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The pharmaceutical packaging market has been analyzed and the demand for glass containers for packaging
pharmaceutical products has been found, taking into account high sanitary-hygienic and operational requirements.
The prospects for using the method of dealkalization of the surface of glass containers to increase chemical resistance
have been elucidated. The methods of the surface dealkalization of glass containers were analyzed depending on the
type and modification mechanisms, and the features of their application were also determined. The composition of
glass containers for pharmaceutical purposes has been developed under production conditions and it has been found
that ensuring a polycationic effect for the composition of industrial glass container is an important factor in increasing
their chemical resistance. The technological parameters of glass surface modification with ammonium sulfate and 1,1-
difluoroethane have been determined.

The change in the structure of the glass surface after its dealkalization depending on the type of reagent was
investigated. Changes in the content of elements on the glass surface after dealkalization were determined depending
on the depth of penetration and its chemical resistance. The dependence of the change in the content of elements on
the glass surface on the modification and the chemical resistance of its surface were determined.

The mechanism of dealkalization of glass by a reagent has been justified, which consists in the leaching of alkaline
cations during the reaction of reagents with glass and their inclusion in the products: Na>SOy crystals after treatment
with ammonium sulfate, H>[SiFs]-4H>O crystals after treatment with 1, 1-difluoroethane. A comparative assessment of
the change in the structure and chemical composition of glass containers after dealkalization with sulfate and fluoride
compounds was carried out. It has been found that dealkalization of glass containers with 1, 1-difluoroethane allows
to significantly increase the chemical and hydrolytic resistance compared to the original glass, which indicates the
prospects of using the specified method in the production of competitive glass containers for pharmaceutical purposes.
The use of modern equipment for neutralizing the products of the process of the surface dealkalization of glass
containers with 1,1-difluoroethane allows ensuring the implementation of the principles of environmentally sustainable
production.
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INTRODUCTION products is a priority for many types of medicines,
given the high chemical and biological resistance
of glass, which prevents interaction between the
glass forming the container and the product

The pharmaceutical packaging market is
growing rapidly and is focused on the

development and implementation of tained therei
environmentally friendly packaging with high contamned therein. . .
performance propertics. The global The high chemical resistance of glass and its

resistance to organic reagents is determined by the
significant content of silicon, boron, and
aluminum oxides, which significantly increase
the synthesis temperature and cost of glass, while
the presence of alkali oxides, on the contrary,
reduces these indicators. The difficulty of

pharmaceutical glass packaging market size was
estimated at USD 19.75 billion in 2023 and is
expected to grow at a compound annual growth
rate (CAGR) 0f 9.8 % from 2024 to 2030. The use
of glass in the packaging of pharmaceutical
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obtaining chemically resistant glass at a silica-enriched surface layer that has high
competitive cost is associated with the search for chemical resistance. Dealkalization does not
reliable ways to increase the structural strength of usually involve the complete removal of alkali
glass without using expensive components. This from the glass, but rather its replacement with
task is successfully solved by modifying the protons (H") or hydronium ions (H;O") in the
surface of the glass. structure through a process of ion exchange.

A widely used method of glass dealkalization For a long time, dealkalization was carried
involves removing alkali ions, in particular out by filling the annealing furnace with sulfur
sodium ions present near the surface of the inner dioxide (SO) or sulfur trioxide (SOs3) gases,
wall of the container, in order to maximize the especially in the presence of water, which
avoidance of leaching, which is an indicator of the intensifies the reaction. Depleting the glass
chemical resistance of glass. In particular, Type surface with alkali cations by treating it with
III glass, which is made from sodium-calcium- sulfur gases leads to a noticeable strengthening of
silicate glass, is dealkalized by introducing a solid the glass surface due to a reduction in the
or gaseous reactive substance into the glass expansion coefficient. The leaching rate can be
container, which, during heat treatment, is doubled by using dispersed platinum to catalyze
capable of forming an acidic gas that can the oxidation of SO, to SO; before the gas reacts
chemically react with the alkali ions present in the with the glass [2]. Reactions 1 and 2 occur on the
glass of the container [1]. Type II silicate glass glass surface under heat treatment conditions
with a dealkalized surface is characterized by a involving SO, and SOs:

SO, surface treatment (1)

For H,O present in SO, gas:

2Na" (glass) + SO, + % 02 + H,O — 2H" (glass) + NaySO4
For dry SO, gas:

Na,O (glass surface) + SO, + /2 O, — NaySOj4 (glass surface)

SOs3 is more reactive than SO, and increases the reaction kinetics 2)
Pt on asbestos
250, + O —— > 2803

Na*t Sitt

Si4+ 02—
SO; + glass 02- + H,O — NaSO;4 + glass H etc.

etc. H,0

Surface treatment is an important factor in different types of glass: soda-lime, borosilicate,

reducing the amount of potentially toxic elements barium silicate, opal, and lead crystal.
contained in glass that can be released into Despite the significant advantages of the
solution. When analyzing five types of surface method, it has lost its relevance due to its
treatment with three different coatings (SnOs, environmental unfriendliness. The use of these
TiO,, SiO;) and two acid treatments (SO; components in gaseous form poses significant
dealkalization and acid polishing), the authors [3] problems for health, the environment, and
found that the best reduction in diffusion was technology, given the toxic and corrosive nature
achieved wusing the SO, glass surface of these gases [1]. The effect of glass surface
dealkalization method, which also demonstrated a dealkalization also plays a significant role in the
positive effect on Ba retention by reducing alkali adhesion of parts to glass, since in practice the
diffusion. An important indicator of the long-term cleanliness of the glass surface is an important
effect of SO, glass treatment is the study of the factor [4].
rate and mechanism of changes using a single A widely known method of dealkalization
protocol (4 % acetic acid, 70 °C) that simulates treatment of glass involves introducing
accelerated aging conditions for beverage or food ammonium sulfate (NH4)2SO4 in solid form, for
containers over 1.3 years and the investigation of example, in the form of crystalline powder or
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tablets, into a hot glass container. The advantage Currently, improvements to this
of using a powdered reactant is the ability to dealkalization method are directed toward the use
process glass containers at a relatively high speed, of alternative environmentally friendly materials.
due to the continuous dosing of the powdered Positive results were obtained by the authors [5],
reactant into containers moving on a conveyor. who wused solutions of 2.5wt. % alum
However, this method also has its drawbacks: (KAI(SO4)-12H,0)), Swt. % alum, 5 wt. %
- there is a significant risk of precipitation and citric acid (CsHsO7), 5 wt. % ammonium sulfate
reaction of the reactant on the outer wall of the (NH4)2SO4, and 5 wt. % acetic acid (CH;COOH)
container, which leads to aesthetic defects or even in reactions 3-6. After rinsing the glass with the
local weakening of the container; solutions, cleaning and drying at 110 °C for
- it is difficult to accurately control the amount of 20 minutes, the results of the hydrolytic test
powdered reaction agent, which significantly (ISO 4802-1) showed that 5 wt. % alum gave the
reduces product quality and leads to significant best result. For untreated glass, the consumption
economic and environmental consequences; of 0.01 M HCI solution per 100 ml of extraction
- it is impossible to treat effectively containers solution was 2.5 ml, while for treated glass with
with a small volume and/or small ring diameter, 5 wt. % alum, it was only 0.9 ml. This indicated
especially at high speeds; an increase in hydrolytic resistance because of a
- dealkalization treatment of glass is not always decrease of leached sodium. At the same time, the
carried out sufficiently evenly and repeatedly. margin increase was only 0.05 %.
KAI(SO4)2 12H,0 (alum) + 2H,0 + 4Na" glass — 2Na,SO4 + KAI(OH)4 + 4H" +12H,0 3)
CH:COOH CH,COONa

HOOC + OH NaOOC *F OH

CHCOOR Gitric acid) + H,0 + 3Na” glass — CH:CO0Na (trisodium citrate) + 3H;0", 4
(NH4)2SO4 (ammonium sulfate) + 2H,O + 2Na" glass — NaySO4 + 2NH; + 2H;0°, ®)]
CH;COOH (acetic acid) + H,O + Na' glass — CH;COONa + H;0". 6)

The use of potassium pyrosulfate in the in an aqueous solution at a pressure of 2-218 atm
dealkalization of sodium silicate glass improves and a temperature of 120-374 °C. Thus, the alkali
its strength and electrical properties. The authors concentration of the surface layer of glass to a
[6] determined the concentration profile of alkali depth of 100 nm from the surface is less than 1/10
ions in the partially dealkalized layer and showed of that before treatment by processing for three
that the increase in strength is related to the hours or less.
thickness of the layer. The highest strength Another method of treating glass surfaces
(70,000 pounds per square inch) was observed in with fluorine-containing compounds is usually
aluminosilicate glass with a layer thickness of carried out by adding a fluorinated gas mixture
~ 50 pm. (e.g., 1,1-difluoroethane mixed with air) to bottles

To prevent the diffusion of the alkali at high temperatures. The mixture burns inside the
component from the glass surface into the bottle, creating an extremely small dose of
electrically conductive layer, the authors [7] hydrofluoric acid, which reacts with the glass
proposed a method for dealkalizing the glass surface and serves to dealkalize it [8]. The glass
surface, which consists of the following: silicate surface is modified by its contact with the
glass containing an alkaline component is treated combustion products of 1,1-difluoroethane — HF.
with water at a temperature above 120 °C or kept When glass is etched in both aqueous and
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anhydrous environments, its surface is dehydrated
to some extent due to the replacement of dipole
hydroxyl ions with fluorine ions, which are not
dipolar in nature:

{=Si-OH}+F — {=Si-F}+OH" . @)

Freons have a similar effect, forming bonds
on the glass surface.

The authors [10] have proposed a method for
obtaining a glass surface with significantly
improved chemical resistance. It consists in
contacting the glass surface with a non-acidic,
non-aqueous solvent having a dielectric constant
of more than approximately 40, consisting of
formamide, dimethyl formamide, n-methyl
propionamide, dimethyl sulfoxide, and mixtures
thereof, at a temperature exceeding the softening
temperature of the hydrated layer but below the
temperature at which this layer blisters, for a
period of time sufficient to remove the hydration
product of the alkali metal hydroxide from the
glass without damaging the silica network.

The anti-corrosion effect obtained after
treatment can be explained by the ion exchange of
OH" or O* surface groups with F~ ions, which
prevents further ion exchange between the bottle
wall and the solution contained in the container.
A promising method for increasing the chemical
resistance of glass before applying successive
layers of SiOy and TiOy is to use an additional
fluorination step in the presence of
1,1-difluoroethane and air at the temperature of
620 °C. The fluorination step is carried out on the
inner walls of the vial before applying the coating
layers [11].

In general, the intensity of glass
dealkalization by gases depends mainly on the
temperature, glass composition, and nature of the
reagents. The use of an electric field increases the
rate of dealkalization of silica glasses by active
gases several times over. The authors [12] carried
out thermochemical treatment of samples of
various types of glass using SO,, NO,, CO», HCI,
HF, CF,Cl,, CHF,Cl, and gas mixtures. The
reaction zone was exposed to an electric field to
intensify the dealkalization of glass by gases. The
studies led to the conclusion that glasses with a
high content of alkali metals are subject to the
most significant changes in the electric field.
These data clearly indicate an increase in
dealkalization in the electric field.

350

A significant disadvantage of using fluorine-
containing compounds in the thermochemical
treatment of glass is their negative impact on
global warming. Fluorinated gases (F-gases), CF4,
C,Fs, SFs, and NF3; have a global warming
potential 7,390, 12,200, 22,800, and 17,200 times
higher than CO,. The environmental profile of
these new processes can be improved by reducing
the use and emissions of F-gases and energy
consumption [13].

However, most pharmaceutical containers
have higher chemical resistance requirements
than Type II glass, for which this indicator is
insufficient for the storage and preservation of
certain pharmaceutical products and substances
known to be particularly aggressive and/or
unstable with regard to the glass containers in
which they are contained. To solve these tasks,
innovative technologies are used to strengthen
borosilicate glass (or Type I or “neutral” glass),
with inner surface coated with a thin layer of pure
SiO; silica to form a barrier layer between the
glass container and the product it contains. Such
silica-coated containers usually have satisfactory
chemical resistance for storing ultrapure water,
but low or moderate chemical resistance for more
aggressive solutions, such as those with a pH of 8
or pH 10. However, applying a barrier layer of
pure silica is relatively expensive and difficult to
implement, and is usually limited to small-
capacity containers [1].

Given the growing demand for Typel
pharmaceutical containers, it is necessary to find
alternative methods of modifying the surface of
container glass that take environmental aspects
into account. Equally important for reducing the
cost of pharmaceutical containers is the
replacement of borosilicate glass with less
expensive Type Il glass, which has increased
chemical resistance. Therefore, researching the
possibility of using container glass with a
modified surface for pharmaceutical applications,
taking into account modern approaches to the
creation of environmentally safe technologies and
ensuring the market with competitive products, is
a relevant task.

EXPERIMENTAL

The aim of the work is to study the surface
structure of pharmaceutical glass containers after
modification by surface dealkalization. The glass
surface was modified by dealkalization with
sulfate and fluoride compounds.

ISSN 2079-1704. CPTS 2026. V. 17. N 3
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Obtaining pharmaceutical glass containers
under production conditions. The experimental
glass with MTO 7.4 marking is characterized by
content, wt.%: SiO,=724; ALO;=2.2;
CaO + MgO =11.9; Na,0O+K,O=13.5 and is
close to the limits of components for the
production composition of transparent container
glass, wt. %: SiO, =72.0 + 1.5; ALO;=2.0 + 0.5;
Ca0+MgO=12.5+1.5; Na,O+K,0=13.5+1.5;
SO3; —no more than 0.5; Fe;O3 —no more than 0.1.

The experimental glass was synthesized
under production conditions at Malinovsky
Glassworks. Raw materials for glass production
included: quartz sand, limestone, soda ash,
sodium sulfate, feldspar, dolomite, cerium (IV)
oxide, selenium, cobalt oxide. The glass was
melted in a HORN System “DEEP END
MELTER” regenerative glass furnace, with
preheating of air with a horseshoe-shaped flame
direction, with a capacity of 240 tons/day at a
glass  melting  temperature  interval  of
1484—1556 °C. The glass containers were formed
on the sectional glass forming machine.

Malinovsky Glassworks produced glass
pharmaceutical bottles “II -250-M-2-B” in
accordance with TU 23.1-32858847-003:2017
with a smooth neck of type II, a nominal volume
of 250 ml, a nominal volume mark M, group 2
(with a treated surface) made of colorless glass.

Dealkalization methods. The first method
involved  introducing ammonium  sulfate
(NH4)2SO4 in tablet form within a temperature
range of 800-900 °C in the hot zone of glass
container production on the conveyor of a glass
forming machine using a special device that
automatically dispensed tablets weighing 0.4
grams.

The second method involved treating the
inner surface of the vials with 1,1-difluoroethane
gas (marked 152 A) using hot-end coating
equipment (UW type). For pharmaceutical glass
containers, high gas concentrations of 5-17 % are
required. This is the self-ignition range of the
mixture of difluoroethane with air. To dispose of
environmentally hazardous gases such as carbon
dioxide, hydrogen fluoride, carbonyl fluoride,
which are released when 1,1-difluoroethane
interacts with a glass surface when heated, a
neutralizer consisting of a plastic container (250 1)
and a liquid level control system with 8 %
calcium hydroxide solution. During
neutralization, the final compound, calcium
fluoride, which is slightly soluble in water,

ISSN 2079-1704. CPTS 2026. V. 17. N 3
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precipitates and is filtered out of the process
solution.

Research methods. The chemical
composition of the surface layers was determined
after dealkalization without rinsing, since the
rinsing of bottles to remove salt deposits is
performed directly at pharmaceutical manu-
facturing facilities. The chemical composition of
the surface layers was determined by quantitative
electron probe microanalysis on a Tescan Mira 3
LMU scanning electron microscope using an
Oxford X-max 80mm energy dispersive
spectrometer.

The chemical resistance of the glass was
determined according to ISO 10134.1:2018.
Chemical resistance was assessed by the values of
the change in pH of water (A pH of water) after
treating the vials in a steam sterilizer (autoclave)
at a temperature of (121+£1) °C for 30 min, A pH
of water should not exceed 1.7, and by the value
of the change in pH of 0.9 % aqueous sodium
chloride solution (A pH of 0.9 % NacCl solution)
after treating the vials in a steam sterilizer
(autoclave) at a temperature of (121£1) °C for
60 min, A pH of 0.9 % NaCl solution should not
exceed 0.8. The hydrolytic resistance of

containers for pharmacological wuse was
determined by titration of the extracted substance
and evaluated taking into account the

requirements of the State Pharmacopoeia of
Ukraine [14], according to which the volume of
0.01 M HCI solution used for titration should not
exceed 0.30 cm’.

RESULTS AND DISCUSSION

Study of the surface structure of glass
containers after modification. Studying the
surface structure of glass containers is one of the
most effective methods for determining the
mechanism of action of reagents on the glass
surface and their modification [15, 16].

After dealkalization, changes in the surface
and its chemical composition were observed
depending on the influence of reagents (NH4)>SO4
(sample 2) and CoH4F> (sample 3) when compared
to untreated glass (sample 1) (Fig. 1).

The structure of the initial glass is
heterogeneous and characterized by the presence
of significant fragments of 0.5-2.0 um in size,
which form aggregates that are unevenly
distributed across the glass surface (Fig. 1 a).
Against the general background, isolated clusters
of nano-inhomogeneities are observed. These
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structural inhomogeneities may be the result of
contact between a mold with irregularities and the
glass. Such surface structure defects can lead to

SEM HV: 10.0 kv
View field: 15.0 ym
SEM MAG: 12.6 kx

Fig. 1.

wo:18.22mm | ) (y)04)

Det: SE 2 pm

c

the accumulation of stresses at the boundaries of
the inhomogeneities and contribute to a decrease
in the mechanical properties of the glass.

SEM HV: 10.0 kv
View field: 16.0 pm

SEM MAG: 12.6 kx

MIRA3 TESCAN|

SEM images of the glass surface before and after treatment with reagents: @) initial glass; b) after treatment

with (NH4)2SOy; ¢) after treatment with 1,1-difluoroethane

After treating the surface of ammonium
sulfate (NH4)2SOs in solid form, the structure of
the glass surface changes and becomes fine-
grained (Fig.15). The number of nano-
inhomogeneities in the volume increases
significantly, and their distribution becomes more
uniform. Clear crystals of sodium sulfate Na;SO4
are observed on the glass surface, which have an
orthorhombic structure and are connected in
clusters 2—4 pm in size. The presence of sodium
sulfate crystals indicates that reaction 5 is taking
place on the glass surface and that it is being
modified by dealkalization.

The surface structure of glass containers after
interaction with 1,1-difluoroethane is
characterized by a significant degree of
homogeneity with the size of inhomogeneities of

352

0.1-0.4 um, which form a nanostructured surface
layer.

Fluorine hydrogen interacts with silicon oxide
contained in glass (etching of glass), resulting in
modification of the glass surface texture
according to the reaction 4HF + SiO, = SiF4 (gas)
+ 2H,0. On the surface, there are solid white
crystal hydrates of hydrofluorosilicic acid with
the composition H;[SiFs]-4H>O, which have an
ionic structure (HsO0;"), (H3;0"), [SiFe]*2
according to the reaction: SiO,+ 6HF=
H»[SiFs] + 2H,0.

Study on the chemical composition of the
surface of glass containers after modification.
After treating the surface of glass containers with
(NHa4)2SO4 and CoH4F,, significant changes in the
chemical composition of its surface were
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observed (Table 1). The surface of the initial glass sodium increases, which may indicate the
(sample 1) contains elements of sodium, presence of sodium sulfate Na,SO; crystals on its
potassium, calcium, magnesium, aluminum, and surface. The appearance of the element fluorine
oxygen, which are present in the glass, in on the surface of sample 3 after treatment with
accordance with its chemical composition. The 1,1-difluoroethane may indicate the presence of
presence of carbon is associated with the H>[SiFs]-4H,0 on its surface.

insignificant presence of carbon dioxide in the The nature of the interaction between the
glass mass, which is formed by the reaction: reagent (NH4),SO,4 and the glass surface, as an
CaNay(CO3), +2Si0; — CaSiO; + NaySiO; + 2CO.. indicator of the improvement in the chemical
The presence of sulfate is associated with the resistance of the surface, can be monitored by
introduction of the clarifier Na,SO4, which changes in the content of elements on the glass
reduces the surface tension at the gas-melt surface depending on the depth of penetration
interface. After treating the glass container with (Table 2, Fig. 2).

(NH4)2SO4 (sample 2), the amount of sulfur and

Table 1. Element content on the surface of the glasses

Sample Element content, wt. %
No. Carbon Oxygen Sodium Magnesium Silicon Calcium Sulfur Aluminium Potassium Fluorine
1 503 31.19 10.83 0.03 38.63 11.79 0.22 1.59 0.69 -
2 245 3596 1751 0.04 19.77 694 16.06 0.48 0.79 -
3 446 3146  8.87 0.09 38.16 13.13  0.20 1.42 0.89 1.32

Table 2.  Element content on the glass surface modified with (NH4),SO,4 reagent depending on its penetration depth

Depth, Element content, wt. %
pm  Carbon Oxygen Sodium Magnesium Silicon Calcium Sulfur Aluminium  Potassium
2 193 4299 853 152 3095 10.11 1.83 1.51 0.63
10 2.55 33.59 17.54 0.63 21.85 6.59 16.25 0.45 0.55
117 0.53 37.24 10.49 1.35 37.17 11.22 0.75 1.25 -
Comparison of the composition of the surface modification. Ensuring the necessary chemical
of treated with (NH4).SO4 container glass allowed resistance values of the developed glass
us to found the degree of dealkalization determines the possibility of its use as a
depending on the depth of reagent penetration. pharmaceutical product due to the simultaneous
The most intense dealkalization is observed at a realization of a polyalkali and polycationic effect
penetration depth of 10 pm and an increase in the at a reduced content of Na-O + K-O = 13.5 wt. %
amount of sulfur and sodium and a decrease in and CaO + MgO = 11.9 wt. %.
silicon and calcium. For a penetration depth of Studies of the hydrolytic and chemical
2 um, on the surface, on the contrary, there is a resistance of the inner surface of experimental
decrease in the amount of sulfur and sodium and glass containers (Table 3) without treatment
an increase in silicon and calcium when compared (sample 1) and after treatment with (NH4)>SO4
with the previous sample, which indicates a (sample 2) and C,H4F, (sample 3) allowed us to
decrease in the degree of dealkalization. A similar elucidate that the highest indicators of hydrolytic
trend is observed when studying the degree of and chemical resistance are characterized by glass
reagent penetration to a depth of 117 um. containers treated with C,H4F, with a
However, it should be noted that when compared consumption of 0.01 M HCI. Thus, dealkalization
with the chemical composition of the initial glass of the surface of glass containers with (NH4)>SO4
(Table 1, sample 1), changes in the elemental and C,H4F, significantly increases chemical and
composition of the surface are observed even at a hydrolytic resistance compared to the original
significant depth of 117 pm. glass, which indicates the promise of these
Study on the chemical vresistance of methods for use in the production of competitive
pharmaceutical  glass  containers  after glass containers for pharmaceutical purposes.
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Fig. 2. Distribution of elements on the surface of glass treated with (NH4)>SO4 depending on the penetration depth:

a-2um; b—10 um; ¢ — 117 um
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Table 3. Chemical resistance of the initial glass and the inner surface of glass container after treatment with

(NH4)2SO4 and C,H4F>

Chemical resistance indicators of the inner surface of glass containers

Sample No.

Hydrolytic resistance
(consumption of 0.01 M

Chemical resistance
A pH 0f 0.9 % NaCl

HCl solution, cm®) solution A pH of water
1. Without treatment 1.44 3.77 1.86
2. After treatment with (NH4)2,SO4 0.10 0.53 0.74
3. After treatment with CoH4F» 0.07 0.51 0.76

CONCLUSIONS

Under production conditions at Malinovsky
Glassworks, wusing environmentally friendly
principles of glass container production
technology, the composition of the glass was
developed and its surface was treated with
ammonium sulfate and 1,1-difluoroethane. The
effects of reagents on the surface of glass
containers were studied by changing their surface
structure and element content. It has been
confirmed that the use of surface dealkalization
methods increases chemical resistance through
the reaction of reagents with glass, the leaching of
alkali cations, and their inclusion in the reaction
products. Na;SO4 crystals form on the glass
surface after treatment with ammonium sulfate,
and Hj[SiFs]-4H>0 crystals form after treatment
with 1,1-difluoroethane.

A change in the composition of the surface of
container glass treated with (NH4),SO4 has been
found. It has been determined that the degree of
dealkalization is significant and depends on the
depth of reagent penetration.

The chemical resistance of the initial glass
and the inner surface of the glass container after
treatment with (NH4),SOs; and C,H4F, was
examined. The realization of the polycationic
effect for industrial container glass composition
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with reduced Na,O+K,O=13.5wt.% and
CaO+MgO=119wt.%  allows ensuring
required chemical resistance values for

pharmaceutical glass containers.

It was found that dealkalization of the surface
of glass containers with ammonium sulfate and
1,1-difluoroethane allows increasing chemical
resistance compared to the initial glass, which
indicates the promising application of these
methods in the production of competitive glass
containers for pharmaceutical use.

A series of studies on the implementation of
pharmaceutical glass technology based on
container glass using methods of dealkalization of
its surface allows us to abandon costly
components and introduce competitive products
with high performance properties to the glass
container market.

It has been determined that the use of modern
equipment for neutralization of products of the
surface dealkalization of container glass with
1,1-difluoroethane allows to ensure the
implementation  of the  principles of
environmentally sustainable production, which is
an important condition for sustainable
development.
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IIpoananizosano punok hapmayesmuunoi mapu ma CMAHOBIEHO 3ampedy8aHIiCb CKISHOT mapu npu naxKy8anHi
dapmayeemuunoi npooykyii 3 YPAXYEAHHAM GUCOKUX CAHIMAPHO-2ICIEHIMHUX MA eKCHIYAMAYiiHUX 6UMOZ.
Bcemanoeneno nepcnexmusnicms 3acmocysanns memooy 0eankanizayii nogepxHi mapHux cmexon 0Jis nioGUeHHs
Ximiunoi cmitikocmi. IIpoananizogano memoou 0eankanizayii no8epxHi MAPHUX CMEKOL 8 3ANIeHCHOCMI 810 MUNY ma
BUSHAYEHO MEXAHIZMU MOoOuirayii ma o0codIu8ocmi 3acmocy8ants. Y GupoOOHUUUX YMOBAX PO3POOIEHO CKAAO
CKIOMapu papmayesmuyHo20 npUHa4eHHs ma 6CManoB1eHo, Wo 3abe3neuenHs NOAIKAMIOHH020 eeKmy Oisl CKAAdy
NPOMUCTIOB020 MAPHO2O CKIA € BANCTUBUM HUHHUKOM RNIOBUUeHHA IXHboi Ximiunoi cmiiikocmi. Busnaueno
MexXHOI02IUHI napamempu Moougixayii nogsepxti ckia cyrvgpamom amorito ma 1,1-ougpmopematriom.

Jlocniosceno 3MiHYy cmpyKmypu NO8epXHi cKla nicias 1ioeo Oednxanizayii 6 sanexcHocmi 8i0 6udy peacenmad.
Busnaueno 3anesicnicms 3MiHu 6MicCmy enemenmie Ha NOBEPXHI CKAA 8 3ANeNCHOCMI 610 2nubuHu moougikayii ma
XiMiuHy cmilKkicms tioeo noeepxwi. Bcmanoeneno mexawizm Oeankanizayii ckia peazeHmoM, AKULL NOAA2A€E )
BUNY208YBAHHI JIYNHCHUX KAMIOHI6 MA GKIIOYEeHHs. IX 00 npooykmie peaxyii peazenmis 3i ckiom: Kpucmanie NaSOy
nicns 06pobxu cynvbpamom amoniro, kpucmanie H[SiFs]-4H,0 nicis o6pobku 1,1-ougpmopemanom. Ilposedeno
NOPIGHSILHY OYIHKY 3MIHU CIPYKMYPU MA XIMIYHO20 CKIAOY CKISIHOL mapu niciis 0ednkanizayii cyivpamuumu ma
@dmopuonumu cnonykamu. Bemanosneno, wo oeanxanizayiss maprozo ckna 1,1-ougpmopemarnom 0036013€ 3HAUHO
niosUWUMU XIMIYHY ma 2i0pOAIMUYHY CIIUKICIb NPU NOPIGHAHHI 3 GUXIOHUM CKIOM, WO 8KA3VE HA NePCNeKMUBHICMb
3aCMOCY8aHHsl BKA3AHO20 MemoOy HNpu 6UPOOHUYMGI KOHKYPEHMO30amHoi CKIAHOI mapu @apmayesmuiHozo
npusHayeHHs. 3acmocy8aHHs Cy4acH020 00IA0OHAHH O Helmpanizayii npodyKkmie npoyecy oedikanizayii nosepxwi
mapHozo ckaia 1,1-ougpmopemarnom 0o3ons€ 3abe3nedumu BNPOBAONHCEHHI NPUHYUNIE eKOIO2IUHO CMIIKO20
8UPOOHUYMEA.

Knwwuosi cnosa: cxisina mapa, cmpykmypa, O0eankanizayis, NO6epxHs, MoOugikayis, Ximiuna cmitikicms,
BUPOOHUYMBO

REFERENCES

1. Patent US 20220242784A1. Etchepare P.-L., Depoilly C., Zhang J. Method for dealkalisation of borosilicate glass
containers by liquid means. 2022.

2. Mochel E.L., Nordberg M.E., Elmer T.H. Strengthening of glass surfaces by sulfur trioxide treatment. J. Am.
Ceram. Soc. 1966. 49(11): 585.

3. Brunswic L., Angeli F., Gin S., van Hullebusch E.D., Tarrago M., Gautron L., Neuville D.R. Surface treatments
on commercial glasses: durable impact on the retention of lead, barium and boron. npj Mater. Degrad. 2024. 8:
108.

4. Kordova T., Mareska A., Havlik Mika M. Influence of glass dealkalization on the quality of adhesion of bonded
materials. KOM. 2022. 66(1): 144.

5. Naknikham U., Jitwatcharakomol T., Tapasa K., Meechoowas E. The simple method for increasing chemical
stability of glass bottles. Key Eng. Mater. 2014. 608: 307.

6. Kumar S., Moitra A K., Gupta P.K. Dealkalisation of glass surface. Trans. Indian Ceram. Soc. 2014. 32(2): 35.
7. Patent JPH 11171599A. Azuma S. Method for dealkalizing glass surface. 1999.
8. Patent US 20100089096A1. Tamitsuji C., Watanabe K. Method for treating surface of oxide glass with

fluorinating agent. 2018.

356 ISSN 2079-1704. CPTS 2026. V. 17. N 3



Modification of the surface of pharmaceutical glass containers by dealkalization under plant conditions

10.
11.

12.

13.

14.

15.

16.

Patent US 3314772. Poole J.P., Snyder H.C., Ryder R. J. Corrosion retarding fluorine treatment of glass surfaces.
1967.

Patent US 3653864. Rothermel D.L., Stookey S.D. Dealkalization of glass surfaces. 1972.

Patent EP 1831123B1. Fosse L., Ricouard B. Procede de depot sur un verre sodocalcique comprenant une etape
de fluoration prealable. 2007.

Sharagov V. Dealkalization of glass surfaces by acid gases in the electric field. Nonconv. Technol. Rev. 2007.
22(3): 97.

Wild-Scholten M., Alsema E.A., Fthenakis V.M., Agostinelli G., Dekkers H., Roth K., Kinzig V. Fluorinated
Greenhouse Gases in Photovoltaic Module Manufacturing: Potential Emissions and Abatement Strategies. In:
European Photovoltaic Solar Energy Conference and Exhibition (EU PVSEC). Proc. 22nd. Int. Sci. Conf. (Sept.
3-7,2007, Milan, Italy). P. 1356.

State Pharmacopoeia of Ukraine. SE “Scientific Expert Pharmacopoeia Center”. — 2 st ed. Suppl. 1. (Kharkiv:
RIREG, 2016). [in Ukrainian].

Sheth N., Luo J., Banerjee J., Pantano C.G., Kim S.H. Characterization of surface structures of dealkalized soda
lime silica glass using X-ray photoelectron, specular reflection infrared, attenuated total reflection infrared and
sum frequency generation spectroscopies. J. Non-Cryst. Solids. 2017. 474: 24.

Savvova O.V., Voronov G.K., Topchiy V.L., Ryabinin S.A., Fesenko O.I. Ion-exchange strengthening of lithium-
aluminosilicate glass-ceramic protective materials. Him. Fiz. Tehnol. Poverhni. 2018. 9(3): 263. [in Ukrainian].

Received 05.01.2026
Accepted 01.08.2026
Published 25.08.2026

ISSN 2079-1704. CPTS 2026. V. 17. N 3 357




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /RUS <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


