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ABSTRACT  

The study deals with describing of water dependence and chemical reactants 

on the change of optical and adhesive properties of the PVB polymer. The thesis 

shows very important knowledge about adjusting PVB adhesion to glass and 

influence of water and adhesion modifiers to the change of PVB properties. 

Results also describe a possibility increase and degrease the PVB adhesion in 

various worldwide PVB sheet manufacturers. Due to obtained experiences, 3-

steps recycling process of windshields and effective PVB separation from glass 

was developed. The recycling method was developed for the recycling of 

windshield containes PVB sheet produced by all worldwide PVB manufacturers. 

At last but not least it is necessary to advert that this Doctoral thesis is also 

focused on PVB re-processing which has been modeled by kneading and rolling 

in air environment. The PVB was re-processed with different water content; all 

tests were carried out at different temperatures. The observation and sample 

analyses allowed to find optimal conditions for re-processing of plasticized PVB 

waste; i.e. conditions with the lowest polymer degradation. 

 

Key words: poly(vinyl butyral), laminated safety glass, adhesion, recycling, 

polymer degradation 
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SOUHRN 

Studie se zabývá popisem vlivu vody a chemických činidel na změnu 

optických a adhezívních vlastností PVB při jeho přepracování. Díky získaným 

poznatkům práce přináší velmi zajímavé poznatky pro regulaci adheze PVB ke 

sklu a popisuje vliv vody a modifikátorů adheze na změnu vlastností PVB. 

Výsledky také popisují citlivost adheze PVB u vybraných fólií světových 

výrobců PVB a citlivosti změny adheze u modifikovaných fólií. Z dílčích závěrů 

je navržen technologický postup recyklace bezpečnostního automobilového skla 

a efektivní separace PVB od skla. Tato metoda recyklace byla vyvinuta pro  

všechny druhy běžně vyráběných PVB fólií od různých světových výrobců. 

V neposlední řadě je třeba zmínit zaměření disertační práce na podmínky 

přepracování získaného PVB materiálu. To bylo modelováno v laboratorních 

podmínkách hnětením a válcováním za přístupu vzduchu za odlišných teplotních 

podmínek a s rozdílným množstvím absorbované vody v PVB matrici. 

Z pozorování a provedených analýz produktů byly nalezeny optimální podmínky 

přepracování měkčeného PVB, tedy podmínky s nejnižší degradací tohoto 

materiálu. 

 

Klí čová slova: polyvinylbutyral, laminované bezpečnostní sklo, adheze, 

recyklace, degradace polymeru 
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BACKGROUND 

1. PREDOMINANT UTILIZATION OF PVB 

The PVB polymer is mostly used in the form of plasticized PVB sheet for 

preparation of laminated safety glass (LSG). At present time, Solutia, DuPont, 

Seki sui and Kuraray are worldwide PVB manufacturers. The PVB is the 

material which can stick together float glasses with holding excellent optical and 

mechanical properties of the glass laminate [1, 2, 3]. Elasticity, mechanical 

strength, toughness, high light transmission and the adhesion to glass are the 

most significant PVB properties. Toughness of PVB sheet is based on high 

molecular weight of PVB chain. Certainly, the PVB has to be plasticized for 

achieving high material elasticity [2, 3, 4]. Admittedly, the plasticizer must not 

reduce light transmittance through the sheet, PVB adhesion to glass, generate 

haze and yellowness, and migrate out of the polymer matrix [5]. In addition, 

plasticizer must have perfect compatibility with the polymer and low 

evaporability during processing conditions. 

Worldwide, 65% of all PVB sheets are used in automotive applications [6]. 

According to data from [7], the worldwide car’s production is estimated around 

60 millions cars per a year. Regarding to one windshield contains approx. 1 kg 

of PVB sheet, total amount gives between 60-70 million kg of PVB sheets. In 

addition to mentioned amount, by-products from PVB sheets manufacturing 

(5%) and trimmings (< 10%) stems from windshield production must be added 

[8]. It represents total amount of 80 million kg of automotive PVB sheet waste 

annually. Total worldwide amount of produced PVB sheet for automotive and 

architectural industry is estimated around 120 million kg per year.  
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2. LAMINATED GLASS AND ITS COMPOSITION 

2.1. Poly(vinyl butyral) 

First labours for improvement of glass resistance to impact and glass 

breakdown resistance at keeping of required optical properties were already 

observed in the beginning of the 20th century. Laminated glasses with other 

transparent polymeric materials (cellulose derivates, methacrylates, etc) were 

tested for the achievement of increase of the glass resistance to impact [9]. The 

first patent on laminated safety glass with application of plasticized PVB 

obtained American company Monsanto in year 1938 (today it is Solutia). At 

progress of a time, companies DuPont, Sekusiu and Kuraray also deal with PVB 

manufacturing and they are worldwide PVB manufacturers now [10].  

The way assigned for PVB production is not easy. Firstly, it is necessary to 

produce polyvinyl acetate (PVAc) by the radical vinyl acetate polymerisation. 

Consecutive hydrolysis at acidic or basic ambient creates poly(vinyl alcohol) 

(PVAl) which provides poly(vinyl butyral) by acetalization with butyraldehyde 

at acidic environment. The final structure of high-molecular PVB is used for 

LSG manufacturing and it is compounded from atactic copolymers 80% of vinyl 

butyral, 18-23% of vinyl alcohole and up to 1% of vinyl acetate [5, 6, 11, 12, 

13]. This chemical structure, viewed in Fig.1, is the same for every manufacturer 

today. Nevertheless, exact consequence and properties of every PVB sheet 

depends on every PVB type, manufacturer and PVB sheet composition. The 

sheet is mostly stabilized by antioxidants and thermal stabilizers in many times 

[14]. 
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Fig.1: PVB chain structure with composition of functional groups: vinyl 

butyral 81%, vinyl alcohol 18-23%; vinyl acetate <1% 

 

Final PVB properties are assigned by polymerization degree of input PVAc, 

distribution curve of molecular weight, PVAl hydrolysis degree, catalyst acid 

strength, reaction temperature and PVAl conversion degree to PVB. The last one 

is crucial for final polarity of produced PVB. The PVB polymer is white 

powder, dissolvable in ethanol, THF, ketones and other semi-polar dissolvents 

[15]. The PVB solubility depends on –OH group content in the polymer chain 

and PVB molecular weight [16]. 

2.2. PVB sheet composition 

Certainly, achievement of high PVB toughness must be prove by polymer 

plasticizing. However, the plasticizer must not considerably reduce light 

transmittance through the sheet, increase haze and yellowness, reduce PVB 

adhesion to glass and migrate out of the polymer matrix [4, 10]. The plasticizer 

also must have perfect compatibility with polymer matrix and its evaporability 

during the processing is prohibited [10]. Different plasticizers, used in beyong, 

were for example triethylenglycol-di-2-ethylbutyrate, dibuthylsebacate, 

tetraethylenglycol-di-heptanoate and dihexyladipate [6, 10]. Mentioned 

plasticizers have different molecular polarity. Therethrough, due to it was 

indispensable to produce PVBs with different amount of hydroxyl groups in 
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PVB chain [6, 11, 17]. The final polymer system has different absordability of 

the plasticizer and water [18]. At present time, produced PVB sheets assigned 

for glass lamination are plasticized with 28% of applied plasticizer; mostly 

triethylenglycole-bis(2-ethylhexanoete), (labeled 3GO) [5, 17, 19, 20]. 

Due to mentioned sheet physical properties, the most important 

characteristics of windshield are high mechanical strength and absorbability of 

kinetic energy during car-crash [3, 4]. However, PVB interlayer must keep glass 

particles on its surface [2, 3]. All these described properties provide exactly 

adjusted adhesion grade of PVB to glass. Because the PVB has exceedingly high 

adhesion degree it cannot be used for automotive glass lamination. Thus, high 

adhesion degree it is necessary reduced to ½ of the original adhesion value [3, 5, 

6, 20]. The virgin adhesion is reduced by addition of organic salts of alkali 

metals or alkaline-earth metals during an extrusion process of plasticized PVB 

sheet. This is described in several patents [18, 21, 22, 23, 24, 25]. The mostly 

used substances modifying the adhesion are organic salts of Na+, K+ and Mg2+. 

Ion ratio and its total amount are strictly specified [18, 20, 21, 22, 23, 24, 25]. 

Moreover, the water content in PVB sheet has to be in range 0.3-0.5% which is 

necessary for maintaining the required adhesion grade [3, 5, 21, 25]. 

2.3. Sheet extrusion and lamination process 

Based on the several authors [3, 4, 26, 27, 28], all PVB sheet manufacturing 

technologies are based on similar principle. Melt plasticized PVB is extruded by 

sheet extrusion die at temperature 160-210°C into water. The screw placement 

must be evacuted in case of adjustment of water content in the sheet.  The PVB 

melt retains its shape, thickness and specific sheet surface which are necessary 

for de-aeration at pre-lamination process [4, 10]. Plasticizer and additives 

addition runs at mixing equipments before the extruder in many times. The PVB 

sheet is mostly manufactured in thickness 0.38 mm (LSG for architectonical 
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industry) and 0.76 mm (LSG for automotive and architectonical use). Special 

applications require thicknesses 1.14 and 1.52 mm. The width of PVB sheet can 

be up to 3.5 meters. Manufactured PVB sheet is rolled and either separated by 

thin patterned polyethylene sheet or rolled under-cooled (Tg = 15°C) because 

PVB sheet must not be glued for following use [4, 10, 14]. 

Consequently, the PVB sheet must be layered between two (or more) clear 

shaped glasses with PVB oversize around 5 mm. This multiple-layer sandwich is 

pre-laminated between two rolls or by vacuum at temperature 90-140°C and 

pressure 0.2-1.0 MPa. The pre-laminated product still is not transparent at all 

laminate surface, it also contains a residual air. Oversized PVB is cut near the 

glass edge and autoclaved at temperature 130-150°C and pressure 0.9-1.5 MPa 

for several tens of minutes. During the autoclaving process the adhesive bonds 

are generated. It assures holding glass fragments on PVB sheet after the 

accident. This is the most important property of PVB sheet [10, 14, 28]. 

The adhesive bonding strength between the PVB sheet and the glass grows 

in two independent steps. The first of them is a transport of PVB metage to 

surface of glass. This is generally described by diffusion effect [6]. Second part 

is a generation of Van der Waals interaction between materials. The 

intermolecular distance and similarity of material polarities determinates 

strength of the adhesion. Therethrough, polar –OH group of PVB provides 

adhesive hydrogen bridging with free oxygen bond of the glass [3, 12]. The 

adhesive bonding is depended on temperature and acid-base environment, also 

on water content in PVB matrix. The water content around 2% in PVB causes 

saturation of binding sites and the PVB to glass declines. A residuary adhesion 

value probably corresponds only to dispersion forces [4, 29]. 
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2.4. Float glass utilized for glass lamination 

The LSG manufacturing process uses float glass bended to a required shape. 

Nowadays, there exists only one acceptable way for the float glass preparation. 

The float glass is made by the casting of the glass melt on the surface of the melt 

tin. Due to this fact, prepared float glass has the uniform thickness and 

absolutely smooth surface that is necessary for the perfect PVB contact with 

glass during the laminating process. However, extremely thin tin layer remains 

on the bottom side of the float glass [4]. This bottom surface is called “tin side”. 

The tin film, which is determinable by UV-rays reflections, causes totally 

different adhesion response between PVB and glass with increasing moisture in 

a polymer [4]. Therefore, the laminated glass is layered in following 

composition in every case: “air side–PVB–tin side”. 

Nevetheless, manufactured pair of float glasses must be bended beside 

layering with PVB sheet. Both glasses are shaped as double glazing unit 

predetermined for layering with the PVB sheet. Glasses are separated at shaping 

process by micronized calcium carbonate or silica. The shaping temperature is 

approx. 600°C and after cooling the separator is washed out [4].  

The float glass applied for sample preparing had common chemical 

constitution 71.5% SiO2, 13.4% Na2O, 9.2% CaO, 4.15% MgO, 0.7% of Al2O3 

and other compounds. Glasses were delivered from company AGC Teplice 

(Czech rep.). The tin side of float glass was detected by means of UV 

illumination which creates lightly visible white reflexive layer of UV scattering 

on tin side of the glass [4]. All tested glasses were oriented to tin side up. Due to 

it, the PVB sheet is after lamination in contact with the air side of the glass (up 

side of the laminate) and with the tin side of the glass (down side of the 

laminate). Optical properties of one lime-soda glass at a thickness 2.1mm were 

91.3% of light transmittance and 0.05% of a haze. 



- 12 - 

3. SOURCES FOR PVB SHEET RECYCLING 

3.1. By-product from sheet manufacturing process 

This kind of PVB sheet has the best quality for following recycling process. 

By-product sheets are not contaminated by powder fragments but there may be 

present some un-homogeneous parts like plasticizer, light and heat stabilizers, 

adhesion modifiers, pigments and other elements of the system. The reasons 

why the sheet has to be re-processed are some specificific defects in 

manufacturing technology (thickness, sheet roughness, edges). In every case, 

sheet edges must be cut approx. 10-20 cm from the edge beginning. The PVB 

sheet with width around 2-3 meters has very high material shrinkage in this 

place. The edges can be replaced back to the extrusion process for re-extruding 

[10]. 

3.2. Trim 

The first step in LSG manufacturing is the layering of PVB sheet between 

two glasses. It this part, probable defects on laminate edges must be reduced. It 

is performed by layering of PVB sheet between glasses with larger sheet surface 

than the glass surface is. Prepared “sandwich” is fixed by nipp-roll pre-

lamination process and consequently it is possible to trim off oversized PVB 

sheet. While the sheet oversize would not be used, the laminate would be 

produced with visible defects (it does not meet the quality specifications) [4, 10]. 

The quantity of trim generation depends on geometry of produced 

windshield and geometry of used PVB sheet surface. Width of trim obtained 

from pre-laminating process is around 1–20 cm, bades on glass geometry. 

Therefore, the trim quantity is between 5-10% from total amount of processed 

PVB sheet and the worldwide PVB trim capacity obtained from windshield 
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laminating process is approx. 4-6 million kg [4, 10]. Sure, automotive trim is 

fully recyclable. One of several companies, deals with its re-processing by 

extrusion is company Retrim (Czech Republic). 

The trim is created also at manufacturing of architectural LSG. 

Nevertheless, the ratio of collected architectural trim is lower than amount of 

automotive trim. It is influenced by higher glass powder contamination of this 

trim (different trimming technology) [10]. 

3.3. PVB sheet from windshield 

Some specialized companies are deals with the application possibility of 

PVB sheet obtained from recycled windshield. All present recycling processes 

produce a good quality of glass scrap which is fully re-used in glass batch. 

However, separated PVB waste is not recyclable due to high amount of glass, 

water content in the sheet, parts of color PVB sheets, mixed of various PVBs 

(after blending a haze is produced) and foreign plastic matters [10, 30, 31]. 

Nevertheless, if somebody would develop the recycling technology ensures 

high-grade of glass separation, obtained PVB sheet may be re-processable to 

new PVB sheet without optical defects.  

 

4. DILLEMA OF WINDSHIELD RECYCLING 

As mentioned, the main rationale application of LSG is the absorbing of 

kinetic energy from impacted objects concurrently with keeping of glass 

fragments on the PVB sheet surface. Admittedly, the PVB must have sufficient 

adhesion grade. Hence, just adhesion is the obstruction for effective windshield 

recycling and obtaining of uncontaminated PVB sheet.  
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With regard to increasing worldwide production of PVB sheet and following 

PVB waste generating (see chapter 1), it is necessary to focus on effective glass 

separation in order to obtain uncontaminated PVB sheet. Contrarily, PVB sheets 

from windhield will burned or land-filled [6, 8]. This is in the reason of 

separated PVB sheet is not possible to re-process to a new PVB sheet suitable 

for glass lamination, especially due to high amount of glass scraps and water 

content in the sheet [6]. If separated PVB sheet is supposed to be used in 

production of new laminated glass, the PVB sheet has to contain no more then 

100 ppm of glass fragments and other contaminations – higher amount 

negatively influences a PVB optical properties. In addition, the higher residual 

glass content also negatively affects PVB sheet processing [10]. Therefore, it 

was necessary to focus on a finding of an effective windshield recycling.  

Moreover, it is necessary to remaind that the laminated (interglassed) PVB 

is not essentially exposured by UV radiation (up to 320 nm), mechanical stress, 

elevated temperature, oxygen and any various substances. Hence, the 

interglassed PVB sheets should keep very similar physical properties as extruded 

material before the lamination process. 

 

5. DEGRADATION OF PLASTICIZED PVB 

The polymers show higher resistance to corrosion and oxidative degradation 

in comparison with other chemical substances. Due to it, the polymers have 

found application as lacquers, coatings, protection agents, building materials and 

others. Nevertheless, some undesirable changes of chemical compounding are 

observed. These occur not only during their application. Changes already run 

through the polymer production or its processing. Chemical reactions are mostly 

caused by influence of temperature, oxygen or ozone exposure or by mechanical 

stress [32]. Mentioned polymer reactions are generally described as polymer 
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degradation. Therefore, the study of corrosion a degradation of polymers 

provides knowledge which extinguishes or minimizes mentioned negative 

changes [33]. 

5.1. PVB resistance to mechanical stress 

When the polymer substances are processed at temperature lower than 

material melt point, the high viscosity degree must be overcame. It is responsed 

in high energy consumption of forming machine and also by high production of 

energy dissipation. Mentioned effect is multiplied with the material molecular 

weight (high Mw = high resistance to material flow). Processing at described 

conditions causes shortening of macromolecular chain and polymer degradation 

proceed during the mechanical stress; for example at rolling, kneading and 

milling process. The degradation can be advanced by oxygen environment.  

Mechanical degradation can runs according to radical or ion mechanism. Ion 

mechanism runs only when the macromolecule has lower ionic bond strength 

than common covalent bond (ionic bond strength can be reduced by polarity of 

solvent). The degradation speed is influenced by temperature, frequency of 

movement, presence of environment oxygen, character and size of added 

substances and also on the polymer compounding and the structure [9, 33, 34]. 

5.2. PVB resistance to elevated temperature 

The effect of elevated temperature and following material melting causes 

growing polymer reactivity and its destruction. Some macromolecular 

substances can be depolymerized. Especially, the PVB polymer chain contains 

removable functional group which can be evaporated at critical temperature in 

form of low-molecular substances. These are water, organic acid, alcohol or 

aldehyde (in case of PVB) [6, 35]. The finish part of degradation process is 

either mostly proved by olefinic bond creation and following polymer 



- 16 - 

carbonization or the intermolecular bonding creation which provides polymer 

cross-linking [9, 33, 34]. 

5.3. PVB resistance to oxygen 

Generaly, environment oxygen reacts with the major part of all chemical 

substances. The oxidative rate is directly proportional to temperature; 

accordingly to Arrhenius equation. Polymers are sensible to oxidative 

degradation at conformable conditions as similarly as low-molecular chemicals. 

Unfortunately, in the case of high-molecular substances, changes of physical 

properties are multiple larger. Therento, important role to oxidative degradation 

plays the gas diffusion and oxygen solubility into the polymer matrix polymer 

[9, 32, 34]. 

As mentioned, the oxidative degradation mostly runs at elevated temperature 

(above 150°C). This thermaloxidative polymer degradation is autocatalytic 

process. Genered hydroperoxides and following degradation products initiate a 

chain radical mechanism and the reaction is accelerated by the same products. 

The autooxidative polymer behavior can be described by following sheme:    

 

 

To sum up, it is possible to elevate plasticized PVB as very sensitive 

material to disposing to degradation. Hence, re-processing conditions should be 

choosing with carefulness and knowledge of PVB degradation mechanisms. 
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AIMS OF WORK 

The aim of the Doctoral thesis is a study of PVB waste application obtained 

from recycled windshield. The windshield recycling process should produce 

PVB sheet at glass content which is re-processable by extrusion and produce 

PVB sheet at required optical properties (glass achives a haze). Simultaneously, 

the plasticized PVB should be re-processed with minimal degree of PVB 

degradation. 

 

Partial aims are: 

• Evaluation of obtained PVB waste, chemical compounding and physical 

properties and suggestion of applicable windshield recycling technology 

in high efficiency degree 

• Study of PVB adhesion adjustment and influence of water and applied 

agents to optical and adhesive PVB property changes (mentioned PVB 

properties are fundamental for the application to safety glass) 

• Based on experiences designe more effective windshield recycling 

technology which produce PVB sheet without glass slivers and other  

contamination 

• Recycled PVB sheet should be fully re-processable to new PVB sheet, 

either single or in mixture with origin PVB sheet, in this reason the sheet 

can not be degraded by separation (delamination) environment 

• Observe various PVB sheet re-processing condition and suggest optimal 

range of re-processing conditions in minimal degradation degree 
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SUMMARIES OF PAPERS 

The problem of windshield recycling is possible to determine in two phases. 

The results of first phase are reported in Papers I-III and describe experiences 

with adjustment of optical and adhesive properties and effective technology for 

recycling of windshield. Paper IV deals with PVB sheet re-processing. Short 

summaries and main objectives of appended the papers are mentioned below: 

Paper I deals with finding of causation of the haze increasing and light 

transmittance change in various PVB sheets. Tested samples from various 

manufacturers were different in –OH group content and content of adhesion 

modifiers. It was found that increased water content in PVB sheet scatter the 

day-light and also reduce the light transmittance of windshield. Moreover, the 

study found out that added magnesium cations (adhesion modifiers) have 

positive influence on optical properties with growing water content. On the other 

hand, the higher –OH group composition in PVB chain has a reverse influence 

than addition of alkali ions (K+, Mg2+).  

Paper II  – it was confirmed that in case of safety glass the adhesion 

between PVB and the glass is based on Van der Waals bond between the –OH 

groups of PVB chain and the –OH groups of glass. The study found that activity 

or passivity (inhibition) of –OH groups depends on pH of polymeric system and 

on the water content in PVB matrix. Alkali modification decreases the adhesion 

of PVB to glass and acidic modification the adhesion increase. Nevertheless, the 

adhesion was decreased with increased water content in the sheet in every case. 

However, this effect was detected only on “tin side” of the laminated glass. The 

adhesion on “air side” was no stable in dependence with water content in PVB 

and the adhesion fluctuation was observed. Mentioned phenomenon and shape 

of the fluctuation curve was typical for each type of PVB sheet. The adhesion 

fluctuation plays important role when the water content is in range 0.3-0.6% that 
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is just the range set by PVB manufacturers. The study also found that the acidic 

modification sharply reduces adhesion fluctuation in function of water content. 

Paper III  is based on foregoing results. These were used for developing of 

effective 3-stage recycling process of windshield in keeping of origin physical 

properties of the PVB sheet. The 1st stage, based on glass cracking, was used as 

pre-operation for ideal contact of polymer matrix with delamination 

environment. The 2nd stage is based on the reduction of the adhesion strength 

between PVB and air side and tin side of the glasses. It was achieved by water, 

elevated temperature and alkali environment. Optimal delamination process 

conditions used for all worldwide manufactured PVB sheets were determined. 

These are process time 1 hour, temperature at 100°C, atmospheric pressure, 1.0 

% NaOH. This alkali concentration achieved not only faster chemical glass 

separation but also peeling simplicity of residual glass in 3rd stage. The process 

produces recycled PVB sheet with glass content up to 100 ppm. Mentioned 

residual glass amount is acceptable for industrial PVB sheet re-processing. 

Following analysis of recycled PVB sheet assessed that the application of alkali 

strength up to 1.0 % did not cause emphatic reduction of plasticizer content 

(saponification incluence). Although the delamination process produces alkali 

water, this effluent should be also fully recyclable. Described technology 

process points out to ecological recycling of windshield without secondary 

environment pollution which reduces the worldwide problem with windshield 

waste disposal.  

Paper IV is focused on a finding of conditions for optimal plasticized PVB 

sheet re-processing. The degradation influence on temperature, air oxygen and 

mechanical stress was studied. In order to find the possibility for the reduction of 

energy consumption during re-processing, effect of moisture content in PVB 

sheets on processing parameters and degradation was examined.  The obtained 

results show that based on the evaluation of MFI and mechanical properties the 

optimal conditions for PVB re-processing by kneading occur at the temperature 
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of about 150°C and rotation speed of kneader lower than 60 rpm. These 

conclusions are in the good agreement with the measurement of PVB 

yellowness. Below 150 °C yellowness remained almost unchanged and 

increased significantly above this temperature. GPC measurements corroborate 

the above conclusions showing minimal changes of PVB molecular weight for 

this temperature. Increased amount of water in PVB sheet can act as and 

additional plasticizer improving workability of polymer melt and decreasing 

thus energy consumption. However the “wet” samples are more susceptible to 

hydrolytic degradation and compromise decision has to be taken to find the 

balance between these two effects. 
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CONCLUSION 

With regard to the increasing worldwide production of PVB sheet and 

creating giant amount of the PVB waste in a form of laminated safety glasses, it 

is necessary to deal with finding of effective glass separation process and 

obtaining re-processable PVB sheet. Therefore, the aims of my Doctoral thesis 

were focused on possibility of PVB sheet and windshield recycling with keeping 

of required optical and adhesive PVB sheets properties. In connection with 

mentioned some partial aims were studied. 

The first part was focused on PVB sheet adhesion adjustment. It was found 

that the adhesion is based in acid-base environment ant the water content in the 

sheet. The acidic pH activates hydroxyl groups on PVB chain and the result is 

hydrogen bond between the PVB and the glass. Main gain is the describing of 

PVB adhesion to glass in dependence on different water content and used 

adhesion modifiers. Testing was carried out with various worldwide 

manufacturers and in their various adhesive grades.  

Obtained knowledge provides the way for effective chemical separation 

(delamination) of glass from waste windshield. In this case, alkali environment 

and elevated temperature were used. The result was a self-falling of glass 

fragment out of the windshield. Because the PVB sheet spectrum is wide 

(different adhesion system, different, etc.), optimal delamination conditions for 

all manufactured PVB sheets had to be investigated. This delamination process 

produces re-processable PVB sheet with required remain glass content.  

Second part of Doctoral thesis was centered on PVB sheet re-processing. It 

was modeled on kneading and rolling with the present of air. Due to high level 

of tested process conditions optimal conditions for PVB re-processing with 

minimal PVB degradation were founded. The manner for operating cost 

reduction was also tested. For this aim was taken PVB hygroscopicity on the 

ground of application the water as next PVB plasticizer. It carried out a 
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decreasing of PVB sheet strength, in particular at temperatures bellow 150°C. 

However, at temperatures over 180°C was PVB hydrolyzed.  

Complete results of Doctoral thesis should be helpful in a technical practice. 

Results should investigate the manner for effective glass separation from PVB 

sheet, adjust the PVB adhesion to a required value and assess the PVB adhesion 

and optical properties sensibility in the dependence on the water content in PVB 

sheet. Simultaneously, results should be subservient to finding the optimal 

process conditions in industry practice. Overall, the PVB recyclate should be 

fully or partly re-applicable for new glass lamination process. 
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Figure 1: Adhesive hydrogen bonding between the hydroxyl group in a 

structure of the glass and the hydroxyl group of the PVB chain [2]. The bonding 

is present in the case of PVB without modifiers or at water content in PVB 

matrix up to 0.1% 
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Figure 2: Influence of active –OH groups to adhesion of PVB to glass 

[9] 
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Figure 3: Influence of –OH group amount to absorbability of water 
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Figure 4: Dependence of alkali titer and adhesion (air side) to organic 

acid additament to But-3GO-P sheet, modified PVB sheet always conditioned to 

water content 0.5% 
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Figure 5: Dependence of alkali titer and adhesion (air side) to 

magnesium acetate additament to But-3GO-V sheet, modified PVB sheet always 

conditioned to water content 0.5% 

 

 

 



 II-25 

 

 

 

 

 

Air side

0

2

4

6

8

10

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

Water content in PVB sheet  (%)

A
dh

es
io

n 
 (

°P
)

But-3GO-L But-3GO-M

But-3GO-P But-3GO-S

But-3GO-V

 

Figures 6: Adhesion dependence of Butacite sheets with various adhesion 

degrees on water content increasing, air side of the laminate  
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Figures 7: Adhesion dependence of Butacite sheets with various adhesion 

degrees on water content increasing, tin side of the laminate  
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Figure 8: Generation of new adhesion bonding between PVB and glass 

at present of water content in range 0.8-2.5% 
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Figure 9: FTIR spectra of PVB treated by alkali ions with different water 

content 
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Figure 10: Air side of cracked alkali modified laminates with water 

content a) 0.8-2.5% b) 0.3-0.6%,  
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Figure 11: Activation of –OH groups by organic acid; generation of 

intermolecular adhesion bonding is achieved by protonization of –OH group (in 

this case –OH group in glass structure) 
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Figures 12-13: Adhesion behavior of But-P and But-S sheets and these sheets modified by Mg2+ ions on water content 

increasing  
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Figures 14-15: Adhesion behavior of Butacite 3GO, type P // type S and its modifying by organic acid on water content 

increasing 
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Figure 16: Adhesion behavior of But-4G7-Z and its modifying by 

organic acid on water content increasing 
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Figures 17-18: Adhesion behavior of Saflex and But-3GO-M sheets and blended material and blend modified by organic acid on water 

content increasing 
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Figures 19-20: Adhesion behavior of Saflex and S-lec sheets and blended material in ratio 3:2 and the blend modified by organic acid on 

water content increasing 
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Figures 21-22: Adhesion behavior of Saflex and S-lec sheets and blended material in ratio 7:3 and the blend modified by organic acid on 

water content increasing
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Fig.1: Scheme of 3-stage recycling process 
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Fig.2: Glass delamination efficiency of PVB type But-M in 2nd stage of 

recycling process in different NaOH solutions 
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Fig.3: Glass delamination efficiency of PVB type But-S in 2nd stage of recycling 

process in different NaOH solutions 
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Fig.4: Glass delamination efficiency of PVB type But+OA in 2nd stage of 

recycling process in different NaOH solutions 
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Fig.5: Glass delamination efficiency of PVB type S-lec in 2nd stage of recycling 

process in different NaOH solutions 
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Fig.6: Glass delamination efficiency of PVB type “Saflex-air” in 2nd stage of 

recycling process in different NaOH solutions 
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Fig.7: Glass delamination efficiency of PVB type “Saflex-tin” in 2nd stage of 

recycling process in different NaOH solutions 
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Fig.8: Glass delamination efficiency of PVB type Saflex+S-lec+OA in 2nd stage 

of recycling process in different NaOH solutions 
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Fig.9: Thermogravimetric evaluation of origin PVB sheets and sheets exposed 

in various delamination environments 
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