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SUMMARY

One of the most often methods of intermediate prosdiabilization is their cross-linking.
Aldehydes are commonly used as cross-linking chasiiédrom which glutaraldehyde and
formaldehyde have the greatest importance. Finalitguand optimal behaviour of the end
product depend on various conditions during thestimking reaction. This thesis deals
with mathematical description of cross-linking pees represented by the nonlinear vector
differential equations. Linearization of the eqaa$ is given to determine a transfer
matrix.

In the experimental part, the physical methods @tipf changes of electrical and optical
properties of investigated polymer are used. Thawmnges allowed accomplishing not
only experimental identification of the cross-lingisystem but also partial clarification of
the first-step mechanism when poly-electrolyticclar of the cross-linking protein is
opening. Kinetic curves acquired by the above-nosetil physical measurements are
presented. In addition to these curves, relevapemgencies on concentration were also
measured. They can be further used not only abratibn curves but also as possible
methods how to get some information during the stimdking process. At the end of this
work, the results that can be applied in practiceng) natural polymer treatment are

discussed.



RESUME

Jednim z nejpsgjSich metod stabilizace proteinovych meziproduja jejich stovani.
Jako sfovaci chemikalie seéliné pouZivaji aldehydy, z nichZz népgi vyznam maji
glutaraldehyd a formaldehyd. Vysledné vlastnosti&kkaého produktu jsou teny fadou
podminek giovaci reakce. iiedkladana dizertai prace se zabyva matematickym popisem
dynamiky sfovaciho procesu, ktery je reprezentovan nelineé&hiorovou diferencialni
rovnici, je provedena také jeji linearizace s cilastanoveni fenosové matice.
V experimentalni ¢asti jsou pouzity fyzikalni metody vyuzZivajici &m predevsim
elektrickych a optickych vlastnosti zkoumaného blgmeru, které umoZznily nejen
experimentélni identifikaci 8bvaciho systému, ale dastén¢ vyswitlit mechanismus
prvniho kroku giovéni, kdy se otevira polyelektrolyticky krutt@iané bilkoviny. Jsou
prezentovany kinetickéiky s vyuZzitim uvedenych fyzikalnich metod. Vediaetickych
kiivek byly také nargreny gislusné koncenttai zavislosti nejen jako kalib¥ai kiivky,
ale i jako mozné metody ziskani informacihbm sfovaciho procesu. Na z&vjsou
uvedeny vysledky, které mohou byfimo aplikované pro praktické zpracovatirpdnich
polymert.
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1 INTRODUCTION

At the present time, there are still industrialimiaes which can be called typical polluters
in spite of the effort to reduce their negative aopon environment. Leather industry is
one of them and as a whole; it can not be coverigd any list of steps that should
contribute to environment protection. Leather indusas various manufacturing sectors
with specific impacts on surrounding. It is necegs® assert an individual approach
during judgment of these impacts and to minimizgatiee influences in accord with the
national legislation. Moreover, the developmenteafvironmental friendly products is
main objective of sustainable development, whichhis fundamental of the European

Union program.

Leather manufacturing produces considerable amufumaistes which means unfavourable
impacts on elementary components of environmempigaally soil, water and air. There

are two ways how this problem can be solved. Thedo is preventive way and leads to
limitation of waste production by force of clearcl@ology installation or recycling

methods. Recycling procedure allows utilizing wasts a source of secondary raw
material without any reference to place or timevaste formation. The latter way removes
consequences of industrial production which distuoalance of nature or has negative

impacts on environment.

New conception of manufacturing from utilizing pumts and waste formation point of
view brings many steps which prospectively resuhs installation of wasteless
technologies. It means that the amount of wastasbeadecreased by force of a suitable
change of the original manufacturing process. kgeken about high degree of material
use and significant decrease of processing wakteseltechnologies can be considered as
a specific case of recycling when no time shifthegi spatial shift arises between waste
formation and their utilization. Amount of energyieh is consumed for reutilization of

waste should be minimal and demonstrates how thaeless technology is effective.
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Wasteless technologies are based on conceptudiosobf whole cycle: raw material —
manufacturing — consumption — recycling of wasteéndiple of solution is product with
desiderative parameters which is produced with mmahimaterial and energy usage. From
practical point of view, the realization of wasssddechnology is inaccessible. In practice,
every technology of this type produces wastes inimal amount, but they always have
specific impact on environment. There is no probtenmeet the term “environmentally

wasteless technology”, which has not at least megabnsequences for nature.

Let us concentrate to leather industry which preesdides from slaughter cattle, sheep,
goats, buffalo etc. The hides are changed througfsipal, chemical and mechanical
processes from raw hide into the leather. Theraramy production steps in the process
which determine properties and behaviour of finabdpict. Moreover, they have
appreciable impact on amount of waste. Subsequenegsing of waste chrome shavings
by enzymatic hydrolysis can help with decreasingwafstes during hide processing
because it can be further processed and utilizemte Moncrete procedure of processing

chrome shavings is described below in chapter 6.1.

Collagen hydrolyzate, obtained from originally mineaste product, is further utilized for
production of synthetic sausage casings in nutdioindustry and glutaraldehyde is
usually used as a cross-linking agent. Quality h#fsé casings is sensorial assessed by
committee. Final product must have specific quaigarequirements such as visual aspect,
consistence, colour, elasticity etc. Productiorihaflse casings is realised in batch so it is
not exception that intestine has length in hundnedsers. Product with inconvenient
properties is not usable and energy and matesak®arise in this case. In order to reach
desired parameters of the final product, procesaes be well managed and controlled. It
includes knowledge about reactions and their mashaespecially cross-linking process

with glutaraldehyde.
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This work is divided into two main parts — theatatiand practical. The theoretical part
deals with modelling of processes and kinetic mashaf analysis which are concentrated
on cross-linking reaction of collagen with glutaiethyde. Creation of the mathematical
model and determination of transfer function matax control purposes are described as
well. Principles of used measurement techniquel siscdielectric spectroscopy method
and spectrophotometry method are characterizedselhmethods are used for diagnostics
of the system represented by experimental ideatiba. The practical part contains

description of materials, instruments and otherhneal equipment used during

experiments. Experimental data acquired by mentianethods are presented and at the

end the obtained results are discussed. Suggesbiofisther research are also given.
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2 STATE OF ART

Increasing prices of chemicals, water and energwels as serious problems related to
environmental protection and permanent leather faaturing as a topic of growing
importance, require optimization and rationalizatiof measurement processes in the
leather industry (Huffer, et al., 2004), (Fondakt 2005). In 1972 Corning published an
extensive article summarising his own long-standimgerience of chemical engineering
work in the tanning industry (Corning, 1972). Healievith the potential application of
theoretical tools of chemical engineering for rasitising the treatment process of nature
polymers. He came to the conclusion that mathealagioulation of chemical processes,
as the chief tool of chemical engineering, wasusetd in treatment of polymers at all. This
fact was very sharply criticised and proposals veerggested. Stages of treatment process

using mathematical simulation can be fundamentedsd.

More and more waste production steadily occurs tduedustrial expansion. Those are
mostly stock-pilled without any further conceptiohtheir use. In general, material which
can not be further used is considered as wasteofihe solutions to the problem consists
in wasteless technology (Kupec, et al., 2000). Téttinology stands closed technological
cycles in which waste is recycled and gone baok the production. Moreover, leather
manufacturing ranks a specific position. It proesskeather of fatstock and game, which
are wastes of meat-processing industry. From thiist of view, the leather industry is the

first branch, the main raw material of which is teafrom other industrial productions.

However, in addition to valued product it producessiderable amount of liquid and solid
wastes. By way of physical and chemical procedsesetither is gradually transmuted into
the hide. Production of 250 kg of leather requité80 kg of hide (Kupec, et al., 2000).

Recovery factor stands 25%, which is quite low galthe rest comprises secondary
products from which the hide trimmings are the madtied (Langmaier, 1974). These are
very important raw material for pharmaceutical,ritigihal, cosmetics and stock-feeding

industry (Mladek, 1971). Another utilization of sedary products is production of
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proteinaceous casings for nutritional industry;pirticular, it is biodegradable casings
used in butcher production. In practice, this pssces realised discontinuously. Hide
trimmings are non-homogenous collagenous matendl raquire specific technological
methods during its processing. These methods drstamtially different from common
procedures which are used in leather technologyallmand very important procedure is a
long-run liming which results among others in hoegation of the material. In addition,
lipids and soluble proteins are removed; cross @ttmonds of collagen are cracked. Ripe
fleshings are partially got rid of lime by force @itriation. A residual content of strongly
bonded calcium hydroxide is removed by hide piaklimhich is process when calcium
hydroxide is neutralised and calcium sulphate petgs. It is not bonded with collagen.
Mechanical disintegration follows to separate amla fibres. Prepared material is
extruded into infinite tube (synthetic sausage skiith thickness from 50 to 15am.
Extruded material passes through baths of specifioposition when curing agent and
other ingredients diffuse from the solution inte tbollagenous material. According to
temperature and type of curing bath the diffus®finished within drying process which

follows.

There are many steps and procedures during hidesforanation into the leather,

respectively chrome shavings into nutritional cgsifhe most important and key
operation is chemical reaction of collagen with aaying agent. Course of cross-linking
reaction has cardinal influence on properties wélfiproduct. For example, digestibility,

biodegradability, moisture and fume permeabilignéecity, wholesomeness or bulging
resistance to higher temperatures. Moreover, tiseamother interesting relation between
biodegradation of cross-linked collagen under asf@erconditions and the cross-linking
grade (Kupec, et al., 2003). To fulfil all mentigh@reconditions signifies thorough

knowledge of used procedures, especially courserads-linking reaction (Heidemann,
1993), (Wong, 1991), (Lundblad, et al., 1983). Framgineering point of view, the course
of that reaction can not be determined or predigti#dout knowledge of its mechanism,

which is currently intensively studied (Covingto2Q01). Some studies, in which the
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theoretical tools of process engineering are usad, be exceptionally found (Kasala,
2005). These tools are applied as a basis for sthgaoduction called “research of
production line”. Complexity of reaction is givery lorigin of collagen material. It is a

biological substance, especially heredity and emvirent (in which livestock be situated)
have significant influence on its quality and stune. Texture and chemical composition
knowledge is one of necessary preconditions foetstdnding of cross-linking problems.
Nowadays, there are nineteen types of collagenir Tindividual functions and structural

composition are described in detail (Kupec, et2§1Q0). Valuable information can be also

found in (Brinckmann, et al., 2005).

It is evident, that the most complicated problenofgimizing the cross-linking reaction
itself. Nowadays, a fully automatic control of csdimking process is practically the only
possibility. Key problem is a selection of any able measurable quantity. This sensory
system informs actuator about reaction state oetkis conditions. As a result it allows

execution of actions in individual technologicadst.

One possible way how to monitor course of the clio&ing reaction, respectively to
measure some quantity, can be methods of polymesigd) which deal with an
investigation of structure and physical propertéspolymers. Empirical relations and
phenomenological theories are the result of polypisssics deducing from experimental
observations. Polymer physics foundations werebésked in the early 40s of previous
century. In the 50-70s, this field was concurrentith rapid growing of production and
due to using of synthetics polymers intensively amged. Theoretical background was
deepened and number of experimental works incredsdtie late 50s, a comprehensive
monograph was published, which contained entirel fa# polymer physics of that time
(Stuart, 1956). Subsequent publications deal witty part of problems from polymer
physics (Hedwig, 1977), (Kausch, 1978), (Rabek0)98-erry, 2004).

Polymer physics disposes of broad palette of meagumethods and techniques (Doi, et
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al., 1996). Only some of these techniques are ldaitand usable in practise during
production of mentioned collagen casings. One afable method is the dielectric
spectroscopy which proceeds from the dominantwdleh electrical charges play in the
molecular interactions of condensed matter. ltia#d electrical charge distributions as
naturally present molecular marks in order to mamihe short-range liquid order and its
fast variations with time. Dielectric spectroscaggyplications are broad and diverse and
cover presently the enormous frequency range afet@des, ranging from about®Biz

to almost 16’ Hz. Owing to this broad frequency range of measerds relaxation
phenomena with characteristic time constants betwa®ut 10 fs and some days are
accessible to experimental investigations (Kreraea)., 2003).

Study of chemical reactions course by means of maatelielectric properties was
employed more then seventy years ago. In 1934, ntieihod for examination of poly-
esterifical reaction was applied (Kienle, et aB34). Recently, that method is commonly
used not only for study of process which is reldatedlastic curing (Maistros, et al., 1994),
(Lairez, et al., 1991), (Radhakrishnan, et al.,3)98ut also as a hew method for testing
various pharmaceutical systems with water contarthis field the electrical properties of
liposome suspensions, gels, creams, proteins anchdliecules were studied. Also region
of vitreous transition and rate of cross-linkingeton were detected (Craig, 1995). In the
same way the polyvinyl-acetate plastic wraps anigvipoyl-acetate filled with gelatine
were investigated (Abo-Ellil, et al., 2000). Anothgtudy demonstrating the use of a
dielectric spectroscopy technique was publishedaliShet al., 1997) where the
measurement of dielectric constants and dieleldsses in the frequency domain help to
quantify the physical-chemical changes in the bdlie to high energy irradiation.
However, a monitoring of cross-linking reactionaailagen with aldehydes by dielectric

spectroscopy is not described in available litemtu

Another possibility lies in study of interaction electromagnetic radiation with the matter
which is called spectrophotometry. Spectrophotoyneinvolves the use of a
spectrophotometer, which is a device for measutigt intensity that can measure

intensity as a function of the wavelength of ligBpectrophotometry methods are often
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preferred especially in analytical chemistry asyticlude inexpensive instrument and
provide high sensitivity (Bmcova, et al., 1996), (Thomas, et al., 2007). Tlzeeelot of
articles dealing with spectrophotometric measurémeh cross-linking processes,
particularly in pharmaceutics (Gold, et al., 199F¥oshioka, et al., 2007). In food
industry, quality of chicken, sausages and pastogyrcts during their cooking processes
using are monitoring by an optical fibre-based sgnsystem. The sensor monitors the
food colour online as the food cooks by examinimg rieflected light from both the surface
and the core of the product (Sheridan, et al., RO0B®m practical point of view, use of
spectrophotometer in industrial surrounding or nfaciwring is unnecessarily
complicated. There are also colorimetric method&kvidescribe colours in numbers, or
provide a physical colour match using a varietynmgfasurement instruments. Theoretical
background with focusing on the principles and oleions is described in (Shevell,
2003). Colorimetry is used in chemistry and in istdi@s such as colour printing, textile

manufacturing, paint manufacturing and in the fowtlistry (Movshovich, et al., 1985).
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3 STATEMENT OF RESEARCH OBJECTIVES

* Processing of accessible information about collagess-linking

e Description of dynamic system which represents <lio&ing reaction,
application of mathematical simulation for optimigicollagen casings production

* Determination of transfer matrix of cross-linkirgpctor

e Selection of physical quantities suitable for meament of cross-linking process
to identify the system and to determine its kinetiaracteristics

e Apparatus arrangement with connection to PC, implaation of sensory system
for monitoring, software creation for automaticalabllection

* Acquiring of experimental data

e Suggestions for further research in this field
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4 FORMULATION OF MEASUREMENTS METHODS

Dielectric spectroscopy is non-selective method cihintegrates contributions of all
components of the cross-linking reaction to totanplex permittivity. To the contrary,
optical methods are selective because they canrwsal tfor uniqgue chemical component.
During the study of essential reactions of pure/p@lr components it is suitable to use the
optical spectrophotometry method as a standardadetfhis advantage disappears during
industrial production of novel materials. Fillingents are often used in order to improve
mechanical, electrical and also economical properilhese agents make rational use of
optical methods impossible due to light scattemangl its absorption. This is the reason
why acoustic methods are more and more often ahpkspecially then dielectric
spectroscopy methods. Another advantage of dieespectroscopy method is shorter
time of measuring and data evaluation. Due to aatimm of experiment execution,
embedded systems and digital signal processorntieedecreases down to seconds. This
time is substantially shorter then time constantsthe systems and therefore this
methodology becomes regenerated nowadays. Moreeleatrical signals are very well
processed and represent great advantage at inttmdumf automation systems. From
mentioned reasons, the dielectric spectroscopyiialde method and in this study | have

mainly concentrated on this method.
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5 THEORETICAL PART

5.1 Modelling of systems

State of the process is characterized by quantitibech are called state functions.
Relations between these quantities represent aematical model of the process. A
project must be created before new technologicatess is designed. This project is the
basis for implementation of desired appliance. €hera need to obtain experience from a
model because exact mechanism is unknown for mesgepses. There are two types of
modelling — direct and indirect. The former corsigt accomplishment of laboratory
experiment so that it is possible to know the behavof the technological process

without any calculations, mathematical, chemicagbloysical analysis.

The latter is focused on acquisition of mathematicadels which allows description of
examined process behaviour on the basis of elemygmtacesses, for example, kinetics of
chemical reactions, sorptive, physical-chemicaransport processes. This method comes
out from high-abstracted data which is indepenaentused experimental device and its
regime. In fact, the model can differ from real idev The stress is put on universality of

data and independence between experimental andeak.

Nowadays, direct modelling is very difficult andneplicated because it is economically
and time demanding at contemporary ascending ptioducNevertheless, indirect

modelling can not represent guaranteed successonme cases, it iS not possible to
dispense with experiment, because information abbatnical reaction can be obtained
only from laboratory measurement.

Purpose of modelling should be execution of expenitsiin that way in order that it could

be carried out their exact evaluation and thencektbd the project for a specific device.

From methodical point of view, there are two wapsviio get the mathematical model.

Black box method is based on systematic monitoahgime behaviour of the studied
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process on the change of their parameters. Modebhtined by experimental
determination of relations between input and oufputvhole interval of conditions. Final
result is described with suitable mathematicalti@ha Advantage of this method lies in
monitoring only input and output quantities. Thex@o need to watch the processes inside
the object. However, if the mechanism of processda object is unknown, it is not

possible to transfer the model into another device.

Another method, based on conception of mechanisnthef process, is quantitative
formulation of physical or chemical reactions, whare the substance of process. Mutual
interactions of the considered reactions are a@kent into account. The examined process
is decomposed into the system of elementary presgeger which it is supposable to
define what laws they are followed. In this modglantities have specific significance. If
the model is correctly arranged, there is no prabte predict behaviour of the system
when some parameters are changed. Main advantag@somethod is that any direct
experiment can not be executed. In contrast tdklidax method, it puts great emphasis on
amount of information, which is necessary to obt&iacision, which method to choose,

depends on circumstances.

From mathematical point of view, models can behrtdivided into deterministic and

stochastic. Deterministic models consider all ieflaes which has impact on the system.
These models describe system state. On the othel, BBochastic models calculate with
unknown and random influences and describe prababilat a given state of the system

occurs in a specific point.

Certain simplification is that examined objectakdn as a system. System is a collection
of elements, which are in mutual interactions. THement is a part of the system
characterized by properties, which are typical dolythat element. Interactions describe

mutual activity of elements and they are commorperty of element collection.
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During assembling of useful mathematical moddk @lways necessary to decide to what
extent the decomposition of the system is purpbsé&fespite the system is possible to
arbitrarily divide into elements, it is suitablefgoefer such partitions, which are convenient
for acquisition and processing of experimental data

It is a question, if mathematical model describalgment behaviour is the same for all
devices, or it differs for individual devices. Aedong to that question, elements can be

divided into two groups:

1) Micro-kinetic elements
Laws describing elements behaviour are the samelfarbjects. Mathematical
model is common for all devices.

2) Macro-kinetic elements
Laws describing elements behaviour are specific fodividual object.

Mathematical model is specific for individual dewic

Mathematical model of micro-kinetic element canulsed for other object whereas model

of macro-kinetic element can not.

The purpose of modelling is a reliable descriptbrsystem behaviour and for its success
there is a need:
- to accomplish an experimental measurement on tieetob
- to complete an analysis of the measured experimectading division into
micro-kinetic and macro-kinetic elements
- to create a mathematical models of the micro-kinelements
- to determine properties of the macro-kinetic eleiméor target object
- to make synthesis: mathematical models of the rkuoretic elements are unified
with models of the macro-kinetic elements of targbfect due to definition of
interactions and balancing relations

Modelling is the first, usually the most complicdtstep during suggestion of a suitable
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control strategy. Process is usually described witlious quantities (temperature,
pressure, flow, concentration etc.). These quastdre called state. Mathematical relations
between them then characterize mathematical mddbé@rocess. Mathematical model is
very often set of the ordinary or partial equatjobst also set of linear and nonlinear

equations.

. . Craation or modification) S
Alms Collaction sccassibls b wEpchl mpees T
f mods y- o "
Jefinition I e dzsign, controll
definition information Cothpitar i o itan BR:

I Propertizs inspaction i Use of model for

Paramaters zstimation dzsign, contrell

Figure 5.1 Algorithm of model formation

Procedure of model formation is graphically showrrigure 5.1. These five steps can be
described as follows:
a) Exact definition of the problem and aims of modwli
b) Collection of all accessible information includipgactical experiences with similar
problems and then also formulation of the physicatiel
¢) Mathematical definition of the problem and its o by computer simulation
d) Appropriateness of nominated model is compared witbwn information and
experiments on real process and then used for wnkrmarameters estimation.
Steps a) up to d) are usually repeated in spédnificvals.

e) Model can be used for regulator design and thendotrol purposes

Balances

Balances constitute application of laws about covagi®n for the system and they are very
often used during mathematical model formation. yOaktensive quantities can be
balanced. In practice, law of conservation of nmiadted energy conversation law are often

used. Balanced system is an area, which has defiweshdaries with surrounding.
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Surrounding is what rounds the system. Balancitenal is a time span during which the

gquantities are watched. Basic balancing equatigivien by

Input + Source = Output + Accumulati (5.1.1)

To accomplish a control action, the dynamic modelhe system must be known. It is
given by vector state differential equations whiokpresent system with lumped
parameters. State differential equations are derinem balance relations. State equations
comprise ordinary derivative of state quantitiesoading time. In our case, they represent
concentration of reaction components (concentratan collagen hydrolyzate and
glutaraldehyde). To propose mentioned model, thera need to deal with reaction

kinetics, which is further presented in chapteriddics of cross-linking reaction”.

Essential step during model creation is formulatiddrmaterial and heat balances which
include relevant kinetics equations for rate ofrolwal reactions, transmissions of heat and
equations which represent changes of propertiegxample. Sum of these reactions gives
mentioned mathematical model, which can be fronpkncase up to model considerably
complex with many equations. In this case, it ispémant to introduce some

simplification, which decreases complexity. The aifthis simplification is to create such

a model that is as simple as it can and it deseribe most important properties of the

process.
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5.2 Kinetic methods of analysis

Most quantitative methods rely on the use of redatfast chemical reactions and
equilibrium systems. Not all reactions will proceegidly. It is important to point out that
as a reaction proceeds, it will have an initialeio region where concentrations change

with time. Kinetic methods rely on using this ragicee Figure 5.2.

kinetic region 5 equilibrium region

cC

concentration

time

Figure 5.2 Kinetic and equilibrium regions

Order of reaction
Order of reaction represents the relationship betwencentration and reaction rates. The
general reaction can be expressed as follows:

aA+bBO'L C (5.2.1)
Where

rate= kg ¢ (5.2.2)

Reaction order is equal ® plusb. It should be noted that the order of reactiomas
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necessarily related to the stoichiometry of theteras.

First-order reaction

For this class of reaction the rate directly degeonl the concentration of a single species.

For the reaction:

AOfL B (5.2.3)
The rate is equal tkc,. The mathematical expression of the rate is basetthe decrease
of componenf with respect to time as follows:
_de, _
dt

Wherek is the rate constant expressed in units of tise, min™,...)

kt (5.2.4)

The first-order reaction depends only on the vabik and c,. Constant—k can be

determined as the slope of the line, see Figure 5.3

reaction rate
-cA/dt

(Al

Figure 5.3 Reaction rate
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Second-order reactions

For this type of reactions, the order typically elegs on the concentration of two species:

aA+bBO'L C (5.2.5)

It should be noted that the order and the stoichioynneed not be the same. The
differential form of the expression is given by:
_de, __dg _

ot ot KC,G; (5.2.6)

The rate is equal tCACs.
5.3 Kinetics of cross-linking reaction

Schema of reaction

Reaction of collagen hydrolyzate with glutaraldedyahn be schematically described as

follows:
A+BO'L C (5.3.1)
cO0'%. b (5.3.2)
2A0%L E (5.3.3)

Protein B reacts with the cross-linking ageAtresulting in the intermediate produCt
ProductC then reacts with itself due to its two reactivet® and the final produé& (raw
material for production of biodegradable casingses. Simultaneously, glutaraldehyde
reacts with itself (aldol synthesis) resulting ilda resinsE. These resins have typical
coloration and this reaction is accompanied witlowochange.

From the chemical point of view, the hydrolyzateaisproduct of skin collagen and

contains seventeen amino acids. The most impoaiaghtmostly represented of them are
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glycine, proline and hydroxyprioke. For this reason, for mathematical simulation
collagen hydrolyzatds considered a copolymer the above-mentioned amiracids
(Heidemann, 1993).

H3N+—Rn—ICI:—Q'
CH,
+ NN\ —
é CHy CHy O
e
o -
0-C —Rn—NH;
H+
H3N+—Rn—|C|:—O'
E 2 CH, CH
) - 2 /
— - HyC \LCHz\O —
9 Htlz—OH
0-C —Rn—NH
+ H+
: HY ?
—= O_—(lll—Rn—NH—EI:H—CHQ-CHQ-CHQ—CH—Rn—C—O'
0 OH

Figure5.4 Intermediate product

where R is
Hzc—fiiﬁz
C—CH—NH—C—CH CH
i ] TN/ P e HG—CH,
0O  CHs, 0 | | ]
N—%—CH—NH—CH CH-0H
0
M
and n=100.
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Model of batch tank reactor

Let us consider batch reactor, where componArdadB react to each other. As a result

this reaction, componen@ D andE originate.

Car G Ccr &y &

Figure 5.5 Batch tank reactor

Mentioned reaction system is possible to quantightiexpress by mathematical notation:

—% =k G + k(6)* (5.3.4)
_dd_CtB =KC\G (5.3.5)
Z—th =k GG~ kG (5.3.6)
CL_CE =k, (5.3.7)
dc _ K (c.)’ (5.3.8)

dt
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Simulative calculations based on mentioned equatiogre carried out for different values

of kinetics constantk;, k, andks, graphical results are depicted in following pret

Numerical solution with k1:0.06 mol'ls'l, k2:0.04 s'l, k3:0.0005 mol1s?
1 ‘

Concentration [mol]

Figure 5.6 Simulative calculations with velocitynstantk;=5.10* mol™*.s*
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Concentration [mol]

Numerical solution with k1:0.06 mol'ls'l, k2:0.04 s'l, k3:0.005 mol1s?1
1 ‘

Figure 5.7 Simulative calculations with velocitynstantk;=5.10° mol™*.s*
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Model of continuous stirred tank reactor

We assume that the reactants inside the tank aiecpg mixed and volume contraction of
the reactants is negligible during the reaction.

Ta 14 95 “15
10

F
—"IZ'?A"‘Q"B:'CA
X=F(X,1D »(g4+d5)Cs
—"’Izga"'gﬁ)‘:c
o —"I:gA—i—gB:ICD
—— —"I:gA+gB:ICE

Figure 5.8 Continuous stirred tank reactor

The mathematical model of the system is then dérfvem the material balances of the
reactor:

dc
Oa C.LA:(qA+ 0.3) C,t Vot VTtA (5.3.9)
d
O Gs =(Oa+ ) G+ V g+ Vd—CtB (5.3.10)
— dc.
0 —(qA+qB) GtV rC+VE (5.3.11)
0=(g,+0) +V fD+VO:j—Cf (5.3.12)
— dc.
0=(g,+0) G+V rE+VH (5.3.13)
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Let us mark each individual ordinary differentiguation with lettef,, wherex=1,2,..5

dc +
f: d_tA:%CAl_L\/OB)CA_ KC.G— Ig( CA)2 (5.3.14)

d
f,: diB 3331 (Q.+ q3)CB KC\G (5.3.15)

d
fy: dcf = —(q’*\j %) c.tkc.G- k¢ (5.3.16)
d
f,: :{3 :—(q‘\:; %) C, tKG (5.3.17)

d +
f,: dCtE =- (qAV %) ¢ +k(c,)’ (5.3.18)

Now we have complete set of ordinary differentigu&tions, which are nonlinear. For
automatic control purposes, it is suitable to limmmthem. One of possible methods is

using of the Taylor's series. Let us consider linéiane invariant state system with four
inputs and five state variables and five outputs.

X=C=F(x,u)
Ml:gA—h _C}l f( ) —p_}fl:ﬁ'ﬁ
HQ: gﬁ‘ _CB -f-z( ) 4".}’2: CB
i e x3— c—f3() Y3 O
0 CAJ Ly =C _ﬁi( ! — P
o _CE fs( y Y. Cp

Figure 5.9 Scheme of the state model
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Matrix notation of such linearized model is givenfallows:

A).<5x1 :A 5x5IAX 5xl+B SXAJ X (5'3'19)
AYe, =X, (5.3.20)

where aX is vector of state valueg, is system matrixB is excitation matrix,AU is

vector of input parameteraY is vector of output parameters.

&, &, &3 &, &
a21 a22 a23 a24 a'25
A=lay 8, 8 8, o (53.21)
a41 a'42 a43 a'44 a'45
a51 a52 ass as4 a55/

b, b, b; b,
b, b, by b,
B={b, b, by by, (5.3.22)
by, b, by by,
b, b, by by

AC,

AC,
AX =| AC, (5.3.23)
AC,
AC,

AQ A

au=| A% (5.3.24)

ACyy

ACg,
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Individual elements of matriA are derived from the Tailor's series with the eetgd

members of higher order as follows:

0
a, = gl;l __ (OIA\J; O) _ k@ -2k (5.3.25)
A
a :iloz_klco (5.3.26)
2 aCB A
a1 = ilo = (5 3 27)
° dc,
of.°
a,=——=0 (5.3.28)
* o,
of.°
a;.=—~=0 (5.3.29)
;o
of >
a,, =—2=-k& (5.3.30)
' ac,
of, __(da+Gs) _y 0
=—2=- -kC 5.3.31
& ac, v K Cy ( )
:izo = (5 3 32)
° dc,
a2 = izo = (5 3 33)
* oc,
a, :ilo = (5.3.34)
;o



of 2

_0 0
A, ac, k G
of 2
=-—2 = CO
a32 aCB klA
_0f) _ (gutqy)
%a 0C,. Vv &
ofL
334—6%—
_of
A5 ac,
of °
a41:a_4:

CA
of °
a42:a_4:
CB
:if:
43 CC 2
0 =00 _ _(da+ )
' dc V
D
0
a45:%:0
CE
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(5.3.35)

(5.3.36)

(5.3.37)

(5.3.38)

(5.3.39)

(5.3.40)

(5.3.41)

(5.3.42)

(5.3.43)

(5.3.44)



_or

- 0Cg

_or

- 0C.

_ofy

- ac,

2

3

4

_0fY _ (9t )

%o ac. V

Individual elements of matri® are defined as follows:

bl:ilo_c_g\l—&
Y99, V V
_of’ __c,
N
bl:afl‘):qfi
° dc, V
of °
b, =-1-=0
Bl
of, __cp
0V, V

(5.3.45)

(5.3.46)

(5.3.47)

(5.3.48)

(5.3.49)

(5.3.50)

(5.3.51)

(5.3.52)

(5.3.53)

(5.3.54)



b,, = of ?
2 2
0C,y =0
b24:izo qo
0Cg, _VB
o, =% - &
__GC
0q,, VC
p, = - G
oq, =%
\
b, = of;
0C,, =0
b, =2
0Cy =0
1
b41:i40— CO
da Y
b \%
=0 G
00 v
\%
b43 - af40
0C,y =0
b, = of,
0Cy =0
1

(5.3.55)

(5.3.56)

(5.3.57)

(5.3.58)

(5.3.59)

(5.3.60)

(5.3.61)

(5.3.62)

(5.3.63)

(5.3.64)

(5.3.65)



-0 __ %
% Oa \
 0gy V
of .0
b, =25 =0
° dc,

0
bs4_af5 =0
0Cg,

Now we have linearized set of differential equagiammatrix notation:

C, AC,

. AQ,
Cg &, ... 5| AG b11 cee b14 AqQ
&=t i flag |+ s o [T
. AC,,
Co &; - Bp5)| AG b51 o b54 AC
CE AC, B1

in expanded notation:
%:%ACN aAGtasCct gpct 84 et
+08q, + B AG + BAG T BAG,
de _
ot ARGt BAGHBACT A 6T 36 €F
+0,00, + DA + BAC T BAG,

45

(5.3.66)

(5.3.67)

(5.3.68)

(5.3.69)

(5.3.70)

(5.3.71)

(5.3.72)



d
;%=%A%+%A%+%§%+%Ae+@ég+

(5.3.73)
+b31AqA + b32AqB + b3§ Cat bz@ G,
9o g a2 G+ BpC+ 38 G+ B 6
dt (5.3.74)
+b41AqA + b42AqB + b4§ Cat b4@ G,
d
TAAGTAAGTAsCT AsGT ap et

+b51AqA + bSZAqB + b5§ Cat bs@ G

For control purposes there is a need to transfoemtioned linearized differential equation

system into dimensionless shape. Let us assume:

AC, = AC, C, (5.3.76)
AC, =4C, & (5.3.77)
AC. =AC. G (5.3.78)
AC, =1C, (5.3.79)
Ac. =ac. & (5.3.80)
g, =ad, o, (5.3.81)
AQs =AQ; O (5.3.82)
ACh = AC, Gy (5.3.83)
ACy, =AC,, G (5.3.84)
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Then we can have equations as follows:

d(c.&
dled). ( ¥ %)y z&ejAg@ KB Gt

dt
o . ¢ (5.3.85)
AN Q.
{3 Shiaf Gua-das
dle
(Zi(%):_thACA é/)\_'_( (qA\-;qB) KQJA% g+
. o i (5.3.86)
—VBAqu‘;{%—%quB 4 +-20¢, &
d{c
CE). gus 6 ke 4o
_(wﬂgjm’; @-%A@\ d+ (5.3.87)
co
_VCAQBQ%
d(c,c + .
(dt )=k2Accc% (qAVqB)ACD@D (\:/%Aq\%
0 (5.3.88)
-2 ¢
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d(cq)

dt

=2 g -8By g e -0 g g

. (5.3.89)

C .
_VEAqB Q%

After mathematical modification we have the setlinéarized differential equations in

dimensionless shape:

dc, _(_d_,_ KVE L KVE) . KV . |
dt*(qzloazo@j g e

(5.3.90)

dCB: ﬂAC +[— (i —i—ﬂjA ——&A*+
a g e e g e
+( iglo _ioquB'F (;gl ACq
C'ACB CA CA

dCC k.l. (Q'B %A (_ & ———ﬂ)A +

ar T eg g e e
d 1 -
0 oAqA —A0s
CAqB A
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Individual elements of dimensionless ma#iare following:

ailz(_q—g_l_ |<1VCg -2 lsc\f/)(g

s s

= Us
a,;=0
a, =0
a;=0

- __kvg

(5.3.93)

(5.3.94)

(5.3.95)

(5.3.96)

(5.3.97)
(5.3.98)

(5.3.99)

(5.3.100)

(5.3.101)

(5.3.102)



(5.3.103)

(5.3.104)

(5.3.105)

(5.3.106)

(5.3.107)

(5.3.108)

(5.3.109)

(5.3.110)

(5.3.111)

(5.3.112)

(5.3.113)

(5.3.114)

(5.3.115)

(5.3.116)



a;, =0
c_ Q1
a5 = — —
° e G

Individual elements of dimensionless matiare following:

b, = [qgc/% _i/i}

0.0 0
OsCn G

(5.3.117)

(5.3.118)

(5.3.119)

(5.3.120)
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(5.3.123)

(5.3.124)

(5.3.125)
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(5.3.127)

(5.3.128)
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(5.3.133)

(5.3.134)

(5.3.135)

(5.3.136)

(5.3.137)
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For the determination of transfer matrix we use lhe@ transformation in the following

procedure. Linearized model of the reaction systematrix form is given:

AX =AnX +B AJ (5.3.140)
AY =X (5.3.141)

Applying the Laplace transformation (indexwe can obtain:

saX, =AX | +BAJ | (5.3.142)

AY, =X, (5.3.143)
Solving equations (5.3.142) and (5.3.143) resultsansfer matrixG(s):

):AYL

G(s =(4-A)"B (5.3.144)

L

For calculation members of invertible matrisl-A)* computer algorithm based on

Gauss-Jordan elimination was used (Anderson, ,e1399).

Individual elements of transfer function mat@xare following:

— S(_ t11) -4, bz1+ tllazz
9.1(9) = (5.3.145)
T -+ qg,+ 8)* 3,8, 4,8,
0, (9) = —y > %2~ by (5.3.146)
-s"+qq,+3,)+ 3,3, 3d,
913(5) - S(_ QC’;) + l:].3322 (53147)

-s+9q,+ 8,)+ 8,3, 8,8,
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O (S) =

_b24812

99 =77 {a,+a,)* 8,3, a,a,
gu(s) = —C) ~ it b3,

-S+qq,+ a,)+ ag,,— 3,8,
,,(S) = I+ :((_q?j) ;Z)Gii +e;?2}?—l 318,
025(8) = - ;:;izlaﬂalﬁ a, a,
0. (9= S(-b,) + b,a,

-5’ + 5(@1"' Q2)+ 3,8, 9,3,

52Q1+S(Q1631_ bs1311+ bzlaaz_ bdla2)2+ !

53"'52(_6}3_ a,- 6}2)"' B,*r,

n= b11a21a32_ b31311a22+ b21a11a33' b11a31a23 b21a12a'§'1 b31azf
I, =2,8,,~ a,A,+ A,A55F 4,4,

Iy =—a,8,85F 8,4,
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(5.3.148)

(5.3.149)

(5.3.150)

(5.3.151)

(5.3.152)

(5.3.153)



52Q3+5(Q2352+ Qzah-" Qz%z‘" 33)1_ '.

9(8) =57 S-a-a-a)t st (5.3.154)

where
L =a,a,+b,a,a,,~ a,a,+ bpaas b,aas b.a.xc
r, Za,@,,+ a8, a,a,+ a,A,
ry = 8,88, &,8,25

Os5(S) = Sgs Erassé?j)a; ?iﬂ_ag;;) t}az’f : (5.3.155)
where
= 8y8,+ 8yt 8855+ a &y
I, = ay8, A= 8,8,

g (s) =X e * 0.3,3 0,3 3 (5.3.156)

S+ S(-ay-ay—a,) - S[+ i

where
L =8ya,+ ayd,T aata §,

I, =a,a, 85~ &, 4,85
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S’h, + S+ §,+1,
s'+s¥, +s7, - s+,

Ja(S) = (5.3.157)

where
= _b4la:L‘l._ b41a22_ b41333+ a43b3

r,= b41a22a33_ a4p31an+ b41a1_1az? b4fa A b4@- a4t 4 1? 31 a43b31a22+ a43bzlasz
ry = a43b21312a31_ a43b21a11a3§|' a43b31a11a2'5 a43b11a21a§2 b41allazza'33
- a43b31&12a21_ a-431"‘113313-22"' b41312a§1 33

I, =78, 85~ Ay~ a3y
s = Q5+ a4, d,1T a4, Q8,5 a,A4 a,A; a0
le = 841855853~ 80,0855t AyQ,853 A, A% A,A; A7 A8,

17 =8,,8,8,,855~ A, A A3A,

S3b124+ $(- h,a,~ h,a~ h,a+ gshhtsi+r (5.3.158)
S+ S3(_6144 — a8, = 8y~ )+ §I’3 TSI+l

942(5) =
where

n= b42a11a33+ b42a22a33_ a4p32aﬂ' b42a1f”12_2 a4p Bz 87 b 48,8 43a22b3z

r,= _a43bzzanaez+ a43b323113-22_ b42a113-22a£ a44)32alza-51 A, 385, AAxf,,
+ a43bzza12a31+ b4zaizaz@ 33

=81 a8 4,855 a,a.F a; 44 .44 a,A
Iy = —8,8,8,,~ &,9,8;5" 2,87 4,8,85a & @ A &
l5 = 84185,8,,835~ 8,,3,,84 4
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(s) = s(aishsa) — asha 3 aghsasa (5.3.159)

Oes s'+Sr+ S+ s+ ¢

where

=788y~ 83~ &,~ &,&;

r, =8, + & 8,1t 8,8, a,8.3 a,a  a,a

3= ~858485~ 814800855 808, 88,858 § 3, 1,3 3, &,

My =2,,8,,8,,855~ A, A32,

S(asBa) — asb.a,ar asb,a,a (5.3.160)

0ua(S) = s+ + S5+ s+ ¢

where

=78, ~a,”&,” &;

=885  83fA,T &8 A3 &g aA% a2

f3 = 8,858, 8,88 8,855 88,858 3, & 1,8 8, &
s = 858,855~ Q@A A58,

52Q1+ g- lgl'%z_ quf" %19)-4- '- (5.3.161)
'+ (-a,~ 8,~az) + St 1, ;

91(S) =
where
n=-b,8,8,+ byaast a8l ra f a
I, =a,a;:~ a,a,,t a,a,;+ a,a:
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I3 = —a,Q, A5+ A, A

SZQZ"' g Qz Q- & Qz az)"' h

0s,(S) = S+ P2 B B) STt T (5.3.162)
where
N =-N,a8,+ a8, byaat ag; b
r, = —a,8,,+ a,8,,+ a,As a,8:
My S 8,885 4 A,As
0us(9) =2 zsg,lf?’sf“’;)+_s?iazlt15 (5.3.163)
where
= "85 =8, &,
r,=a,8,t% 8,8, a,A,;t a,A:
3 = ~8, 8,551 Ay As
0 (8) = —— D221 (5.3.164)

-s°+ &1, +s1, + 1
where
n=as+a,+a,
l, = Q1855+ 381, @ o5~ A8,

I3 =+a,Q,85~ A, A
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5.4 Dielectric spectroscopy

The interaction of electromagnetic fields with reatis described by Maxweallequations
(5.4.1)-(5.4.49)

ot E=-2B (5.4.1)
ot
R
rot H=J+—D (5.4.2)
ot
div D=p, (5.4.3)
div B=0 (5.4.4)

In this set of equation€ [VM?'] and H [An?] describe the electric and magnetic
field, D [Asm?] the dielectric displacementB [Asm?] the magnetic induction,
J [Am?] the current density ang, [Cm?] the density of charge. For small electric

field strengthsf) can be expressed by

— —

D=¢¢,E (5.4.5)
where &, is the dielectric permittivity of vacuumef =8.85410% Fm*).£" is the

complex dielectric function or dielectric permiitiz. According to Maxwell's equations

(5.4.1) - (5.4.4),& is time (or frequency) dependent if time dependmocesses take
place within the sample. There can be differens@aa for this. Resonance phenomena are
due to atomic or molecular vibrations and can belysed by optical spectroscopy.
Relaxation phenomena are related to moleculardaimins of dipoles due to molecules or
parts of them in a potential landscape. Moreovaft thotion of mobile charge carriers

(electrons, ions or charged defects) causes camducbntributions to the dielectric
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response. In general, time dependent processes &itinaterial lead to a difference of the
time dependencies of the outer electrical fieﬁ(t) and the resulting dielectric
displacemenﬁ(t). For a periodic electrical fieI(E(t) = E,e““1 the complex dielectric
function £ is defined by

E(w=¢&(w-ie" (W (5.4.6)
Where £'(a) is the real part and''(«) is the imaginary part of the complex dielectric

function.

The complex dielectric function (5.4.6) can be nuweed in the extraordinary broad
frequency regime from 10Hz up to 16 Hz (in wavelength 3.%6cm - 0.03 cm). To span
this dynamic range, different measurement systeased on different measurement
principles have to be combined. Froni®ldb 10 Hz lumped circuit methods are used in
which the sample is treated as a parallel or senabit of an ideal capacitor and an ohmic
resistor. Effects of the spatial extent of the sangn the electric field distribution are
neglected. With increasing frequency the geométdoaensions of the sample capacitor
become more and more important limiting this apphoto about 10 MHz. In addition
parasitic impedances caused by cables, conneettarshecome important at frequencies
100 kHz.

Using distributed circuit methods (1®1z - 1d* Hz) the complex dielectric function is
deduced by measuring the complex propagation fa@toreflection or transmission).

Both, waveguide as well as cavity techniques caappdied.
In the dynamic range betwed@® - 10*° Hz the complex dielectric functios (&) can also

be deduced from a measurement of the time depemlilrttric functiore(t) . The latter is

related to€ (a) via a Fourier transformation
£(w-¢€, = j £(t)e“dt (5.4.7)
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Wheres,, = &' (v =10" H2).

For frequencies between 20 10" Hz quasi-optical set-ups as polarizing Mach-Zehnde
interferometers or oversized cavity resonatorseanployed. The latter has the advantage
that it is suitable for very low loss materials dadmeasurements at low temperatures.
The main experimental difficulty in this frequengnge arises from the large coherence
length of the mm- and sub-mm-wave sources (backwaek oscillators, klystrons, gun
oscillators, etc.) resulting in multiple standingawe patterns. Above 10Hz Fourier-
Transform spectrometers are used. Due to the thpaigand the multiplex advantages

they are superior to arrangements using monochamsat

Measurements in the frequency domain from3010" Hz

For a capacitor Clilled with a material under study the complex digtic function is
defined as
C (v

0

& (w)=¢&(w)-ie"(w) =

(5.4.8)

where G is the vacuum capacitance of the arrangenerns. the angular frequency with
w=2m = 27T, with Tp as time for one periods' () and £"(a) de-scribe the real
and imaginary part of the complex dielectric fuanti Using a sinusoidal electric field

E (w) = Eoé"“ with the angular frequenay and at field strengths within linear response

(for most materiaIEo <10°Vcenit) the dielectric function can be derived by measuiri
the complex impedance (@) of the sample

J(w 1
iweE (W) iaZ (W)C,

£ (w)= (5.4.9)

WhereJ is the complex current density ars) the permiitiaf free space. To cover

the frequency domain from PQup to 18" Hz, four different systems based on different
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measirement techniques are employewourier correlation analysis in combination w
dielectric converters (10- 10’ Hz), impedance analysis (* - 10’ Hz), RFreflectometry
(10° - 10° Hz) and network analys{40’ - 10" Hz).

Fourier correlation analysis

Sample

Sample
Capacitor /

Generator

g g

o . 1% i
U, Vector Voltage U, Vector Voltage
Analyzer Ch 1 Analyzer Ch 11

Figure 5.10 Schee of a Fourier correlation analyzer

The basic principle is shown iRigure 5.10. Typically a sine wave voltage,(t) with
frequencyw/2r is applied to the sample by a generator, covdhiegrequency range fro
10° - 10' Hz. The resistor R converts the sample curig(t) into a voltage {t). Uy(t) and
U,(t) are analyzed with respect to the amplitudesgrases of their harmonic Fourier b
waves U '(o) and U'(w) by two phase sensitive sine wave correlators. hmplex

sample impedances4s calculated

z*(w):US*(w): Ul*(w)—l (54.10)
) s (@ U, (o)

where Y (o) and k (o) are thesample voltage and curre The response of the correla

to the signal WJt) are the two componel
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Uj(@) = [U, @sin(a)c (5.4.11)
0

U@ =1 [U, (0 costa)e (5.4.12)
0

where j=1, 2U’(«) is the phase component of the harmonic base waé&Ja(«) the

orthogonal (90° shifted or quadrature) componenthef harmonic base wave. N is the
number of periods with duration Twld measured by the correlator. For technical
implementation of Fourier correlation analysis drees to realize mentioned equations.
This is done in conventional systems by analoguepoments. From the main oscillator,
the reference sin and cos signals are created 3/.aModern systems digitize the test
signal and approximate numerically by a signal pssor avoiding by that the drift and the
non-linearity of analogue components. Fourier datien analyzers are commercially
available as frequency response analyzers or loekwplifiers from Agilent Technologies,
EG & G, Novocontrol, Solartron and Stanford Rese&ygstems.

Impedance analysis

Two kinds of techniques have to be distinguishduk first is the |-V method referring to
the direct phase sensitive measurement of the saoyptent and voltage. It is similar to
the dielectric converter techniques described ablmgtead of an electrometer amplifier, a

broadband current to voltage converter is usedonitheference technique.

An alternative technique is the AC impedance briglgewn in Figure 5.11; which consists
of the sample capacitance @) and the adjustable compensation impedanc@n¥ On
the left hand side of the bridge, the generatoredrthe sample with the fixed and known
a.c. voltage \J(m) which causes the currerf () to flow into B. On the right hand side
of the bridge, the variable amplitude-phase gener@APG) feeds the current (o)
through the compensation impedane&(@) into P.. The bridge will be balanced, i (®)
equals 4 (0) which corresponds tq40. Any deviation is detected by the zero voltage
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detector which changes the amplitude and phadeeofdriable amplitude phase genet
(VAPG) as long as,#0. In the balanced state, the sample impedanaddslated &

Us (@) __Us (@), -

Zs (o) = @ Ul (w) (54.13)

Sample Capacitor Sample

Zero Voltage
Detector

@

Variable
Generator Amplitude-
Phase
Generator

Figure 5.11Scheme of aimpedance bridge

Impedance bridges or analyzers which are not slhecidesigned for dielectri
measurements typically work from 10 Hz to 10 MHar Bielectric samples, they sufi
from the inverse problem of the dielectric conversystems as optimizefor low
(typically 10 n€2) to medium impedance with a limit of about 10@2MThis limit is
reached for typical dielectric samples (100 pF, 3af.01) at about 1 kHz. The typic
accuracy in tard is less then Ih Here, ACimpedance analyzers or bridgeffer a
suitable and inexpensive solution for applicatiaiéch do not require a large frequer
and a high impedance range. Due to the fact tieattbasurement time is lower compa
with systems using reference techniqltAC-impedance bridges are pattiarly suited fol
measurements on materials with t-dependent dielectric properties (monitoring
chemical reactions, characterization of phase itians, etc.). Impedance analyzers
bridges are commercially available from several ufactures lik, e.g., Agilen

Technologies, Novocontrol, Solartron, QuadTech, \&fayne Kerl
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RF reflectometry

Coaxial line reflectometry can be employed at fesguies from 1 MHz to 10 GHz. In
contrast to the low frequency techniques alreadgrileed, above 1 MHz the measurement
cables significantly contribute to the sample inmgrezk. Above approximately 30 MHz
standing waves arise in the line and a direct measent of the sample impedance
completely fails. This can be avoided by applicatad microwave techniques taking the
measurement line as the main part of the measmpddance into account. Therefore,

precision lines and sample cells with defined pgap@n constants are required.

5.5 Spectrophotometry

Interaction of electromagnetic radiation with matgean important and versatile tool. In
fact, much of our knowledge of chemical substarmmeses from their specific absorption
or emission of light. In experiment, we are intéedsin analytical procedures based on the
amount of light absorbed (or transmitted) as itspasthrough a sample. A principle of
spectrophotometry is that every substance absarlisansmits certain wavelengths of
radiant energy but not other wavelengths. The lagiergy absorbed or transmitted must
match exactly the energy required to cause anrefdcttransition (a movement of an
electron from one quantum level to another) in shbstance under consideration. Only

certain wavelength photons satisfy this energy itmmd

Molecules have an ability to absorb electromagnetifiation of specific wavelengths and
can exist in definite quantum states which differdifferent energy content. If molecule
can go over from state with smaller enefglyinto state with higher energl, then
molecule absorbs radiation with frequency f, whothiresponds to energy differend&

between energy levels, andE, of both quantic states according Planck condition:
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AE=E, - E, = hf= hi—L (5.5.1)

whereh is Planck constant,is frequencyg, is velocity of light and is wavelength.

Absorption of ultra violet lightX90 - 400 nhand visible light (400 - 800 nm) leads to
transitions between electron energy levels whiehtlae most energetically demanding.
Part of radiation from input radiant flux®() is absorbed by sample during absorption

measurement®,) and in ideal case, the rest of radiant flux passeugh @o).

Input radiant fluxg, Sample Output radiant fluy@q

v

»

Absorbed

radiant flux@®a

Figure 5.12 Scheme of radiant flux through the damp

Quotient of output and input radiant flux is defires transmittance:

r=%o (5.5.2)
q)I
Absorbance is defined as the negative logarithth@transmittance:
A=—Iog(r)=ﬂ (5.5.3)
cDO
Dependence of absorbance on wavelength (or fregueesults in absorption spectrum.
It is used as qualitative identification of compdanespecially organic with groups which

cause colouration of molecules, for exam@eO, N=N, N=O. In such grouping,
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numerous energetic transitions happen and thencoieke containing those groups absorb
in visible spectrum. Absorbance at specific wavglendepends on concentration and

thickness of layer according Lambert-Beer law:
A =¢&,bc (5.5.4)
whereA; is absorbance at wavelengtte, is molar absorption coefficient at wavelength

b is thickness of layer ardis concentration.

Mentioned absorbance dependence on concentratialidsfor monochromatic radiation

at low concentration (less then™i@ol.I™"). Lambert-Beer law also is not valid if other
interactions between matter and surrounding ocdar, example, fluorescence or
phosphorescence. However, in most cases, mentitaveds valid and it is used for

ascertainment of matter concentration in solution.

In recent years spectrophotometry methods haveniedbe most frequently used and
important methods of quantitative analysis. Theg applicable to many industrial and
clinical problems involving the quantitative detémation of compounds that are coloured

or that react to form a coloured product.
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6 EXPERIMENTAL

6.1 Materials

Hydrolyzate of chrome shavings — Hykol-E

It was industrially produced from waste chrome $hgsy by enzymatic hydrolysis.
Shavings were mixed with fivefold amount of watddeterogenous mixture was
alkalinized by using organic basis (cyklohexylamizppropylamin) together with
magnesium hydroxide. After reaching uniform alkéyinof chromium shavings, the
reaction blend is warmed to 70°C. After 1 hour, ragpmately 0.02 % of proteolytic
enzyme is added, and the reaction is then keptimgrat 70°C another 2 or 4 hours. After
termination of the reaction time, the hot heter@gpars blend is filtered by a vacuum filter
and the filtrate is vacuum evaporated to the camagon of 30-40% of the dry matter.
Detailed description of the procedure is menticine@Kolomaznik, et al., 2000). Technical

specification is described in Table 6.1.

Table 6.1 Chemical composition of Hykol-E.

Nitrogen in dry matter 5-17%

Ash in dry matter 3-7%
Chromium content max 0,05%
Free primary amino groups 0,06 - 0,2 mol/g
Molecular mass determined by osmometry 5000 - 8000

pH 5% of aqueous solution 75-85
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Cross-linking agents

Glutaraldehyde

Figure 6.1 Structural formula

Table 6.2 Some properties of glutaraldehydeiéite 1975).

Summation formula CsHs0,

Mass density 1,06 g/cm
Molar mass 100,117 g/mol
Boiling point 101 °C
Melting point -6 °C

Length of molecule 0,616 nm

Glyoxal

(o}

//_/

o

Figure 6.2 Structural formula

Table 6.3 Some properties of glyoxal féa, 1975).

Summation formula CsHO,

Mass density 1,14 g/cm
Molar mass 58,0366 g/mol
Boiling point 51°C

Melting point 15°C

Length of molecule 0,154 nm
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Used instruments

Technological card NI-488.2

IEEE-488 is a short-range, digital communicationss tspecification. It was
originally created for use with automated test pouent, and is still in wide use for that
purpose. IEEE-488 is also commonly known as HPHBwlett-Packard Instrument Bus)
and GPIB (General Purpose Interface Bus). It allapvgo 15 devices to share a single 8-
bit parallel electrical bus by daisy chaining coctians. The slowest device participates in
control and data transfer handshakes to deterntieespeed of the transaction. The
maximum data rate is about one Mbyte/sec in thgir@i standard, and about 8 Mbyte/sec
with IEEE-488. The IEEE-488 bus employs 16 sigivadd — eight bi-directional used for
data transfer, three for handshake, and five fa& management — plus eight ground

return lines.

LCR meter HP 4284A

The Agilent 4284A precision LCR meter is a coseefive solution for component and

material measurement. The wide test frequency ré2@éiz to 1 MHz) and superior test-

signal performance allow testing components tontimst commonly-used test standards,
such as IEC/MIL standards, and under conditions shaulate the intended application.
Whether in research and development, productiorglityuassurance, or incoming

inspection, the Agilent 4284A will meet all of LCRieter test and measurement

requirements.

Figure 6.3 Used LCR meter HP 4284A
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Digital camera Cannon PowerShot A7
Power Shot A70 is a 3MPx digital camera whramong otherallows acquisition o
compressed video in AVI format. This instrument waed for measurement of R(

components during the crobsking proces:

Figure 6.4Digital camereCannon PowerShot A70

Gas chromatograph HP5890 Series | GC

This chromatograph is equipped wiHewlett Packard - 5890 GC-FIBID Systerr
Including: 5890 Series Il GC, Dual Flame lonizati@etectors, Dual Sp-Splitless
Injection Ports with Manual Pneumatics, HPIB Comination, 7673B Alosamplel

Including: Controller, Injector, 100 Position Tragd Mounting Brack

SpectrophotometerVARIAN Carry 50 Bio
It is very precise spectrophotometer equipped witnor flash lampand the highly

focussedand very intense light beam. The fibre optic dipher was used for measurem

Figure 65 The fibre optic dip probe
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6.2 Used software

Automated system of data acquisition for dielecineasurement was realized in Agilent
VEE Pro (Angus, et al., 2004). Three own user apfilbins were created in this graphical
programmable environment. They allow us varioudirggd of parameters, such as
frequency, sampling period, delays etc. These egqpbins were tested, debugged and then
used for all measurements. lllustration picturesra of them are shown in Figure 6.6 and
Figure 6.7. Own user m-files in Matlab software avereated and used for data evaluation

and data post-processing.
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Figure 6.6 Source code of the user applicationtedeia Agilent VEE Pro software
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Figure 6.7 The appearance of the user applicaties used for measurement of the

dissipation factor created in Agilent VEE Pro.
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Figure 6.8 The appearance of the user applicatien used for data post-processing and

evaluation created in Matlab
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6.3 Measuring methods

Dielectric spectroscopy method

Personal computer together with technological ddte}88.2 and LCR precise meter
HP4284A including two-electrode measuring systens waed for data acquisition.
Instruments were connected via GPIB interface; mehiss shown in Figure 6.9. Practical

realization and application procedure are showFigure 6.10.

HP 4284A o %
e e B )
]
GPIB & 4 VoG B
~oL-” \ ’
\ P
. -

[ceee |
PC

Figure 6.9 Scheme of measuring apparatus

Alumininm

Ietal
glectrodes

raising plece

Figure 6.10 System of electrodes before (left) dumihg measurement (right)
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In all measurements, 25% aqueous solution of glidahyde and 40% aqueous solution of
glyoxal were used as cross-linking agents. Hykah-Bowder was dissolved in water so
that spare 56% aqueous solution of Hykol-E wasamegh Concentration of Hykol-E was
experimentally chosen according to sample viscoSlgmple preparation was realised in
the following way: spare solution of Hykol-E wasigled (0,50Gt 0,005)g on aluminium
foil which was placed on an electrode and a cerdéamount of the cross-linking agent
added from micropipette (1 up to @+ 0.1 pl). Then the sample was stirred by plastic
stick (the procedure is evident from Figure 6.1)ring all measurements, the laboratory

temperature was (23 £ 1) °C.

Dissipation factor was chosen as a measured quabticause it is not dependent on
geometric parameters of sample. It is the ratithefpower loss in a dielectric material to
the total power transmitted through the dielectitie imperfection of the dielectric. It is

also equal to the tangent of the loss angle:

D= o tan(©) WR.C. (6.1.1)
-,
R=hg (6.1.2)
C, :g|§ (6.1.3)
o=t (6.1.4)
0

whered is loss anglep is angular frequency, HRs equivalent parallel resistances I8
equivalent parallel capacity, is electric resistivityg is permittivity of surrounding, S is
area of electroded, is distance between electrodesjs specific conductance, so after
elementary mathematical modification we can obtain:
_ 1 1 _ 1 _o
_wRPCP_wp|S£?_a)p£_w£

From above mentioned is evident that dissipatiariofais dependent only on angular
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frequency, permittivity and conductivity of the regal. Frequency 1 kHz was chosen as a
suitable frequency for dissipation factor measur@niecause we assume that molecules
in creating gel have relaxation time in millisecendll measurements then were carried
out at frequency 1 kHz. From practice that the nso#able sampling period is about one

second because time of duration of cross-linkigtien is in minutes.

It is also known from practice that necessary arhooh cross-linking agent
(glutaraldehyde) is from1 % up to 3 % b.w. for cessful cross-linking process with
collagen. At first, four samples were measured he same way (1 % b.w. of the

glutaraldehyde).

0.45

0.35 -

D[

0.25H -

0.2

| | | | |
0 200 400 600 800 1000 1200
Time [s]

Figure 6.11 Sample (Hykol-E with 1% b.w. of gluldehyde), four same measurements
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From the Figure 6.11 it is evident that if we reptbe measurement with the same sample,
dissipation factor values have different quantity the trend is the very similar to each
other. From aspect of the technological purposes.ave interested in time courses of
measured data, especially rather time constantssiecific values of dissipation factor.
For that reason, we transform measured data ofpdigsn factor into standardized
dissipation factor:

D -min(D)

D, = _ (6.1.6)
max(D ) -minD )

Where D is vector of dissipation factor values Bpds vector of standardized values.

At first, the effect of the cross-linking agent centration on the reaction was studied. Six
samples were prepared and measured: Hykol-E wib, 2 % up to 6 % b.w. of cross-
linking agent — glutaraldehyde. The same experimeas carried out with glyoxal.
Measured data is shown in Figure 6.12 and Figui8.6We obtain modified data by
application of standardized dissipation factor whiillustrated in Figure 6.14 and Figure
6.15.
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Figure 6.12 Time dependence of standardized digsip&actor — reaction of Hykol-E with

1200

0 200 400 600 800 1000 1200
Time [s]
1
0.8+
4%
0.6
0.4
0.2
0
0 200 400 600 800 1000 1200
Time [s]
0 . . . . .
0 200 400 600 800 1000 1200
Time [s]

1% - 6 % b.w. of glutaraldehyde.
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Figure 6.13 Time dependence of standardized digsiptactor — reaction of Hykol-E with
1% - 6 % b.w. of glyoxal.
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Figure 6.14 Comparison of time dependence of stdimal dissipation factor — reaction
of Hykol-E with 1 % - 6 % b.w. of glutaraldehyde.
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Figure 6.15 Comparison of time dependence of stdimal dissipation factor — reaction
of Hykol-E with 1 % - 6 % b.w. of glyoxal.

In Figure 6.14, there is an obvious change of cehapes for glutaraldehyde concentration
between 4 % and 5 %. Glutaraldehyde concentratipn® 4 % b.w. result in increasing
shape of curves only. Concentrations above 5 % @sult in curve shapes which are at

first rapidly increasing and then exponentially @esing.

The curves differ in the rate of growing and they directly proportional to the amount of

the cross-linking agent. The changes of curve shapéhe further text are referred to as
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“gelation point” (GP). In this point, we assumetttige gel is created in the whole volume
of the sample. GP is reached when enough amoumnbs$-linking agent is added. Enough
means such number of reactive groups of agentctiraésponds to equivalent number of

reactive groups of collagen.

We verified the above-mentioned assumption in #raesexperiment, where glyoxal was
used instead of glutaraldehyde. Both agents atdatfigdes and have the same number of
reactive groups. They differ in molecule length andlar weight as it is described in
chapter (6.1). Molecules of glutaraldehyde are @xiprately four times longer and have
1.7 times greater weight then molecules of glyoXakerefore, we expect that GP appears
at 1.7 times lower concentration of glyoxal (fron8 26 b.w. up to 2.9 % b.w). In fact,
similar behavior can be seen in Figure 6.15, witsPeappears between 2 % and 3 % of

glyoxal.

Although excess of aldehydes would guarantee ragdBiP, it is unsuitable from health
and economic point of view as it was discussed ebdhe ideal case would be the

addition of minimal amount of cross-linking agereded for successful reaction.

Moreover, the cross-linking reaction was subjedte@n experimental study which was
carried out to prove whether the reaction releasesbsorbs energy in the form of heat.
The change in temperature during the cross-linkimacess was measured for Hykol-E

with 6 % b.w. of glutaraldehyde and a two-comporitgmbxy resin (see Figure 6.16).
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Figure 6.16 Change in temperature of Hykol-E dudrags-linking reaction with 6 % b.w.
of glutaraldehyde at laboratory temperature 22.7°C.

The cross-linking reaction temperature of Hykol-Ehwglutaraldehyde is approximately
the same during the entire cross-linking process. industrial practice, during
technological process we suppose approximatelytanhgemperature which is normally
about 20°C. Investigation of temperature influeoare be the object of further research. In

general, we can say that higher temperature aatetethe reaction according to Arhenius

law.
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Evaluation of the degree of cross-linking using Gahromatography — Mass

Spectrometry method with lysine as a model system

Four aqueous based lysine solutions (0.5 % b.vysifie) were prepared. Two of them
were subjected to cross-linking with excess of aglaidehyde (9 mol of glutaraldehyde /
1 mol of lysine). In addition, we added hydrochtoaicid to two samples, as it is shown in
Table 6.4. The cross-linking degree of the glutieyde mediated cross-linking with

lysine in comparison with acid hydrolysis was aseds

Table 6.4 Four prepared samples

Lysine

Lysine + Acid

Lysine + Glutaraldehyde

Lysine + Glutaraldehyde + Acid

These samples were appropriately diluted and gelftsine content was measured by Gas

Chromatography with Mass Selective Detection (GCrMS
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Figure 6.17 Concentration of free lysine in anallyk®ir samples

From the results displayed in Figure 6.17 it isacléhat the analytical technique is useful
for the detection of free lysine. The analysisafample of known concentration resulted
in a value close to the theoretical value. Treptiygsine with the acid resulted in a
decrease in the levels of detected lysine, dueyttiatysis. Cross-linking of lysine with
glutaraldehyde resulted in an almost seven timdsct®n in the levels of free lysine.
This indicates that cross-linking reaction procedasvever the reaction has not gone to
completion. If cross-linking is complete, therelvié no detectable free lysine.

The cross-linked sample with acid contained in@ddevels of free lysine compared with
the fully cross-linked sample. This indicates ttiat glutaraldehyde-lysine adduct is not
stable to acid hydrolysis. This experiment showeat tindication of the cross-linking
process degree can be obtained using free lysineeatration as a model system by
GCMS method.
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Further analysis of collagen hydrolyzate, the tssof which are illustrated in Figure 6.18
indicates that it is possible to detect two sulxstanlysine and hydroxyproline, in this
sample.

120 000
100 000 1
80000 -
60000 -
40000

20000 -

Number of nmols in 0.5 gram of Hykol-E [-]

Lysine Hydroxyproline

Figure 6.18 Content of free lysine and hydroxyprelin the measured sample of 0.5 g of
Hykol-E

Gas chromatography method is a very accurate lalygréechnique and can be used as
a reference measurement, but it is expensive amdtducomplexity of fine chemical
methodology it is not suitable for common practittewas used as an alternative to
physical methods and for comparison with methodghvare instrumentally simpler and

usable in practice.
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Optical method

Spectrophotometric measurement of absorbance

This measurement was carried out to evaluate ttenpal of spectrophotometric analysis
for the monitoring of cross-linking reactions. Sdaspcontaining collagen hydrolyzate and
6 % b.w. of glutaraldehyde were prepared and alibiwereact for varying lengths of time

(0, 2, 5, 10 and 20 minutes) before addition ofldoi prevent further reaction. Samples
containing collagen hydrolyzate and distilled wdtgrblank test were also evaluated. The
UV/Visible spectrum of the solution was obtained &ach sample, which is shown in

Figure 4.

distilled water

without cross-linker agent
after 2'

after 5'

after 10'

after 20'

Absorbance [-]

-0.5
200 300 400 500 600 700 800
Wavwelength [nm]

Figure 6.19 UV/Visible Spectrum of time-variouskpss-linked Hykol-E with 6 % b.w. of
glutaraldehyde and distilled water
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The aim of comparing the UV/Visible spectrum wasd&iermine the optimum point on
the spectrum for monitoring differences in the tscrates. From Figure 6.19, the largest
difference in absorbance can be seen at about @6&he points are highlighted by a
circle). For practical applications, however, tigible range between approximately

400 nm and 750 nm is the most suitable.
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Figure 6.20. Maximal difference in absorbance wépect to wavelength

Within the visible range it can be determined (Bierire 6.20) that the biggest differences
in absorbance occur at about 400 nm. For practieakons, absorbance of the
experimental samples was measured in visible spacat 400 nm and the results are

displayed in Figure 6.21.
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Figure 6.21 Absorbance at 400 nm during reactiocotifgen hydrolyzate with
glutaraldehyde

As this technique proved to be successful (illuettain Figure 6.21), absorbance of
the cross-linking reaction was monitored continlypusThe results are shown in Figure
6.22. From the automatic control point of view,stlsieems to be a valuable tool for the

on-line monitoring of the cross-linking reactiowvdtving glutaraldehyde.
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Figure 6.22 Time dependence of absorbance durangribss-linking reaction

This research illustrates the potential for devielgpmeasurement techniques of the cross-
linking degree that occurs between proteins andselioking agents. These trials have
shown that this method can be utilized in indukpractice. The method of monitoring the
absorbance changes of the solutions is promisirapasline technique. It is obvious that

a quick and reliable method can be developed and Inawve implications in many
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industrial areas including the productions of geks or sausage casings.
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Colorimetric measurement of RGB components

Using a digital camera containing optical sensqresents simple and relatively cheap
way for automatic monitoring of sample colour chesglin this experiment, Canon
PowerShot A70 containing CCD sensor was used ftoriotetric measurement of the
cross-linking process of Hykol-E with 6 % b.w. dutraldehyde. Five pictures were
obtained, each of them at specific time during ¢hess-linking reaction. The obtained
pictures were pre-processed in Adobe Photoshop &8P appropriately trimmed and
properly saved. The resulting images were thengased using own user function realised
in MATLAB and shown in Figure 6.23. It was possiltiée determine the red, green and
blue colour components for each individual pixeldefined area of the picture. All

selected pixels in the image were averaged for eagtponent.

Figure 6.23 Change of solution colour during theserlinking reaction, from left: without

glutaraldehyde, after 2, 5, 10 and 20 minutes.

Individual components were drawn with respectmtetand can be seen in Figure 6.24.
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Figure 6.24 Change of RGB components during theseliaking reaction of Hykol-E with

6 % b.w. of glutaraldehyde measured discontinuously

Moreover, four samples containing Hykol-E with 29%%, 5% and 6 % b.w.

of glutaraldehyde were prepared. The cross-linkegrtion was continuously monitored
by web-camera with CMOS sensor. Stored data in fofnthe video file(*.avi) was
processed via own user function in Matlab and eesalt, picture obtained from every key
frame were further processed. The suitable pattie@picture was evaluated as the change
of RGB component. The results are shown in Figud®,6Figure 6.26, Figure 6.27 and
Figure 6.28.
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Figure 6.25 Change of RGB components during theselioking reaction of Hykol-E with
2 % b.w. of glutaraldehyde
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Figure 6.26 Change of RGB components during theselioking reaction of Hykol-E with
3 % b.w. of glutaraldehyde

95



260 -

240 fo e — — Fed component

— Blue component
220 |- Green companent

200+

RGE values [-]

0 100 200 300 400 500 00
Time [s]

Figure 6.27 Change of RGB components during theseliaking reaction of Hykol-E with
5 % b.w. of glutaraldehyde
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Figure 6.28 Change of RGB components during theselioking reaction of Hykol-E with
6 % b.w. of glutaraldehyde
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As can be seen in above-mentioned pictures, evagjescurve is similar to each other.
Some accidental disturbances occurred during thetiom. For example, in Figure 6.26,
there is a step at approximately 220 second. Time gmoblem is in Figure 6.27 and Figure
6.28, there is fluctuation of RGB values as welth8ugh an artificial lighting was used,
some disturbances occurred due to different ligiiddions during the measurement. The
main changes are in blue colour and these resut® @bsorbance measurement described

above.
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Figure 6.29 Comparison of LYS/HYP ratio measurenigngas chromatography and

absorbance measurement at 400 nm by spectrophoyomet
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Relationship between absorbance measurement andelifgdroxyprolyne ratio during
the cross-linking process can be observed anddbiscould be utilized in manufacturing

practice.

In general, we can say that optical methods refteeinging values of absorbance which
also means concentration of relevant aldol resththarefore we can utilize it and control
the reaction process in desired way by proper obattions. It is clear that these colour
parameter measurements represent a valuable todhdomonitoring of the cross-link
formation. The colorimetric methods are instrumiytsimpler and allow using camera
systems not only for measurement of change in cdbot also for partial monitoring of

manufacturing process and supervision of the primluéine or work safety, for example.

98



7 DISCUSSION OF THE RESULTS

Increasing prices of chemicals, water and energwels as serious problems related to
environmental protection and permanent leather faaturing as a topic of growing
importance, require optimization and rationalizatiof measurement processes in the

leather industry.

In this thesis, cross-linking reaction of collagmaterial was chosen as tangible case of
natural polymer treatment. This reaction has prattneaning especially in production of
biodegradable casings, capsulates, medical suppliegalth service (singe treatment) etc.
Another utilization of collagen hydrolyzate can Iproduction of clearly natural
bio-composite material. Suitably cross-linked hyyizate collagen together with vegetal
fibres such as linen or hemp comprise matrix. Theseposites can be used as an
adhesive material in wood industry. It could beoalsed instead of plastic bags for

packaging.

This thesis is focused on the problems with pradacof artificial casings. The first step
of mathematical modelling was description of theaiyic system consisted of kinetics of
consecutive and lateral reactions. With respethécfact that this is the first approach to
gquantitative description, we assumed that diffusietarding influence of reactants is
negligible and the reaction rate is determined Iyetics of cross-linking reaction.
Quantitative description of dynamic system is repnéed by nonlinear vector differential
equations and due to the character of the workyas necessary to linearize these
equations. Development in Taylor's series was applvith neglect of the higher order
members. This procedure resulted in determinatfomamsfer matrix, which reflects the
real cross-linking system. Before control desigimutative calculations of time
dependencies of individual components were cawigd Time and concentration profiles
were dependent on the velocity constants, the salfe which differ according to

acidobasic medium of cross-linking process. In aidito the main cross-linking reaction,
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another undesirable lateral reactions represenyedldnl processes arise. The result of
these parasitic reactions is not only the coloratibthe end product, but also inconvenient
sensorial quality. Cardinal advantage of matherab8anulation lies in the fact that we

can estimate desirable conditions of reaction lmp@r change of acidobasic concentration

and control the reaction in desired way.

From the reaction mechanism investigation pointviefiv, a very valued result is the
experimental measurement based on conductivitynduthe cross-linking process.
Aldehydes were used as cross-linking agents, ircase glutaraldehyde and glyoxal, both
of them being non-conducting chemicals. Condugtivitff Hykol-E is practically
insignificant. Molar weight of collagen hydrolyzatesed for our measurements was
approximately 30 kD; therefore it is considerecbpolyelectrolyte, the terminal groups
of which comprise closed cycle. Movement of thegeles is very small and for that
reason their small conductivity can be explaindtedt of cross-linking process in the first
step causes opening the cycle and simultaneousisoggn ion is released. This activity
decreases pH value of the reaction systesnaffects the velocity constants and among
others, makes the system conductible as a consegueh small size. Mentioned

mechanism has not been described in availablatiitex yet.

Finding successful application of sensory methoskich can monitor cross-linking
process, represents another important result. Hemvevith regard to complexity and
mutual interaction between individual reactionasps and chosen sensory measurements,
the exact principle was not sufficiently explainédevertheless, these methods can be
useful during experimental identification of thes®m and for control via stochastic
models. A brief overview of used measurement tepies, their advantages and

disadvantages is given in the following lines.
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Dielectric measurementshave advantages as follows:
- quick measurement
- cheap
- historically well researched
- high sensitivity
Disadvantages:
- contact measurement
- measurement of electrical quantities carry sonerfietences (noise)

- problem can be high water content in sample

Spectrophotometry methodshave advantages as follows:
- good reproducibility
- very accurate
Disadvantages:
- more expensive
- instrumentation is more complex

- prevention necessity of parasitic light sources

Colorimetry measurementshave advantages as follows:
- nowadays very cheap
- versatile

Disadvantages:

- scene lightning influence on measured quantities

Gas Chromatography Mass Spectrometry methodhas advantages as follows:
- accurate reference method

Disadvantages:
- very expensive

- suitable for laboratory, not for practice and istily
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- not applicable to online measurement

Suggestions for further research in this field:

- to apply mentioned methods during treatment of ¢lable composites and
bio-composites

- to engage the deterministic model in other cradssg systems, for example,
another aldehydes (glyoxal, acetaldehyde), enzgnoatiss-linking (trans-

glutaminase) or other physical procedures (ionizadjation)

At the end | would like to remark that many meamgsts and trials were realised, but
only some of them are published in this work. Meerp most presented data in
Appendix A - B was proportionally reduced to fixiethgth of 35 values over the measured
interval. If | would put all measurements in thiesis, it would have mammoth size. All
measured data was saved and can be available igitblectronic form or in my laboratory
note book.
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8 OUTPUTS FOR MANUFACTURING PRACTICE

One of the most important results was the proofesf/iceability of process engineering
theoretical tools for rationalization, optimizati@nd application of automated systems
during natural polymer treatment. The results othmmatical simulation can determine
optimal conditions of manufacturing process notyoiflom the energy saving or
environment protection point of view, but they algptimize desired mechanical and
sensorial quality of the end products. The resals absolutely general and can be
extrapolated; it means that verified mathematicalels can be used for other processes
described by the same chemical-physical mecharfiem.example, kinetic equations of
artificial casing cross-linking are valid for pration of ecological adhesive, protective

polymer colloids, capsulates, medication etc.

Another practical output is the fact that experitabmethods can be directly used for
control of devices producing collagen foils by blanoulding, extruding, casting or

impregnation.

Treatment of natural material represented by coxplel often variable input parameters
produces considerable amount of waste, the econatitization of which is still being
searched for. Results of this work, both in thécabtand practical respect, can minimize

formation of minor products and waste during ndtpodymer treatment.
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APPENDIX A

Measurement 1 Measurement 2 Measurement 3 Measurement 4
Time [s] D [-]| Time [s] D [-]| Time [s] D [-]| Time [s] D[]
22| 0,3767 41| 0,3841 36| 0,2575 32| 0,3864
43| 0,3815 78| 0,3886 70| 0,2646 62| 0,3998
63| 0,3843 115| 0,3912 103] 0,2694 92| 0,4044
83| 0,3864 168| 0,3937 141 0,2726 123] 0,4073
105| 0,3881 217| 0,3958 222| 0,2757 153] 0,4093
127| 0,3897 274 0,3974 307| 0,2782 183] 0,4108
147]| 0,3908 311 0,3980 356| 0,2790 213 0,4121
179] 0,3923 362| 0,3991 395| 0,2795 243 0,4132
235| 0,3947 408| 0,4001 449| 0,2801 273| 0,4148
295| 0,3971 463| 0,4010 500/ 0,2807 303| 0,4156
354| 0,3987 543| 0,4014 537| 0,2810 333| 0,4163
400| 0,4004 600| 0,4025 574| 0,2814 363| 0,4170
440| 0,4012 650/ 0,4033 611| 0,2818 392| 0,4176
480| 0,4021 692| 0,4037 648| 0,2821 423| 0,4182
520| 0,4030 747 0,4041 690| 0,2824 453| 0,4187
561| 0,4034 794 0,4046 726| 0,2827 483| 0,4192
601| 0,4043 837| 0,4047 761| 0,2830 514| 0,4196
635| 0,4048 889| 0,4052 797| 0,2832 544 0,4200
685| 0,4057 934| 0,4051 832| 0,2834 574 0,4204
723| 0,4063 972| 0,4054 867| 0,2836 604| 0,4208
765| 0,4069 1019| 0,4055 903| 0,2838 634| 0,4213
799| 0,4070 1071 0,4059 938| 0,2840 664| 0,4215
840| 0,4074 1132 0,4060 973| 0,2841 694| 0,4218
892| 0,4080 1176| 0,4065 1009| 0,2843 724 0,4220
926| 0,4082 1212 0,4065 1044| 0,2845 754 0,4222
963| 0,4087 1249 0,4067 1080| 0,2846 784 0,4224
990| 0,4087 1285| 0,4063 1116| 0,2847 814| 0,4226
1027 0,4088 1323 0,4067 1151| 0,2849 844| 0,4228
1054| 0,4092 1360| 0,4069 1187| 0,2850 874| 0,4233
1091| 0,4093 1397| 0,4072 1224| 0,2851 905| 0,4235
1139| 0,4094 1435| 0,4070 1260| 0,2853 934| 0,4236
1176| 0,4097 1473 0,4073 1296| 0,2854 965| 0,4237
1201| 0,4099 1518| 0,4075 1331| 0,2855 996| 0,4238
1229 0,4099 1561| 0,4073 1367| 0,2856 1036| 0,4240
1271] 0,4100 1600| 0,4073 1403| 0,2857 1074| 0,4241

Table A.1 Sample (Hykol-E with 1% b.w. of glutarakd/de), four same measurements of

dissipation factor with respect to time.



Measurement 1 Measurement 2 Measurement 3 Measurement 4
Time [s] D'[-]| Time [s] D'[-]| Time [s] D'[-]| Time [s] D'[-]
22| 0,2990 41| 0,3593 36|/ 0,5193 32| 0,5421
43| 0,4007 78| 0,4803 70| 0,6400 62| 0,7044
63| 0,4592 115| 0,5502 103] 0,7218 92| 0,7609
83| 0,5034 168| 0,6184 141| 0,7748 123] 0,7958
105| 0,5397 217 0,6739 222 0,8274 153] 0,8195
127| 0,5733 2741 0,7181 307| 0,8701 183| 0,8377
147| 0,5949 311| 0,7340 356/ 0,8839 213| 0,8537
179] 0,6274 362| 0,7632 395| 0,8924 243| 0,8673
235| 0,6772 408| 0,7901 449| 0,9030 273| 0,8858
295| 0,7269 463| 0,8155 500| 0,9126 303| 0,8960
354| 0,7617 543| 0,8256 537| 0,9189 333| 0,9045
400| 0,7969 600| 0,8545 574| 0,9252 363| 0,9128
440 0,8151 650| 0,8779 611 0,9310 392| 0,9203
480| 0,8334 692| 0,8875 648| 0,9365 423| 0,9270
520| 0,8530 747 0,8974 690| 0,9419 453| 0,9335
561| 0,8600 794 0,9118 726| 0,9471 483| 0,9395
601| 0,8802 837| 0,9144 761| 0,9525 514| 0,9450
635| 0,8910 889| 0,9278 797 0,9560 544 0,9500
685| 0,9084 934| 0,9241 832| 0,9593 574 0,9545
723| 0,9214 972| 0,9333 867| 0,9627 604| 0,9590
765| 0,9332 1019| 0,9352 903| 0,9657 634| 0,9647
799| 0,9365 1071 0,9462 938| 0,9685 664| 0,9679
840| 0,9443 1132 0,9498 973| 0,9715 694| 0,9712
892| 0,9568 1176| 0,9626 1009| 0,9742 724 0,9737
926| 0,9615 1212 0,9634 1044| 0,9768 754 0,9762
963| 0,9719 1249| 0,9695 1080| 0,9792 784 0,9786
990| 0,9719 1285| 0,9575 1116 0,9817 814| 0,9809
1027| 0,9746 1323]| 0,9672 1151| 0,9840 844| 0,9835
1054| 0,9821 1360| 0,9743 1187| 0,9862 874| 0,9893
1091| 0,9845 1397| 0,9823 1224| 0,9885 905| 0,9913
1139| 0,9877 1435| 0,9774 1260| 0,9912 934| 0,9933
1176| 0,9936 1473 0,9844 1296| 0,9933 965| 0,9947
1201 0,9968 1518| 0,9909 1331| 0,9953 996| 0,9960
1229| 0,9969 1561| 0,9836 1367 0,9968 1036| 0,9976
1271] 0,9987 1600| 0,9853 1403| 0,9983 1074| 0,9989

Table A.2 Sample (Hykol-E with 1% b.w. of glutatahyde), four same measurements of

standardized dissipation factor with respect teetim



1% b.w. of 2 % b.w. of 3 %b.w. of 4 % b.w. of 5 %b.w. of 6 % b.w. of
glutaraldehyde| glutaraldehyde| glutaraldehyde| glutaraldehyde| glutaraldehyde| glutaraldehyde
Time [s] D [-] |Time [s] D [-] |Time [s] D [-] |Time [s] D [-] |Time [s] D [-] |Time [s] D [-]
64| 0,2950 48] 0,2526 61| 0,3180 33| 0,3000 61| 0,3533 35/ 0,3052
118 0,3047 94| 0,2547 121] 0,3246 64| 0,3065 120{ 0,3490 68| 0,2998
173[ 0,3096 140 0,2563 180/ 0,3277 96| 0,3090 180( 0,3449 101 0,2952
228| 0,3125 187| 0,2575 240( 0,3296 127( 0,3103 239| 0,3413 134 0,2915
282| 0,3151 233] 0,2583 299( 0,3309 159/ 0,3112 299 0,3385 167/ 0,2887
337] 0,3170 279] 0,2590 359] 0,3318 190 0,3120 358] 0,3361 200 0,2865
392| 0,3188 326| 0,2597 418] 0,3327 222] 0,3126 418| 0,3340 233] 0,2852
446| 0,3199 372] 0,2604 478| 0,3334 253] 0,3131 478| 0,3322 266| 0,2833
501| 0,3211 418 0,2609 545] 0,3341 2841 0,3135 537] 0,3305 299| 0,2819
555| 0,3219 464 0,2613 604] 0,3344 316] 0,3139 597] 0,3291 332| 0,2811
610| 0,3228 511) 0,2618 664| 0,3347 347] 0,3143 656| 0,3277 366| 0,2795
665| 0,3234 557]| 0,2622 724] 0,3350 379] 0,3146 716] 0,3264 399| 0,2783
719] 0,3243 604| 0,2623 783] 0,3353 410] 0,3149 775] 0,3253 432]| 0,2777
774] 0,3250 650| 0,2627 843] 0,3359 442] 0,3152 835] 0,3242 465] 0,2769
828] 0,3256 696| 0,2629 902] 0,3360 473] 0,3154 894| 0,3231 498| 0,2763
883] 0,3260 742] 0,2631 962] 0,3362 504| 0,3157 954| 0,3221 531| 0,2753
938] 0,3268 789| 0,2633 1022] 0,3363 536| 0,3159 1013] 0,3212 564| 0,2747
992| 0,3270 835] 0,2635 1081] 0,3364 567] 0,3161 1073] 0,3203 597] 0,2740
1047| 0,3276 881| 0,2637 1141] 0,3365 599] 0,3163 1132] 0,3195 630| 0,2738
1101 0,3280 928| 0,2638 1201] 0,3366 630] 0,3165 1192] 0,3187 663| 0,2732
1156 0,3281 974] 0,2639 1260] 0,3367 661| 0,3167 1251] 0,3182 696| 0,2723
1211 0,3289 1021 0,2640 1319] 0,3368 693] 0,3169 1311]| 0,3174 729| 0,2722
1265| 0,3289| 1067 0,2643| 1380] 0,3369 724]| 0,3170] 1371] 0,3166 762| 0,2715
1320] 0,3292] 1113|0,2643| 1441] 0,3369 755]| 0,3172| 1431] 0,3158 795| 0,2714
1376] 0,3294 1160]| 0,2643 1503] 0,3370 7871 0,3173 1493] 0,3151 829] 0,2711
1433| 0,3297 1206]| 0,2644 1565] 0,3371 818| 0,3175 1555| 0,3144 862| 0,2701
1489| 0,3300 1252 0,2645 1626]| 0,3372 850| 0,3179 1617] 0,3138 895| 0,2701
1546 0,3302 1299] 0,2645 1688] 0,3372 881| 0,3180 1678] 0,3131 928] 0,2693
1603| 0,3305 1346] 0,2646 1750] 0,3372 913) 0,3182 1740] 0,3125 961| 0,2690
1659 0,3308 1393] 0,2646 1812] 0,3373 9441 0,3183 1802] 0,3119 994] 0,2689
1716 0,3311 1440]| 0,2647 1874] 0,3373 976| 0,3185 1863| 0,3112 1027| 0,2684
1772| 0,3313 1488]| 0,2647 1935] 0,3374 1007 0,3185 1925] 0,3107 1061 0,2679
1829 0,3315 1536]| 0,2647 1997] 0,3374 1038| 0,3186 1987] 0,3100 1094 0,2675
1885| 0,3318 1584] 0,2648 2059] 0,3374 1070| 0,3187 2048| 0,3095 1127] 0,2672
1942 0,3320 1632] 0,2648 2121] 0,3375 1101 0,3188 2110/ 0,3089 1160 0,2668

Table A.3 Sample (Hykol-E with

dissipation factor with respect to time.

1% - 6 % b.w. olugraldehyde), measurements of




1%b.w. of 2 %b.w. of 3 % b.w. of 4 % b.w. of 5% b.w. of 6 % b.w. of
glutaraldehyde| glutaraldehyde| glutaraldehyde| glutaraldehyde| glutaraldehyde| glutaraldehyde
Time [s] D' [-] |Time [s] D' [-] |Time [s] D' [-] |Time [s] D' [-] |Time [s] D' [-] |Time [s] D'[-]
64| 0,4161 48| 0,3905 56| 0,6646 33| 0,7112 61] 0,9815 35| 0,9825
118| 0,5690 94| 0,4970 111| 0,7766 64| 0,8087 120| 0,8868 68| 0,8462
173] 0,6459 140] 0,5731 165]| 0,8287 96| 0,8459 180] 0,7969 101| 0,7296
228] 0,6918 187] 0,6373 220] 0,8631 127] 0,8661 239| 0,7188 134| 0,6371
282] 0,7325 233]| 0,6732 275] 0,8843 159 0,8805 299| 0,6557 167] 0,5668
337] 0,7637 279] 0,7100 329( 0,9000 190 0,8915 358] 0,6028 200| 0,5109
392] 0,7911 326| 0,7436 384( 0,9141 222] 0,9006 418 0,5580 233] 0,4783
446| 0,8092 372]| 0,7811 438] 0,9269 253] 0,9081 478( 0,5180 266| 0,4282
501| 0,8272 418 0,8060 4931 0,9370 284] 0,9149 537]| 0,4819 299] 0,3948
555| 0,8405 464( 0,8254 555 0,9456 316| 0,9209 597| 0,4496 332( 0,3738
610| 0,8554 511| 0,8504 609 0,9511 347] 0,9263 656| 0,4193 366 0,3316
665] 0,8637 557| 0,8707 664 0,9556 379] 0,9313 716| 0,3913 399( 0,3021
719] 0,8792 604| 0,8767 719( 0,9597 410| 0,9359 775] 0,3668 432] 0,2866
774] 0,8889 650| 0,8969 773 0,9640 442] 0,9399 835| 0,3417 465]| 0,2680
828] 0,8990 696| 0,9060 828( 0,9679 473 0,9438 894] 0,3181 498| 0,2529
883] 0,9056 742] 0,9164 882( 0,9773 504] 0,9472 954( 0,2966 531( 0,2255
938| 0,9184 789| 0,9270 937( 0,9786 536| 0,9506 1013]| 0,2767 564 0,2116
992 0,9218 835 0,9362 992( 0,9810 567] 0,9536 1073] 0,2572 597 0,1925
1047] 0,9301 881 0,9436 1047 0,9830 599| 0,9566 1132| 0,2395 630/ 0,1892
1101) 0,9368 928 0,9506 1101/ 0,9848 630| 0,9593 1192| 0,2223 663( 0,1735
1156| 0,9391 974 0,9556 1156] 0,9863 661] 0,9619 1251] 0,2108 696( 0,1495
1211 0,9509 1021| 0,9619 1210| 0,9878 693] 0,9650 1311| 0,1925 729( 0,1486
1265| 0,9513 1067| 0,9754 1265] 0,9890 724] 0,9674 1371| 0,1754 762( 0,1301
1320 0,9557 1113| 0,9745 1319] 0,9900 755] 0,9697 1431| 0,1593 795/ 0,1280
1376 0,9585 1160| 0,9748 1375] 0,9913 787] 0,9719 1493| 0,1443 829( 0,1208
1433] 0,9641 1206| 0,9785 1431 0,9925 818| 0,9742 1555| 0,1278 862 0,0940
1489]| 0,9677 1252| 0,9837 1487 0,9933 850| 0,9805 1617]| 0,1139 895 0,0943
1546| 0,9724 1299| 0,9864| 1544 0,9943 881| 0,9826 1678| 0,1004 928( 0,0754
1603] 0,9767 1346| 0,9893 1601 0,9949 913| 0,9845 1740| 0,0858 961 0,0681
1659| 0,9813 1393] 0,9908 1658]| 0,9965 944] 0,9869 1802| 0,0726 994| 0,0650
1716 0,9858 1440| 0,9929 1714] 0,9968 976| 0,9890 1863| 0,0584 1027] 0,0513
1772| 0,9897 1488| 0,9948 1771] 0,9970 1007 0,9902 1925| 0,0459 1061| 0,0381
1829| 0,9929 1536| 0,9968 1828| 0,9982 1038 0,9915 1987| 0,0320 1094]| 0,0299
1885| 0,9966 1584| 0,9982 1884( 0,9993 1070] 0,9929 2048( 0,0199 1127( 0,0222
1942] 1,0000 1632| 0,9983 1941 0,9996 1101] 0,9944| 2110{ 0,0075 1160 0,0114
Table A.4 Sample (Hykol-E with 1% - 6 % b.w. olugiraldehyde), measurements of

standardized dissipation factor with respect teetim




1% b.w. of 2 % b.w. of 3 % b.w. of 4 % b.w. of 5 % b.w. of 6 % b.w. of

glyoxal glyoxal glyoxal glyoxal glyoxal glyoxal

Time [s] D [-] |Time [s] D [-] |Time [s] D [-] |Time [s] D [-] |Time [s] D [-] |Time [s] D [-]
35| 0,2136 31| 0,1563 36| 0,2582 36| 0,2834 37| 0,3870 37| 0,2842

68| 0,2214 61| 0,1569 71| 0,2603 71| 0,2865 72| 0,3867 70| 0,2824
101{ 0,2253 91| 0,1575 106| 0,2610 106/ 0,2870 107] 0,3837 103| 0,2807

134| 0,2279 121] 0,1580 141] 0,2612 141| 0,2872 141| 0,3808 136| 0,2792
167] 0,2302 151] 0,1586 176] 0,2612 176| 0,2872 176] 0,3776 169] 0,2779
201] 0,2328 181] 0,1589 211] 0,2614 211] 0,2871 211] 0,3749 202] 0,2768
236] 0,2349 211] 0,1591 245] 0,2614 246] 0,2868 245] 0,3722 235 0,2758
272 0,2369 241] 0,1594 280] 0,2612 281] 0,2866 280] 0,3702 269] 0,2750
305/ 0,2386 271] 0,1596 315] 0,2610 316/ 0,2864 315/ 0,3684 302| 0,2743
338] 0,2399 301 0,1599 349] 0,2610 351] 0,2863 349 0,3668 335] 0,2737
372] 0,2410 331 0,1603 384] 0,2608 386/ 0,2861 384 0,3653 368] 0,2731
405] 0,2422 361 0,1603 419] 0,2606 421] 0,2858 419] 0,3640 401 0,2726
438] 0,2434 391] 0,1606 454 0,2606 455/ 0,2855 453] 0,3628 434] 0,2722
471] 0,2446 421] 0,1606 489| 0,2605 490( 0,2852 488] 0,3621 467| 0,2718
505 0,2460 451] 0,1608 523| 0,2604 525 0,2850 523| 0,3610 500] 0,2715
538 0,2468 481] 0,1610 558] 0,2603 560 0,2847 557] 0,3601 533 0,2711
571] 0,2479 s511| 0,1611 593] 0,2603 595 0,2846 592[ 0,3593 566| 0,2708
605] 0,2488 s541] 0,1612 628] 0,2603 630] 0,2845 627] 0,3585 599] 0,2705
638/ 0,2501 571| 0,1613 662| 0,2602 665 0,2843 661[ 0,3578 633| 0,2703
672 0,2509 601 0,1615 697| 0,2601 700| 0,2841 696/ 0,3573 665| 0,2700
705] 0,2514 631] 0,1616 732] 0,2601 735] 0,2839 730] 0,3569 699] 0,2698
738] 0,2522 661] 0,1617 766] 0,2601 770] 0,2837 765 0,3565 732] 0,2697
771 0,2531 691 0,1617 801] 0,2600 805] 0,2835 800[ 0,3559 765] 0,2695
805] 0,2535 721] 0,1618 836] 0,2599 840] 0,2833 834] 0,3555 798] 0,2692
838| 0,2542 751| 0,1619 871| 0,2599 875| 0,2831 869/ 0,3552 831 0,2691
871[ 0,2547 781 0,1620 906] 0,2598 910] 0,2831 904| 0,3549 864 0,2689
905/ 0,2552 811 0,1629 940] 0,2598 945] 0,2829 939] 0,3545 897] 0,2688
938] 0,2558 841 0,1629 975] 0,2599 980/ 0,2827 974 0,3541 930] 0,2686
972] 0,2564 871] 0,1630] 1011] 0,2595] 1015] 0,2826] 1010] 0,3539 963] 0,2685
1005] 0,2567 901 0,1631| 1045| 0,2593| 1050{ 0,2824| 1046] 0,3537 996| 0,2684
1039] 0,2569 931| 0,1631] 1080] 0,2592| 1085| 0,2823] 1081| 0,3533] 1029] 0,2682
1072] 0,2576 961| 0,1632] 1115] 0,2592] 1120[0,2822] 1117/ 0,3531] 1062] 0,2681
1105] 0,2581 991| 0,1633] 1150] 0,2591] 1155] 0,2821] 1153]| 0,3531] 1095] 0,2680
1138 0,2586] 1021] 0,1634] 1184| 0,2592] 1189] 0,2819] 1189] 0,3528] 1128] 0,2679
1172| 0,2588| 1051| 0,1634| 1219f 0,2591| 1224]| 0,2819] 1224[0,3525[ 1161] 0,2678

Table A.5 Sample (Hykol-E with 1% - 6 % b.w. of/gkal), measurements of dissipation

factor with respect to time.



1%b.w. of 2 %b.w. of 3 % b.w. of 4 % b.w. of 5% b.w. of 6 % b.w. of
glyoxal glyoxal glyoxal glyoxal glyoxal glyoxal

Time [s] D' [-] |Time [s] D' [-] [Time [s] D' [-] |Time [s] D' [-] |Time [s] D' [-] [Time [s] D'[-]
35| 0,2195 31| 0,1540 36| 0,9019 36| 0,9042 37] 0,9868 37| 1,0000
68| 0,3515 61] 0,2151 71| 0,9622 71| 0,9804 721 0,9771 70| 0,8887
101} 0,4183 91] 0,2967 106( 0,9821 106| 0,9936 107| 0,8915 103 0,7878
134] 0,4630 121 0,3477 141 0,9899 141| 0,9995 141| 0,8077 136 0,7002
167| 0,5031 151( 0,4179 176 0,9878 176| 0,9986 176| 0,7183 169( 0,6223
201] 0,5468 181 0,4554 211] 0,9942 211| 0,9973 211] 0,6412 202| 0,5537
236| 0,5827 211] 0,4881 245] 0,9945 246| 0,9901 245] 0,5639 235| 0,4952
272] 0,6174 241] 0,5175 280| 0,9897 281| 0,9830 280] 0,5068 269| 0,4472
305| 0,6461 271] 0,5479 315] 0,9836 316| 0,9782 315] 0,4556 302| 0,4072
338| 0,6687 301] 0,5727 349] 0,9827 351| 0,9752 349] 0,4077 335] 0,3699
372| 0,6880 331] 0,6206 384| 0,9776 386| 0,9722 384] 0,3666 368| 0,3324
405] 0,7080 361| 0,6233 419( 0,9716 421] 0,9644 4191 0,3275 401( 0,3020
438] 0,7294 391] 0,6602 454 0,9709 455] 0,9557 4531 0,2940 434( 0,2785
471] 0,7500 4211 0,6661 489( 0,9674 490] 0,9485 488| 0,2747 467 0,2570
505| 0,7739 451] 0,6886 523] 0,9659 525| 0,9443 523] 0,2431 500]| 0,2349
538| 0,7871 481| 0,7036 558| 0,9624 560| 0,9365 5571 0,2160 533] 0,2136
571| 0,8051 511] 0,7183 593] 0,9629 595| 0,9342 5921 0,1928 566| 0,1936
605| 0,8213 541] 0,7278 628| 0,9634 630| 0,9305 627] 0,1719 599] 0,1798
638| 0,8433 571] 0,7394 662| 0,9598 665| 0,9265 661| 0,1521 633] 0,1632
672| 0,8567 601| 0,7729 697] 0,9570 700] 0,9205 696| 0,1374 665| 0,1470
705| 0,8662 631]| 0,7767 732] 0,9581 735| 0,9176 730] 0,1245 699| 0,1368
738| 0,8789 661| 0,7934 766| 0,9560 770] 0,9122 765] 0,1131 732] 0,1262
771| 0,8953 691| 0,7946 801| 0,9535 805| 0,9070 800]| 0,0984 765| 0,1157
805| 0,9023 721] 0,8039 836]| 0,9528 840| 0,9018 834] 0,0864 798| 0,1021
838| 0,9143 751] 0,8161 871] 0,9511 875| 0,8961 869] 0,0761 831| 0,0915
871] 0,9219 781] 0,8331 906| 0,9489 910] 0,8961 904| 0,0672 864| 0,0834
905] 0,9312 811] 0,9305 940]| 0,9489 945] 0,8901 939] 0,0564 897] 0,0748
938] 0,9400 841] 0,9396 975] 0,9502 980] 0,8862 974| 0,0444 930]| 0,0645
972] 0,9511 871] 0,9488 1011] 0,9401 1015| 0,8848 1010 0,0389 963| 0,0563
1005| 0,9569 901| 0,9539 1045] 0,9357 1050| 0,8799 1046( 0,0327 996| 0,0521
1039| 0,9596 931| 0,9623 1080] 0,9326 1085| 0,8758 1081| 0,0240 1029] 0,0418
1072| 0,9712 961| 0,9737 1115] 0,9306 1120| 0,8725 1117| 0,0177 1062] 0,0314
1105| 0,9806 991| 0,9846 1150] 0,9290 1155| 0,8700 1153| 0,0157 1095] 0,0263
1138 0,9880 1021| 0,9954 1184] 0,9329 1189| 0,8673 1189 0,0091 1128] 0,0234
1172 0,9919 1051 0,9981 1219] 0,9284 1224] 0,8653 1224( 0,0011 1161] 0,0128

Table A.6 Sample (Hykol-E with 1% - 6 % b.w.

standardized dissipation factor with respect tetim

ofygkal), measurements of




Epoxy resin Hykol-E
Time [s] T emperature[°C]

13 22,9 22,4
27 22,9 22,3
41 23,0 22,3
55 23,2 22,3
69 23,3 22,3
83 23,3 22,3
97 23,3 22,3
111 23,6 22,3
125 23,8 22,3
139 24,1 22,2
153 24,8 22,2
167 30,5 22,2
181 36,8 22,1
195 40,2 22,1
209 39,5 22,1
223 37,9 22,0
237 36,4 22,0
251 35,1 22,0
265 33,6 22,0
279 32,3 22,0
293 31,2 22,0
307 30,3 21,9
321 29,5 22,0
335 28,8 22,0
349 28,1 22,0
363 27,9 22,0
377 27,4 21,9
391 26,7 22,0
405 26,2 21,9
419 25,8 21,9
433 25,5 21,9
447 25,2 21,9
461 25,0 21,9
475 24,8 22,0
489 24,6 21,9

Table A.7 Temperature changes of Hykol-E durings#inking reaction with 6 % b.w. of
glutaraldehyde at laboratory temperature 22.7°C.



APPENDIX B

Sample
distilled| without coss-
. after 2' after 5' after 10' after 20'
water| linking agent
Wavelength Absorbance [-]
[nm]

206 1,3209 2,3666 2,5172 2,6267 2,5450 2,4881
223 0,6914 1,4152 2,2841 2,4994 2,6089 2,5186
240 0,4317 0,7072 1,4068 1,9367 2,3509 2,4410
257 0,3041 0,5262 1,0298 1,6047 2,1018 2,2780
274 0,2521 0,4449 0,8264 1,3812 1,9017 2,1107
291 0,2171 0,3479 0,6675 1,0753 1,4775 1,6210
308 0,1897 0,2998 0,5922 0,9278 1,2602 1,3835
325 0,1650 0,2592 0,4768 0,7978 1,0824 1,1857
342 0,1455 0,2128 0,3727 0,6654 0,9082 0,9942
359 0,1301 0,1787 0,3049 0,5639 0,7620 0,8424
376 0,1077 0,1458 0,2399 0,4683 0,6332 0,6972
393 0,0878 0,1173 0,1926 0,3941 0,5231 0,5743
410 0,0824 0,1055 0,1680 0,3480 0,4492 0,4901
427 0,0748 0,0961 0,1475 0,3149 0,3925 0,4307
444 0,0643 0,0833 0,1272 0,2724 0,3335 0,3635
461 0,0524 0,0676 0,1026 0,2174 0,2688 0,2928
478 0,0336 0,0507 0,0757 0,1720 0,2167 0,2361
495 0,0295 0,0446 0,0646 0,1485 0,1849 0,1997
512 0,0220 0,0337 0,0523 0,1242 0,1552 0,1657
529 0,0089 0,0192 0,0346 0,0974 0,1239 0,1335
546 0,0022 0,0110 0,0254 0,0808 0,1011 0,1094
563 0,0029 0,0137 0,0238 0,0739 0,0920 0,0964
580 0,0054 0,0129 0,0210 0,0640 0,0797 0,0840
597 0,0040 0,0122 0,0213 0,0588 0,0704 0,0751
614 0,0032 0,0084 0,0171 0,0509 0,0612 0,0612
631 0,0035 0,0082 0,0124 0,0450 0,0507 0,0520
648 0,0060 0,0077 0,0143 0,0434 0,0503 0,0495
665 0,0056 0,0107 0,0150 0,0394 0,0448 0,0425
682 0,0041 0,0076 0,0124 0,0349 0,0404 0,0371
699 -0,0008 0,0029 0,0057 0,0271 0,0289 0,0294
716 -0,0015 0,0002 0,0048 0,0232 0,0237 0,0269
733 0,0140 0,0178 0,0201 0,0362 0,0390 0,0394
750 0,0257 0,0300 0,0307 0,0508 0,0493 0,0469
767 0,0361 0,0396 0,0457 0,0556 0,0536 0,0573
784 0,0397 0,0525 0,0504 0,0659 0,0631 0,0674

Table B.1 UV/Visible spectrum for variously crossked Hykol-E with 6 % b.w. of
glutaraldehyde



Sample

2% b.w. of 4% b.w. of 7 % b.w. of
glutaraldehyde| glutaraldehyde| glutaraldehyde

Time [s] Absorbance [-]
18 1,0696 1,0665 1,1774
38 1,0911 1,0874 1,2545
58 1,0912 1,1329 1,3438
77 1,1169 1,1789 1,4931
97 1,1363 1,2035 1,5832
117 1,1589 1,2566 1,6964
137 1,1752 1,3094 1,8076
157 1,2052 1,3763 1,9055
176 1,2311 1,4095 1,9928
196 1,2490 1,4618 2,0287
216 1,2617 1,4984 2,0354
236 1,2879 1,5437 2,1449
256 1,3183 1,6067 2,1497
275 1,3472 1,6480 2,1562
295 1,3748 1,6665 2,1174
315 1,3928 1,7135 2,2759
335 1,4026 1,6975 2,2912
355 1,4108 1,7767 2,2168
374 1,4424 1,7904 2,1565
394 1,4452 1,8173 2,2320
414 1,4842 1,8662 2,2486
434 1,4997 1,8898 2,2009
454 1,4946 1,8957 2,1635
473 1,5422 1,9014 2,2725
493 1,5415 1,8761 2,2411
513 1,5347 1,9018 2,2967
533 1,5746 1,9269 2,2097
553 1,5615 1,9399 2,2933
572 1,6039 1,882 2,4174
592 1,5890 1,9902 2,2444
612 1,6287 2,0302 2,2354
632 1,6153 2,0485 2,2234
652 1,6429 1,9969 2,2306
671 1,6550 2,0859 2,3273
691 1,6404 2,0716 2,1902

Table B.2 Time dependence of absorbance duringribes-linking reaction of Hykol-E

with various amount of glutaraldehyde



APPENDIX C

1S Lys Ratio Area N[nmol]| Navg[nmol]
° Standard 20a 684 640 187 556 0,2739 0,0000 0
_rg Standard 20b 1717 100 506 584 0,2950 0,2845 4
5 Standard 40a 1516 361 1295410 0,8543
n Standard 40b 1 460 309 1061 057 0,7266 0,7904 8
- Sample 1-1a 1018 854 676 523 0,6640
%_ Sample 1-1b 229 779 186 121 0,8100 0,7370 7,833
% Sample 1-2a 1882 399 1510342 0,8023 7,96
0 Sample 1-2b 1362 777 983 785 0,7219 0,7621 8,087
N Sample 2-1a 2 348 097 10 503 032 4,4730
%_ Sample 2-1b 374 178 2 530 905 6,7639 5,6185 57,240
% Sample 2-2a 3 166 652 11 455 416 3,6175 51,80
n Sample 2-2b 2109 142 11 534 242 5,4687 4,5431 46,356

Table C.1 Amino-acid analysis: Measurements byogasmatography method used for free lysine deteatitin in Sample 250 mg
of LYSINE + 10,25 ml of 0,1M NaHCO;) and in the Sample 1, which is the same solutios pxcess of glutaraldehyd®,25 ml)
Samples were further diluted as followls:ml of previous sampiet 9 ml of water then2 ml of previous sampde+ 8 ml of

0,1M NaHCQ and then 0,1 ml of previous sangieere used for amino-acid analysis



IS Lys Ratio Area N[nmol]| Navg[nhmol]
) Standard 20a 2 317 384 714 749( 0,308429 0 0
E Standard 20b 1403 948 394 396| 0,280919 0,294674241 4
5| Standard 40a 1943 159 1259 158 0,647995
& | Standard 40b 3 966 756 2 027 826( 0,511205 0,579600239 8
— Sample 1-1a 1154 075 1392901 1,206941
%_ Sample 1-1b 1198 099 967 147( 0,807235 0,930572781 12,813
% Sample 1-2a 1173135 912 162| 0,777542 13,61
« Sample 1-2b 762 257 1002 944| 1,315756 1,046648968 14,414

Table C.2 Amino-acid analysis: Measurements byoasmatography method used for free lysine deteatian in Sample 1 (50 mg
of lysine + 10 ml of 0,1M NaHCO3 + 0,25 ml of glta&dehyde). Samples were further diluted as foltalwssnl of previous sample +
4 ml of water + 5 ml of 6M HCI then 2 ml of prevesample + 9,6 ml of 0,68M NaOH and then 0,1 nprelvious sample was used

for amino-acid analysis.



IS Lys Ratio Area N[nmol]| Navg[nmol]
9 Standard 20a 1 302 327 219 240 0,168345 0 0
3 Standard 20b 2151 791 287 754 0,133728 0,151036244 4
-c% Standard 40a 2271 699 604 655 0,266169
& | Standard 40b 2 577 196 635 618 0,246632 0,256400118 8
N Sample 2a 2505 177 1 560 595 0,622948
o Sample 2b 1 266 754 1155 125 0,911878 0,767412959 23,670
£ | sample 2c 741 621 1110 226 1,497026 29,92
% Sample 2d 1034 012 868 319 0,839757 1,168391644 36,162

Table C.3 Amino-acid analysis: Measurements byoasmatography method used for free lysine deteati@n in Sample 2 (50 mg
of lysine + 10,25 ml of 0,1M NaHCO3). Samples wiene¢her diluted as follows: 1 ml of previous sampld ml of water + 5 ml of
6M HCI then 0,1 ml of previous sample + 9,9 ml ¢1M NaHCO3 and then 2 ml of previous sample wagl dee amino-acid

analysis.



Sample

Free LYSINE content in
diluted sample [nmol]

Free LYSINE content in
original sample [nmol]

Theoretical value 534 273 823

Lysine 518 265 467

Lysine + Acid 299 153 319

Lysine + Glutaraldehyde 80 40 796
Lysine + Glutaraldehyde + Acid 136 80 935

Table C.4 Determination of free lysine contentiigioal samples recalculated from diluted samples.




1S Lysine[ Hydroxyproline] Lys Ratio] Hyp Ratio| AreaLys| Area Hyp| N [nmol]
g Standard 20a 2 304 790 352 985 583 986 0,1532 0,2534 0,0000 0,0000 0
g I | Standard 20b 2 376 347 273 034 396 847 0,1149 0,1670 0,1340 0,2102 4
g § Standard 40a 2 502 540 772 822 716 722 0,3088 0,2864
o O [ Standard 40b 2990 976 1080 702 1369 416 0,3613 0,4578 0,3351 0,3721 8
§ i Sample 1 1164 166 1 032 958 5242 096 0,8873 4,5029| 21443781 96,66402 Navg [nmol]
§ _g Sample 2 3 260 569 2129761 9 547 382 0,6532 2,9281 15,8565 62,7986 LYS HYP
T Sample 3 2 384 363 1481 443 7 519 763 0,6213 3,1538 15,0958 67,6512 30 952 130 450
g Standard 20a| 4 286 127 2 028 707 2 386 558 0,4733 0,5568 0,0000 0,0000 0
?, .‘é‘ Standard 20b 6 124 840 2 895 823 3795 740 0,4728 0,6197 0,4731 0,5883 8
5 § Standard 40a] 7 112 166 6 798 738 6 672 275 0,9559 0,9381
g »| Standard 40b 7 387 596 5 591 840 5191 367 0,7569 0,7027 0,8564 0,8204 12
@ U_,J Sample 1 9 255 015 5237 700 24 999 899 0,5659 2,7012 8,3993| 38,8075 Navg [nmol]
g 2 Sample 2| 11 683 364 5 850 305 24 757 148 0,5007 2,1190| 7,4857564| 30,49433 LYS HYP
f Sample 3] 10051 744 6 655 541 28 375 548 0,6621 2,8229 9,7565| 40,4814 18 156 79 289
g Standard 20a 7 333 293 1108 648 2312518 0,1512 0,3153 0,0000 0,0000 0
® I [ Standard 20b 5 851 768 816 593 1314 482 0,1395 0,2246 0,1454 0,2700 8
5] S| Standard 40a 7 033 024 3 055 109 3000 762 0,4344 0,4267
é 9 [ Standard 40b 7 770 883 3 880 536 4 289 986 0,4994 0,5521 0,4669 0,4894 12
é U_,J Sample 1 8 137 797 2 585 430 20951 183 0,3177 2,5746 9,8209| 64,8745 Navg [nmol]
g 2 Sample 2 8893 474 3492 226 22 672 086 0,3927 2,5493 11,8017 63,6816 LYS HYP
f Sample 3| 12 326 060 3522 990 24 086 906 0,2858 1,9541 8,8722| 48,9722 20 330 118 352
Total average: LYS HYP
23 146 109 364

Table C.5 AminoAcid analysis: Measurements by da®matography method for detection of free lysine &ydroxyproline in

analyzed sample of Hykol-E.



Time [min] Ratio Lys/Hyp [-]| Absorbance at 400 nm [-]
0 49,9 0,112

2 48,8 0,180

5 45,4 0,372

10 45,2 0,491
20 43,1 0,536
30 46,0 0,586
40 42,6 0,612
50 40,8 0,630
60 23,5 0,645
120 21,1 0,680
1440 16,7 0,691

Table C.6 Comparison of results obtained by gasmhtography and spectroscopy methods during cragsg process of Hykol-E
with glutaraldehyde.



