other very weak band around 470 nm
which is present only in the samples with high Fe(lll) concentration and in the control Fe(lll) sample.
In the normalized spectra of samples prepared without pH adjustment the band at 340 nm is present

in all the samples while the band at 470 nm is visible only in the residual (control) Fe sample.

These CT bands above 450 nm can be indicators of the presence of octahedral Fe (lIl) in larger Fe,03

particles124 or FeO,oligomers, which have characteristic band at around 500 nm.*?

3.4.2.2. Iron (ll) samples:

The DRUV spectra of the Fe(ll) complex adsorbed onto cellulose are in Figure 3.25, and according to

the literature UV-Vis spectra of Fe (ll) ion should show absorption bands at the region between 220

to 250 nm and no or little absorption at 300 nm™3%***
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Figure 3.25 DRUV spectra of Fe(ll) samples with (a) non-adjusted pH, (b) pH 3 and (c) pH 5

The spectra of all three Fe (ll) sets of samples are very similar, with one broad band with the
maximum around 280 nm and no significant absorption above 400 nm. Since Fe (Il) can be oxidized in
Fe (lll) under aerobic conditions and the bands are shifted to higher wavelengths that expected, this
band is can be related to the CT transitions of Fe (lll) ions formed in the samples. In the samples
prepared with non-adjusted pH and pH 5 the intensity of bands increases gradually with the metal

complex concentration but surprisingly in the set of samples prepared with pH 3 the bands intensity
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are in three groups not directly depending on concentration, pointing to the possibility of different

species formation, which equilibrium is dependent on the metal concentration.

After normalization at 286 nm only one weak band at 320 nm is present in all the samples (Figure

3.26):
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Figure 3.26 DRUV spectra of Fe(ll) samples with (a) non-adjusted pH, (b) pH 3 and (c) pH 5,

286 nm
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This band can be indication of the presence of Fe(lll) ions formed in the samples during oxidation of

Fe(ll) under aerobic conditions.

3.4.2.3. Iron (lll) filtrated samples:

In the case of Fe (lll) filtrated samples only the most concentrated samples were analyzed from each

pH set, the DRUV spectra normalized at 256 nm are in Figure 3.27.
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Figure 3.27 Normalized DRUV spectra of Fe(lll) filtrated samples

After normalization at 256 nm one band was noticeable in the sample with non-adjusted pH at 337
nm which can be assigned to octahedral Fe(lll) or FeOH*"; in the pH 3 and 5 samples two bands are
present, one at 315 nm and other very weak one at 490 nm. The band at 315 can be assigned to
FeOH** while the band at 490 nm corresponds to the oxygen to metal CT transition involving
octahedral Fe**. Compared to the evaporated, filtrated samples provided us very limited amount of
information due to the low affinity of me metal complex to adsorb onto cellulose that leads to a low

concentration of metal on cellulose after filtration of the samples.

3.4.3. Copper and zinc metal complexes in cellulose

3.4.3.1. Copper (Il) samples:
Typically the UV-Vis spectra of CuSO, usually contains two maxima, one between 700-800 nm due to

the d-d transitions of Cu (Il) ions and the other one around 240 nm that is assigned to Cu-O CT

132,133,134

transition . Moreover, a band around 700 nm is assigned to d-d transitions originating from

135,136
d

Cu (Il) linearly coordinate while when the band is shifted to higher wavelengths (around 800

nm) can indicate presence of Cu (Il) in a distorted octahedral symmetry.****” The DRUV spectra of
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Cu(ll) adsorbed onto cellulose is in Figure 3.28, for an easy discussion the spectra were normalized at

240, 244 and 242 nm for samples with non-adjusted pH, pH 3 and pH 5 respectively.
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Figure 3.28. The DRUV spectra for samples with non-adjusted pH (a), pH 3 (b) and pH 5 (c), normalized at 240,
244 and 242 nm respectively

In the spectra of all three sets of samples both characteristic bands, CT and d-d transitions, are
present but only in the higher range of metal complex concentrations (1ImM/g of cellulose and

higher). Clearly, the d-d band at around 800 nm is present, although with very low intensity,
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indicating the metal Cu(ll) is coordinated in distorted octahedral symmetry. After normalization band
at around 800 nm is more visible but only in the control sample. In aqueous solutions copper forms
aqua complexes [Cu(H,0)¢]*" with distorted octahedral structure.’® The aqua copper complex can
hydrolyze into copper hydroxide at relatively low pH, which does not absorb in the visible region.

Hence the disappearance of the d-d bands at around 800 nm can indicate the hydrolysis of copper.

3.4.3.2. Zinc (Il) samples:

ZnSO, shows weak absorptivity in UV-Vis region. It is found to be transparent in the UV region and

133,138

shows low absorbance in the visible spectral region around 400 nm . The spectra of Zn (ll)

adsorbed onto cellulose prepared at the different pH are in Figure 3.29, the spectra were normalized

at 250 nm.

304 30 304

(a)n.a.pH ©)pH3
254 251 254

—21Zn2
—31Zn2
41zm2
—s51zn2
61Zn2
—71Zn2
81Zn2
—91Zn2
—101Zn2|
— 111Zn2|
— 121702

(c)pH5

— 222n2
—3un2
42zn2
—52n2
62zn2
—T12n2
82zn2
—922n2
— 10222
— 112202
— 12222
Il

—237n2
—33In2
43zn2
——53Zn2
63Zn2
—T13In2
83zZn2
——93Zn2

——103zn2

—113zn2

—123zn2
elulo:

204 204
L54Mh

10

Kubelka-Munk units / a.u.
-
o

Kubelka-Munk units / a.u.
Kubelka-Munk units / a.u.

051 054

00 T T T T T T 00 T T T T T T 0 0 L T T T T T T
240 260 280 300 320 340 240 260 280 300 320 340 240 260 280 300 320 340

Wavenumber / nm Wavenumber / nm Wavenumber / nm

Figure 3.29 Normalized DRUV spectra of Zn (ll) samples with non-adjusted pH (a), pH 3 (b) and pH 5 (c),

normalized at 250 nm

In our samples there was no absorption in the UV or Vis part of the spectra, all samples with metal
have a spectrum that is similar to that of cellulose. Since absorption in the Vis region is expected to
be low it is possible that occurrence of no absorption bands in the case of our samples can be due to
the low Zn concentration combined with a very high level of spectral noise. Even after normalization
of all the spectra no bands are noticeable and in the case of Zn we can’t get any information from the

UV-Vis spectra.
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3.5 Quantitative analysis

Quantitative analysis in UV-Vis diffuse reflectance spectroscopy is performed using Kubelka-Munk
theory that relates concentration of the sample with the intensity of reflected radiation. Reflectance
spectra obtained in the DRUVS measurements were transformed in Kubelka-Munk units in UVprobe
software using the equation F(R) =(1 - R)?/2R and plotted against the wavenumbers. All fallowing

calculations for the regression analysis were performed in Excel.

According to Kubelka Munk function we can perform quantitative determination of metal ions (M™)
by plotting the KM intensity of the transition bands at selected wavelengths against the
concentration of M"™ in the samples and in that way we can represent the correlation of the M™
concentration and F(R). Since the concentrations of metals in our samples are known we can use F(R)

values at selected wavenumbers to obtain calibration equation for each of the metals.

According to the equation F(R)=c/K, where K is assumed to be constant value at given wavelength, it
is expected that F(R) will increase with the increase of concentration. In the case of Zn(ll) samples all
the values of F(R) are randomly distributed and there seems to be no relation between concentration
of the metal in the samples and reflectance, therefore in this case we can’t get any information for
quantitative analysis. However in the graphs obtained for all the other samples increase of F(R) with
increase of concentration is evident. This is especially expressed in the lower wavelengths for all the

samples and also in the high wavelengths in some of the samples (V (IV) samples with pH 5).

Regression analysis calculations were performed in Excel. For each set of samples we chose several
wavenumbers corresponding to maximum values of the band peaks (except for iron 2 which only had
one peak therefore only one wavenumber was chosen). When the analysis was done covering the
whole range of concentrations from 0.20 to 10.00 mM/ g of cellulose in most of the cases the
residual plots showed non-randomly distributed residuals usually with reversed U shaped pattern.
This type of residuals distribution suggests that regression model is not a good fit for the data and it
needs to be improved. The only exceptions were V(V) set of samples with pH 5 and V(IV) set with pH
3 which showed random distribution of the residuals in full concentration range and also values of R
between 0.9560 and 0.9933. However, in the lower range of the concentrations from 0.20 up to 1.00,
3.00 or 5.00 mM/g of cellulose (depending of the sample set) regression models showed better fit for
the data. The residuals had random distribution and the values for R were satisfactory. All obtained

regression equations for given concentration range and wavenumber are presented in the Table3.9.
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together with the calculated values for LD, LQ, DR and R. The best fit regression model for each of

the metals is presented in Figure 3.30.

Table 3.9. Regression equations with calculated values for LD, LQ, DR and R for each of the metals at chosen

wavelengths and concentration range:

Copper:
Conc. range | Wavenumber LD LQ .
cut) (mM/g cell) (nm) (mM/gcell) | (mM/g cell) DR Equation R
na pH 0.20- 3.00 240 0.94 3.14 0.96 y=(0.91+0.32)x +(0.66 + 0.43) 0.9695
0.20 - 3.00 700 1.04 3.45 0.87 y=(0.0215 + 0.0083)x + (0.019 + 0.012) 0.9634
pH3 0.20- 1.00 244 0.10 0.33 3.06 y=(0.816 + 0.089)x +(0.512 + 0.050) 0.9970
0.20- 3.00 700 0.61 2.05 1.47 y=(0.0192 + 0.0041)x +(0.0130 + 0.0051) 0.9837
oHSS 0.20- 3.00 242 0.67 2.22 1.35 y=(1.15%0.27)x +(0.68 £ 0.33) 0.9809
0.20- 1.00 700 0.14 0.45 2.20 y=(0.0465 + 0.0071)x + (0.0109 + 0.0040) 0.9942
Iron 2:
Conc. range | Wavenumber LD LQ .
Fe() (mM/g cell) (nm) (mM/gcell) | (mM/gcell) DR Equation R
na pH 0.20- 3.00 290 0.34 1.14 2.63 y=(2.32+0.28)x +(0.33 £+ 0.35) 0.9948
pH3 0.20- 3.00 288 0.66 2.20 1.36 y=(1.06 +0.24)x + (0.09 + 0.30) 0.9812
pH5 0.20 - 3.00 288 0.35 1.15 2.60 y=(2.75%0.33)x +(0.20 £ 0.41) 0.9947
Iron 3:
Conc. range | Wavenumber LD LQ .
Fe(il) (mM/g cell) (nm) (mM/gcell) | (mM/gcell) DR Equation R
napH 0.20- 3.00 253 0.39 1.29 2.33 y=(3.68+0.49)x +(0.19 + 0.61) 0.9934
0.20 - 5.00 340 0.57 1.91 2.61 y=(1.51%0.16)x +(0.15 + 0.33) 0.9949
pH3 0.20 - 5.00 290 0.40 1.33 3.77 y=(1.41+0.10)x +(0.31 +0.21) 0.9976
0.20 - 5.00 500 0.62 2.06 2.43 y=(0.162 + 0.018)x - (0.024 + 0.038) 0.9942
pH5 0.20- 1.00 300 0.12 0.41 2.42 y=(2.8110.39)x +(0.37 £ 0.22) 0.9951
0.20 - 3.00 500 0.15 0.51 5.84 y=(0.239 + 0.013)x +(0.018 + 0.016) 0.9989
Vanadium 4:
v(Iv) Conc. range |Wavenumber LD LQ DR Equation R
(mM/g cell) (nm) (mM/g cell) | (mM/g cell)
0.20- 1.00 222 0.39 1.29 0.78 y=(1.04 + 0.45)x + (0.99 + 0.26) 0.9558
na pH 0.20- 1.00 254 0.35 1.16 0.86 y=(0.76 + 0.30)x + (0.40 + 0.17) 0.9638
0.20- 1.00 400 0.42 1.38 0.72 y=(0.127 + 0.059)x + (0.037 + 0.033) 0.9493
0.20 - 10.00 700 2.92 9.72 1.03 y=(0.0182 + 0.0051)x + (0.031 + 0.029) 0.9715
0.20 - 10.00 220 3.45 11.51 0.87 y=(0.57+0.14)x +(3.21 £ 0.62) 0.9560
pH3 0.20- 10.00 248 1.31 4.35 2.30 y=(0.3710.033)x +(0.86 + 0.16) 0.9933
0.20 - 10.00 700 1.60 5.34 1.87 y=(0.0303 + 0.0047)x + (0.031 + 0.028) 0.9911
0.20 - 3.00 246 0.13 0.44 6.84 y=(1.30+0.17)x - (0.06 £ 0.21) 0.9992
pH5 0.20- 1.00 400 0.12 0.38 2.60 y=(0.653 + 0.084)x + (0.047 + 0.048) 0.9958
0.20 - 10.00 700 2.17 7.24 1.38 y=(0.392 + 0.058)x +(0.21 + 0.27) 0.9819
Vanadium 5:
(V) Conc. range |Wavenumber LD LQ DR Equation R
(mM/g cell) (nm) (mM/gcell) | (mM/g cell)
0.20 - 3.00 244 0.50 1.65 1.82 y=(3.44+0.59)x +(1.13+0.73) 0.9893
na pH 0.20 - 3.00 352 0.19 0.65 4.62 y=(1.219+0.082)x +(0.13 +0.11) 0.9983
0.20- 3.00 400 0.19 0.62 4.84 y=(0.827 £ 0.053)x +(0.054 + 0.066) 0.9985
0.20 - 3.00 256 0.28 0.93 3.23 y=(3.60 % 0.35)x + (0.45 + 0.43) 0.9966
pH3 0.20 - 3.00 362 0.24 0.81 3.68 y=(1.63+0.14)x +(0.12 £ 0.18) 0.9973
0.20- 3.00 400 0.31 1.02 2.95 y=(1.310.14)x +(0.17 £+ 0.18) 0.9959
0.20 - 10.00 258 2.94 9.80 1.02 y=(1.96 +0.39)x + (1.35 + 1.80) 0.9916
pH5 0.20 - 10.00 356 1.62 5.41 1.85 y=(1.12+0.13)x +(0.01 + 0.57) 0.9897
0.20 - 10.00 400 1.47 4.90 2.04 y=(0.838 + 0.083)x + (0.08 + 0.39) 0.9916
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However, despite the random distribution of the residuals and high values for regression coefficients,

some of the other calculated parameters didn’t have satisfactory values. LD should fulfill the

following conditions: LD < ¢y, and 10 x LD > c,,in. As shown in the table in the most cases LD was

higher than the lowest prepared concentration of our samples. If this problem occurs that can be a

sign that used concentration range was too low for this method and that higher concentrations of

analytes should be used in sample preparation.
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Figure 3.30. The best fitting models for each of the metals with the corresponding residual plots; Cu (II) at pH 3,
A=244nm; Fe (II) non-adjusted pH, A=290nm; Fe (lll) pH 5, A=500nm; V (IV) pH 5, A=246nm and V (V) non-

adjusted pH A=400nm.
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The graphic representation of the relationship between the selected wavenumbers and the obtained
corresponding slope was also made (Figure 3.31). The values for the slope were the highest in the
low wavenumbers as expected since the maxima are in that spectral region and, therefore, in that

ranges the sensibility of the method is the highest.
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Figure 3.31. Graphs showing the correlation between wavelength and the slope

Besides the fact that the samples can need a high concentration for a more acceptable quantitative
analysis, there are more possible reasons for unsatisfying results and they can be connected to the
process of sample preparation or the analytical technique. In sample preparation there were more
reasons such as contamination, temperature variations that could cause changes in the evaporation
rate, loss of the analyte due to the absorption of metals on the walls of plastic beakers or due to the
treatment of the samples during the preparation. A more important issue was the pH control of the
samples, this parameter was measured daily using portable pH meter and it is possible that the
results were affected by the loss of small amount of samples that remained on the electrode during
each measurement. Loss of the sample was also possible during the homogenization step which was

performed by stirring the samples 2-3 times every day using plastic spatula.
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The sensibility of the equipment could also be one of the reasons that we did not get good results. In
every measurement there was a lot of noise in both high and low wavelength regions. This problem
can be reduced by dilution of the samples with BaSO, before measurements. However in this case we
would have to consider the dilution ratio and it would be very difficult to perform quantitative

analysis.
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4. Conclusions

The objective of this work was to study the interaction of cellulose fibers with four different metal
complexes using two spectroscopic techniques: DRIFTS was used to evaluate structural changes of
native cellulose and of the metal complexes, while DRUV/VIS was used to analyze the metal

compounds that are and of the metal complexes deposited over the cellulose surface.

It was found that the crystallinity of the cellulose was affected by the metal complexes only in the
case of vanadium (V) and zinc (ll) while for the other metals there was no noticeable influence.
Analysis of the region between 1300 and 1180 cm™ in DRIFT spectra of V(V) samples showed increase
of the degree of crystallinity, in low pH values, from approximately 44 to 76% with the increase of
vanadium complex concentration from 1 to 10 mM / g cellulose. Quantification of the change in the
crystallinity degree was not possible in the case of zinc samples but the ratio between the intensity of
the bands at 1430 and 898 cm™ clearly showed increase with the increase of the zinc concentration.
The increase of cellulose crystallinity can be explained by the hydrolysis of the amorphous regions of

cellulose, catalyzed by the metal ions in acid medium.

Analysis of DRIFT and DRUV spectra provided information about deposition of different metal species
onto cellulose depending on the concentration and pH value of the samples. The presence of
adsorbed or deposit metal species was observed only in the samples with higher range of
concentrations, where some influence of the cellulose matrix was observed, while the samples in the
low concentration range did not show any significant changes. Dependence of the deposit species

with the sample preparation pH was also proposed some metal complexes.

For vanadium (V), as expected, different species deposited onto cellulose were observed in the sets
of samples with different pH values. At low pH values such as pH 3 it is found that decavanadates are
dominant species. At pH 5 dominant species seemed to be mixture of tri and decavanadates and at

pH 6-7 we found the mixture of tri and tetravanadates deposited on cellulose.

Analysis of the DRIFT spectra of the V(IV) in all three sets of samples indicated entrapment of the
S0,” ion and also different vanadium species in the cellulose chains but also only in the high range of
concentrations. It was also concluded that there has been a change in the crystal structure of the

initial compound from a to 3-VOSO,.
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Analysis of iron (lll) samples showed the deposition of different species onto the cellulose exterior
surface with low interaction but also an adsorption onto the cellulose chains with stronger

interactions.

A very weak interaction or no interaction was observed in the case of zinc, copper and iron (ll). The
adsorption of zinc and copper metal complexes onto cellulose had no significant effect when
comparing the spectra of the deposit complex with those to the pure reagents. If fact, the spectra are
dominated by the bands of cellulose without clear presence of the complex bands, moreover no new
bands or shifts of the bands are observed in any of the samples indicating poor interaction between
the complex and the matrix and adsorption/deposition on the cellulose surface or on the amorphous

phase.

For the purpose of quantitative analysis we graphically represented the correlation of the M™
concentration and F(R). As expected, F(R) increased with the increase of concentration in the case of
all of the metals except Zn(ll) where it seems to be no relation between concentration of the metal in
the samples and the amount of adsorbed radiation. However, for all the metal complexes, the
performed quantitative analysis did not give satisfying values of regression parameters. The low
repeatability of the sample preparation procedure can be one important cause for this. There are
more possible reasons for unsatisfying results including too low concentration range used, the
analytical technique and the sensibility of the equipment, which presents a high spectral noise level

for the diffuse reflectance analysis.

Since the cellulose is used as a excipient in pharmaceutical formulations and some of this metal ions
can be present, it is possible to conclude that Zn(lIl), Cu(ll), Fe(ll) and Fe (lll) are very stable in
cellulose but V(IV) and in larger extension V(V) can participate in several equilibria with the
influenced by the matrix. The cellulose structure can also be altered, mainly its crystallinity, by Zn(Il)
and V(V) at low pH values, while the others are inert. The quantification of the adsorbed complex

species in cellulose it is possible but the sample preparation procedure must be optimized.
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5. Annexes

5.1. Tables for evaporated samples preparation

Table 5.1. Preparation of stock solutions (evaporated)

s:g::(ZZTt:‘t?o/n pH sample set |  Mompouna(8) M (g/mol) Vatoeksol (1) | Cstock sot (MM/L)
n.a. pH 2.5373 0.1 100.25
VOSO,x5H,0 pH3 2.5313 253.10 0.1 100.01
pHS5 2.5323 0.1 100.05
n.a. pH 1.1699 0.2 50.00
NH,VO; pH3 1.1699 116.98 0.2 50.00
pHS5 1.1699 0.2 50.00
n.a. pH 2.497 0.1 100.01
CuSO,x5H,0 pH3 2.4976 249.68 0.1 100.03
pHS5 2.4994 0.1 100.10
n.a. pH 2.7813 0.1 100.04
FeSO,x7H,0 pH3 2.7852 278.01 0.1 100.18
pHS5 2.7802 0.1 100.00
n.a. pH 4.043 0.1 100.07
FeN;Oyx9H,0 pH 3 4.0416 404.00 0.1 100.04
pHS5 4.0418 0.1 100.04
n.a. pH 2.8765 0.1 100.04
ZnSO,4x7H,0 pH3 2.8755 287.54 0.1 100.00
pHS5 2.8759 0.1 100.02

Table 5.2a. Table for V (IV) non-adjusted pH set of samples (evaporated)

sample Vstock sot (ML) Vizo (ML) Viotal (ML) M cciuiose (8) | € (MM / gcanutose)
1.1.v4 0.00 40 40 1.0016 0.00
2.1.v4 0.20 40 40 1.0032 0.20
3.1.v4 0.25 40 40 1.0007 0.25
4.1.vV4 0.50 40 40 1.0004 0.50
5.1.v4 0.75 40 40 0.9997 0.75
6.1.v4 1.00 40 40 1.0030 1.00
7.1.v4 3.00 37 40 1.0009 3.00
8.1.v4 5.00 35 40 1.0013 5.01
9.1.v4 6.00 34 40 1.0031 6.00
10.1.v4 8.00 32 40 0.9998 8.02
11.1.v4 10.00 30 40 0.9990 10.03
12.1.v4 10.00 30 40 0.0000 0.00
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Table 5.2b. Table for V (V) pH 3 set of samples (evaporated)

sample Vstock sol (ML) Vizo (ML) Viotal (ML) M cenutose (8) c (MM / gcauiose)
1.2.V4 0.00 20 20 1.0019 0.00
2.2.V4 0.20 20 20 1.0010 0.20
3.2.v4 0.25 20 20 1.0009 0.25
4.2.v4 0.50 20 20 1.0033 0.50
5.2.v4 0.75 19 20 0.9999 0.75
6.2.V4 1.00 19 20 1.0008 1.00
7.2.V4 3.00 17 20 1.0005 3.00
8.2.v4 5.00 15 20 1.0006 5.00
9.2.vV4 6.00 14 20 0.9999 6.00
10.2.v4 8.00 12 20 0.9996 8.00
11.2.v4 10.00 10 20 1.0005 10.00
12.2.V4 10.00 10 20 0.0000 0.00

Table 5.2c. Table for V (IV) pH 5 set of samples (evaporated)

sample Vstock sol (ML) Vizo (ML) Viotal (ML) M ciiose (8) | € (MM / Beiuiose)
1.3.v4 0.00 20 20 1.0037 0.00
2.3.v4 0.20 20 20 1.0014 0.20
3.3.v4 0.25 20 20 0.9988 0.25
4.3.v4 0.50 20 20 1.0006 0.50
5.3.v4 0.75 19 20 1.0004 0.75
6.3.v4 1.00 19 20 0.9991 1.00
7.3.v4 3.00 17 20 1.0015 3.00
8.3.v4 5.00 15 20 0.9994 5.01
9.3.v4 6.00 14 20 1.0002 6.00
10.3.v4 8.00 12 20 0.9997 8.01
11.3.v4 10.00 10 20 1.0024 9.98
12.3.v4 10.00 10 20 0.0000 0.00

Table 5.3a. Table for V (V) non-adjusted pH set of samples (evaporated)

sample Vstock sot (ML) Vhzo (ML) Viotal (ML) M ceiuiose (8) [ € (MM / 8 enuiose)
1.1.V5 0.00 20 20 1.0018 0.00
2.1.V5 0.40 20 20 1.0014 0.20
3.1.V5 0.50 20 21 1.0011 0.25
4.1.V5 1.00 20 21 1.0008 0.50
5.1.V5 1.50 20 22 0.9987 0.75
6.1.V5 2.00 18 20 1.0012 1.00
7.1.V5 6.00 14 20 0.9990 3.00
8.1.V5 10.00 10 20 1.0019 4.99
9.1.V5 12.00 8 20 1.0000 6.00
10.1.V5 16.00 5 21 1.0014 7.99
11.1.V5 20.00 5 25 0.9990 10.01
12.1.V5 20.00 (0] 20 0.0000 0.00
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Table 5.3b. Table for V (V) pH 3 set of samples (evaporated)

sample Vstock sol (ML) V2o (ML) Viotal (ML) M ciuiose (8) | € (MM / Beiuiose)
1.2.V5 0.00 20 20 0.9993 0.00
2.2.V5 0.40 20 20 0.9996 0.20
3.2.V5 0.50 20 21 0.9997 0.25
4.2.V5 1.00 20 21 0.9995 0.50
5.2.V5 1.50 20 22 1.0003 0.75
6.2.V5 2.00 18 20 1.0018 1.00
7.2.V5 6.00 14 20 1.0013 3.00
8.2.V5 10.00 10 20 0.9995 5.00
9.2.V5 12.00 8 20 1.0028 5.98
10.2.V5 16.00 5 21 1.0008 7.99
11.2.V5 20.00 5 25 1.0004 10.00
12.2.V5 20.00 0 20 0.0000 0.00

Table 5.3c. Table for V (V) pH 5 set of samples (evaporated)

sample Vtock sol (ML) V2o (ML) Votal (ML) M ceiulose (8) c (MM / gcaiuiose)
1.3.V5 0.00 20 20 1.0013 0.00
2.3.V5 0.40 20 20 1.0007 0.20
3.3.V5 0.50 20 20 0.9990 0.25
4.3.V5 1.00 19 20 1.0017 0.50
5.3.V5 1.50 19 20 1.0011 0.75
6.3.V5 2.00 18 20 0.9999 1.00
7.3.V5 6.00 14 20 1.0036 2.99
8.3.V5 10.00 10 20 1.0025 4.99
9.3.V5 12.00 8 20 1.0017 5.99
10.3.V5 16.00 5 21 0.9989 8.01
11.3.V5 20.00 5 25 1.0012 9.99
12.3.V5 20.00 (0] 20 0.0000 0.00

Table 5.4a. Table for Cu (ll) non-adjusted pH set of samples (evaporated)

sample Vstock sot (ML) V2o (ML) Viotal (ML) M ceiutose (8) | € (MM / Bceiuiose)
1.1.Cu2 0.00 20 20 1.0030 0.00
2.1.Cu2 0.20 20 20 1.0004 0.20
3.1.Cu2 0.25 20 20 1.0002 0.25
4.1.Cu2 0.50 20 20 1.0005 0.50
5.1.Cu2 0.75 20 20 1.0009 0.75
6.1.Cu2 1.00 20 20 1.0002 1.00
7.1.Cu2 3.00 17 20 1.0044 2.99
8.1.Cu2 5.00 15 20 0.9991 5.00
9.1.Cu2 6.00 14 20 0.9970 6.02
10.1.Cu2 8.00 12 20 1.0018 7.99
11.1.Cu2 10.00 10 20 0.9966 10.03
12.1.Cu2 10.00 10 20 0.0000 0.00
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Table 5.4b. Table for Cu (Il) pH 3 set of samples (evaporated)

sample Vstock sol (ML) V2o (ML) Viotal (ML) M ciuiose (8) | € (MM / Beiuiose)
1.2.Cu2 0.00 20 20 0.9997 0.00
2.2.Cu2 0.20 20 20 0.9999 0.20
3.2.Cu2 0.25 20 20 1.0004 0.25
4.2.Cu2 0.50 20 20 0.9999 0.50
5.2.Cu2 0.75 20 20 1.0006 0.75
6.2.Cu2 1.00 20 20 1.0014 1.00
7.2.Cu2 3.00 17 20 1.0019 3.00
8.2.Cu2 5.00 15 20 1.0028 4.99
9.2.Cu2 6.00 14 20 1.0003 6.00
10.2.Cu2 8.00 12 20 1.0022 7.98
11.2.Cu2 10.00 10 20 1.0023 9.98
12.2.Cu2 10.00 10 20 0.0000 0.00

Table 5.4c. Table for Cu (Il) pH 5 set of samples (evaporated)

sample Vtock sol (ML) V2o (ML) Votal (ML) M ceulose (8) c (MM / gcaiuiose)
1.3.Cu2 0.00 20 20 1.0013 0.00
2.3.Cu2 0.20 20 20 0.9997 0.20
3.3.Cu2 0.25 20 20 0.9997 0.25
4.3.Cu2 0.50 20 20 1.0020 0.50
5.3.Cu2 0.75 20 20 0.9997 0.75
6.3.Cu2 1.00 20 20 0.9998 1.00
7.3.Cu2 3.00 17 20 1.0003 3.00
8.3.Cu2 5.00 15 20 0.9998 5.01
9.3.Cu2 6.00 14 20 1.0005 6.00
10.3.Cu2 8.00 12 20 1.0001 8.01
11.3.Cu2 10.00 10 20 1.0023 9.99
12.3.Cu2 10.00 10 20 0.0000 0.00

Table 5.5a. Table for Fe (ll) non-adjusted pH set of samples (evaporated)

sample Vstock sot (ML) V2o (ML) Viotal (ML) M ceiutose (8) | € (MM / Bceiuiose)
1.1.Fe2 0.00 20 20 0.9995 0.00
2.1.Fe2 0.20 20 20 1.0066 0.20
3.1.Fe2 0.25 20 20 1.0012 0.25
4.1.Fe2 0.50 20 20 0.9994 0.50
5.1.Fe2 0.75 20 20 0.9993 0.75
6.1.Fe2 1.00 20 20 1.0019 1.00
7.1.Fe2 3.00 17 20 0.9992 3.00
8.1.Fe2 5.00 15 20 0.9998 5.00
9.1.Fe2 6.00 14 20 1.0011 6.00
10.1.Fe2 8.00 12 20 1.0002 8.00
11.1.Fe2 10.00 10 20 0.9996 10.01
12.1.Fe2 10.00 10 20 0.0000 0.00
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Table 5.5b. Table for Fe (II) pH 3 set of samples (evaporated)

sample Vstock sot (ML) Vizo (ML) Viotal (ML) M cojuiose (8) | € (MM / gcpuiose)
1.2.Fe2 0.00 20 20 0.9986 0.00
2.2.Fe2 0.20 20 20 1.0029 0.20
3.2.Fe2 0.25 20 20 1.0014 0.25
4.2.Fe2 0.50 20 20 0.9995 0.50
5.2.Fe2 0.75 20 20 0.9992 0.75
6.2.Fe2 1.00 20 20 1.0001 1.00
7.2.Fe2 3.00 17 20 1.0018 3.00
8.2.Fe2 5.00 15 20 1.0005 5.01
9.2.Fe2 6.00 14 20 0.9933 6.05
10.2.Fe2 8.00 12 20 1.0001 8.01
11.2.Fe2 10.00 10 20 1.0007 10.01
12.2.Fe2 10.00 10 20 0.0000 0.00

Table 5.5c. Table for Fe (ll) pH 5 set of samples (evaporated)

sample Vstock sol (ML) Vhzo (ML) Viotal (ML) M cenutose (8) c (MM / gceiuose)
1.3.Fe2 0.00 20 20 1.0020 0.00
2.3.Fe2 0.20 20 20 1.0002 0.20
3.3.Fe2 0.25 20 20 0.9997 0.25
4.3.Fe2 0.50 20 20 1.0010 0.50
5.3.Fe2 0.75 20 20 1.0014 0.75
6.3.Fe2 1.00 20 20 0.9997 1.00
7.3.Fe2 3.00 17 20 1.0015 3.00
8.3.Fe2 5.00 15 20 1.0004 5.00
9.3.Fe2 6.00 14 20 0.9994 6.00
10.3.Fe2 8.00 12 20 0.9984 8.01
11.3.Fe2 10.00 10 20 1.0046 9.95
12.3.Fe2 10.00 10 20 0.0000 0.00

Table 5.6a. Table for Fe (lll) non-adjusted pH set of samples (evaporated)

sample Vstock sol (ML) Vizo (ML) Viotal (ML) M cepuiose (8) | € (MM / g ayiose)
1.1.Fe3 0.00 20 20 1.0012 0.00
2.1.Fe3 0.20 20 20 1.0000 0.20
3.1.Fe3 0.25 20 20 1.0016 0.25
4.1.Fe3 0.50 20 20 1.0010 0.50
5.1.Fe3 0.75 20 20 1.0019 0.75
6.1.Fe3 1.00 20 20 0.9992 1.00
7.1.Fe3 3.00 17 20 1.0040 2.99
8.1.Fe3 5.00 15 20 0.9992 5.01
9.1.Fe3 6.00 14 20 1.0002 6.00
10.1.Fe3 8.00 12 20 0.9999 8.01
11.1.Fe3 10.00 10 20 0.9999 10.01
12.1.Fe3 10.00 10 20 0.0000 0.00
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Table 5.6b. Table for Fe (Ill) pH 3 set of samples (evaporated)

sample Vstock sot (ML) Vizo (ML) Viotal (ML) M celulose (8) c (mM / gccnuiose)
1.2.Fe3 0.00 20 20 1.0009 0.00
2.2.Fe3 0.20 20 20 0.9991 0.20
3.2.Fe3 0.25 20 20 1.0018 0.25
4.2.Fe3 0.50 20 20 1.0026 0.50
5.2.Fe3 0.75 20 20 1.0021 0.75
6.2.Fe3 1.00 20 20 1.0003 1.00
7.2.Fe3 3.00 17 20 1.0000 3.00
8.2.Fe3 5.00 15 20 0.9999 5.00
9.2.Fe3 6.00 14 20 1.0010 6.00
10.2.Fe3 8.00 12 20 1.0006 8.00
11.2.Fe3 10.00 10 20 1.0005 10.00
12.2.Fe3 10.00 10 20 0.0000 0.00

Table 5.6c. Table for Fe (lll) pH 5 set of samples (evaporated)

sample Vstock sot (ML) V2o (ML) Viotal (ML) M ceiutose (8) | € (MM / 8ceiutose)
1.3.Fe3 0.00 20 20 1.0002 0.00
2.3.Fe3 0.20 20 20 1.0010 0.20
3.3.Fe3 0.25 20 20 0.9990 0.25
4.3.Fe3 0.50 20 20 1.0002 0.50
5.3.Fe3 0.75 20 20 0.9995 0.75
6.3.Fe3 1.00 20 20 1.0007 1.00
7.3.Fe3 3.00 17 20 0.9996 3.00
8.3.Fe3 5.00 15 20 1.0018 4.99
9.3.Fe3 6.00 14 20 0.9996 6.01
10.3.Fe3 8.00 12 20 1.0013 7.99
11.3.Fe3 10.00 10 20 1.0002 10.00
12.3.Fe3 10.00 10 20 0.0000 0.00

Table 5.7a. Table for Zn (ll) non-adjusted pH set of samples (evaporated)

sample Vstock sot (ML) Vhzo (ML) Viotar (ML) M ceiuiose (8) [ € (MM / 8 enuiose)
1.1.Zn2 0.00 20 20 0.9999 0.00
2.1.Zn2 0.20 20 20 1.0021 0.20
3.1.Zn2 0.25 20 20 0.9999 0.25
4.1.Zn2 0.50 20 20 1.0003 0.50
5.1.Zn2 0.75 20 20 1.0012 0.75
6.1.Zn2 1.00 20 20 1.0025 1.00
7.1.Zn2 3.00 17 20 1.0009 3.00
8.1.Zn2 5.00 15 20 1.0003 5.00
9.1.Zn2 6.00 14 20 1.0010 6.00
10.1.Zn2 8.00 12 20 1.0008 8.00
11.1.Zn2 10.00 10 20 1.0013 9.99
12.1.Zn2 10.00 10 20 0.0000 0.00
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Table 5.7b. Table for Zn (1) pH 3 set of samples (evaporated)

sample Vstock sol (ML) Vizo (ML) Viotal (ML) M ojuiose (8) | € (MM / gaiuiose)
1.2.Zn2 0.00 20 20 1.0044 0.00
2.2.Zn2 0.20 20 20 0.9997 0.20
3.2.Zn2 0.25 20 20 1.0032 0.25
4.2.Zn2 0.50 20 20 1.0002 0.50
5.2.Zn2 0.75 20 20 1.0009 0.75
6.2.Zn2 1.00 20 20 1.0012 1.00
7.2.Zn2 3.00 17 20 1.0007 3.00
8.2.Zn2 5.00 15 20 1.0008 5.00
9.2.Zn2 6.00 14 20 1.0003 6.00
10.2.Zn2 8.00 12 20 1.0025 7.98
11.2.Zn2 10.00 10 20 1.0019 9.98
12.2.Zn2 10.00 10 20 0.0000 0.00

Table 5.7c. Table for Zn (ll) pH 5 set of samples (evaporated)

sample Vstock sol (ML) Vizo (ML) Viotal (ML) M ciuiose (8) | € (MM / Ecanuiose)
1.3.Zn2 0.00 20 20 1.0015 0.00
2.3.Zn2 0.20 20 20 1.0006 0.20
3.3.Zn2 0.25 20 20 0.9997 0.25
4.3.Zn2 0.50 20 20 0.9999 0.50
5.3.Zn2 0.75 20 20 1.0010 0.75
6.3.Zn2 1.00 20 20 1.0014 1.00
7.3.Zn2 3.00 17 20 0.9997 3.00
8.3.Zn2 5.00 15 20 1.0004 5.00
9.3.Zn2 6.00 14 20 1.0001 6.00
10.3.Zn2 8.00 12 20 0.9992 8.01
11.3.Zn2 10.00 10 20 0.9997 10.00
12.3.Zn2 10.00 10 20 0.0000 0.00
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5.2. Tables for filtrated samples preparation

Table 5.8. Preparation of stock solutions (filtrated)

compound /
stock solution pH mcompound(g) M (g/mOI) Vstock sol (L) Cstock sol (mM/L)
n.a. pH
VOSO,x5H,0 pH3 2.5317 253.10 0.1 100.03
pHS5
n.a. pH
FeN3;O4x9H,0 pH3 4.0431 404.00 0.1 100.08
pHS5

Table 5.10a. Table for V (IV) non-adjusted pH set of samples (filtrated)

sample Vtock solution (ML) Vizo (ML) Viotar (ML) Meenuiose (8) | (MM/ g cayiose)
1.1.v4.1 0.0 1.0016 10 20.0 0.00
2.1.v4.1 10.0 1.0015 10 20.0 10.00
3.1.v4.1 5.0 1.0000 10 20.0 5.00
4.1v4.1 2.0 0.9982 10 20.0 2.00
5.1.v4.1 1.0 0.9996 10 21.0 1.00
6.1.v4.1 1.0 0.0000 10 21.0 1.00

Table 5.10b. Table for V (V) pH 3 set of samples (filtrated)

sample Vstock solution (ML) Vizo (ML) Viotal (ML) Meeiuiose (8)  [€ (MM/ 8 cenviose)
1.2.v4.1 0.0 0.9983 10 20.0 0.00
2.2.v4.1 10.0 0.9992 10 20.0 10.00
3.2.v4.1 5.0 1.0001 10 20.0 5.00
4.2V4.1 2.0 1.0020 10 20.0 2.00
5.2.v4.1 1.0 0.9971 10 21.0 1.00
6.2.v4.1 1.0 0.0000 10 21.0 1.00

Table 5.10c. Table for V (IV) pH 5 set of samples (filtrated)

sample Vtock solution (ML) Vizo (ML) Viotar (ML) Meepuiose (8)  |€ (MM/ 8 canuiose)
1.3.v4.1 0.0 0.9986 10 20.0 0.00
2.3.v4.1 10.0 0.9973 10 20.0 10.00
3.3.v4.1 5.0 1.0018 10 20.0 5.00
4.3.Vv4.1 2.0 1.0011 10 20.0 2.00
5.3.v4.1 1.0 0.9979 10 21.0 1.00
6.3.V4.1 1.0 0.0000 10 21.0 1.00
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Table 5.9a. Table for Fe (lll) non-adjusted pH set of samples (filtrated)

sample Vstock solution (ML) Vizo (ML) Viotal (ML) Meiyiose (8)  [€ (MM/ € ceiyiose)
1.1.Fe3.1 0.0 20.0 20.0 1.0002 0.00
2.1.Fe3.1 10.0 10.0 20.0 1.0017 9.99
3.1.Fe3.1 5.0 15.0 20.0 0.9983 5.01
4.1Fe3.1 2.0 18.0 20.0 1.0032 2.00
5.1.Fe3.1 1.0 20.0 21.0 1.0045 1.00
6.1.Fe3.1 1.0 20.0 21.0 0.0000 0.00

Table 5.9b. Table for Fe (Ill) pH 3 set of samples (filtrated)

sample Vstock solution (ML) Vizo (ML) Viotal (ML) Meenuiose (8)  |€ (MM/ 8 ceiuiose)
1.2.Fe3.1 0.0 20.0 20.0 1.0010 0.00
2.2.Fe3.1 10.0 10.0 20.0 0.9999 10.01
3.2.Fe3.1 5.0 15.0 20.0 0.9995 5.01
4.2Fe3.1 2.0 18.0 20.0 0.9996 2.00
5.2.Fe3.1 1.0 20.0 21.0 0.9981 1.00
6.2.Fe3.1 1.0 20.0 21.0 0.0000 0.00

Table 5.9c. Table for Fe (lll) pH 5 set of samples (filtrated)

sample Vstock solution (ML) Vizo (ML) Viotal (ML) Meeuiose (8)  |€ (MM/ 8 cenuiose)
1.3.Fe3.1 0.0 20.0 20.0 1.0039 0.00
2.3.Fe3.1 10.0 10.0 20.0 0.9991 10.02
3.3.Fe3.1 5.0 15.0 20.0 1.0013 5.00
4.3.Fe3.1 2.0 18.0 20.0 1.0009 2.00
5.3.Fe3.1 1.0 20.0 21.0 1.0024 1.00
6.3.Fe3.1 1.0 20.0 21.0 0.0000 0.00
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