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Abstract

Expanded polystyrene is widely used as a material for packaging, in modern construction as a heat and sound insulation layer, 
in thermal insulation systems for buildings, as well as tanks and pipelines. It is additionally used in foundry engineering for the 
production of models which are gasified during the production of castings from ferrous and non-ferrous alloys under the con-
tact with liquid metal. The use of expanded polystyrene products is associated with waste generation, both in production and 
in consumption. About 40–50 kg/person of polystyrene waste is generated per year. The peculiarity of polymeric wastes is their 
resistance to aggressive environments. They do not rot and the destruction processes in natural conditions proceed rather slowly, 
with the formation of harmful substances that poison the environment. Therefore, the problem of the processing of waste from 
polymeric materials is of great importance, not only from the standpoint of environmental protection, but also due to the fact that 
in conditions of a shortage of polymer raw materials, this waste becomes a powerful raw material resource. This article describes 
the prospects for recycling expanded polystyrene wastes in foundry engineering. In this work, the properties of molding and core 
sands containing a combined binder, consisting of a solution of expanded polystyrene wastes in turpentine and clay were inves-
tigated, and their main characteristics (weight during stretching and crumbling) were determined. Molding and core mixtures, 
which contain only a binder in the form of a solution of expanded polystyrene in turpentine, have a crude strength of not more than 
0.01 MPa. The introduction of a mixture of clay in the amount of 2–3% allows a crude strength of the mixture of up to 0.05 MPa to 
be obtained. After drying, the investigated mixtures containing a solution of expanded polystyrene wastes and clay have a tensile 
strength of up to 2.1 MPa. Mixtures into which a solution of polystyrene wastes and clay was introduced have an insignificant gas 
capacity and satisfactory gas permeability.

Keywords:
waste, solution, polystyrene, turpentine, strength limit, sprinkling, residual strength

1. INTRODUCTION

The use of products made of polymeric materials is inex-
tricably linked with the generation of wastes, both in the 
field of production and in the field of consumption. The pe-
culiarity of polymer waste is their resistance to aggressive 
environments. Such materials simply do not rot. The pro-
cesses of their destruction in natural conditions are quite 
slow, with the formation of harmful substances that poison 
the environment. In 2016, the global production of polysty-
rene and expanded polystyrene (EPS) was around 14.7 and  
6.6 million metric tons per annum [1].

The problem of processing and recycling polymeric waste 
is currently of great importance, not only from the standpoint 
of environmental protection but also due to the fact that in 

conditions of shortage of polymeric raw materials, such wastes 
become a powerful raw material resource. 

The properties of sand-clay molding mixtures containing 
a solution of polystyrene waste in turpentine as a component 
are the object of the study. The aim of this study is to improve 
the properties of sand-clay molding and core mixtures by 
using a solution of EPS in turpentine as a binder.

2. USE OF EXPANDED POLYSTYRENE  
AND THE FORMATION OF ITS WASTE

EPS can be found in many areas of modern life. EPS is widely 
used as a material for food packaging and storage. This fact 
emphasizes the hygienic properties of EPS, the properties of 
which do not change over time. EPS packaging often contains 
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meat, fish, frozen or fresh vegetables, and beverages. Almost all 
packaging for household electronics is currently made of EPS. 
It is widely used in modern construction as a heat and sound 
insulation layer in systems of warming of houses and other 
buildings, and also capacitive devices and pipelines [2–5].  
EPS is also used in foundry engineering to obtain models un-
der gasification in contact with liquid metal in the production 
of castings from ferrous and nonferrous alloys [6–10]. Up to 
10% of raw materials goes to waste during the production 
of gasified models by the method of thermoplotter cutting of 
polystyrene block [11].

3. RE-USING OF EPS WASTE

EPS packaging accounts for 40% of all household waste and 
does not decompose. Therefore, the use of such packaging 
is associated with the generation of waste totaling approx-
imately 40–50 kg/year per person [11]. EPS wastes do not 
decompose during deposition in landfills and cause great 
damage to the soil. An alternative method is incineration. 
However, compounds are released during combustion which 
cause acid rain and is detrimental to the environment. Ash is 
also formed during combustion which is easily sprayed with 
air over a large area. Such ash causes great harm when in-
haled, leading to pulmonary poisoning and irritation.

Generally, re-using, mechanical recycling, chemical recy-
cling, and energy recovery have been the four main options 
conventionally-used for the reclamation and recycling of 
plastics. EPS contains more than 98% of air, making its recy-
cling uneconomical and inexpedient [12].

These are the following priority areas for the re-use of EPS 
waste [13–17]: 

• polystyrene coating for waterproofing,
• protective and decorative polystyrene coverings,
• polystyrene coatings for pottery,
• paints and varnishes for painting,
• thermocompaction of polystyrene waste,
• composite materials with expanded polystyrene matrix,
• binder component for molding and rod mixtures. 

It should be noted that molding and rod mixtures based 
on the binder have easy knockout and high strength [18–23]. 
EPS wastes are mainly used in foundry engineering as a com-
ponent for molding and core mixtures in the form of solu-
tions at the metallurgical enterprises of Ukraine and nearby 
countries.

The preparation of solutions of EPS in organic solvents is 
due to a multiple decrease in the initial volume of expanded 
polystyrene and a significant increase in the volume of the 
solution compared to the volume of the solvent. Therefore, 
the preparation of polystyrene solutions is a convenient way 
to compact it. The most commonly used solvent for polysty-
rene wastes is gum turpentine [24]. Turpentine dissolves pol-
ystyrene wastes well and has low volatility.

As a result of a number of studies [20–23], the technolo-
gy of EPS recycling was created. It is possible to make mod-
ern, low-toxic binding materials for the production of sand 
molding and core mixes, and also coverings of molds using 

EPS wastes. It makes it possible to improve and develop new, 
more efficient and cost-effective metal casting processes. In 
addition, the use of EPS wastes is of great environmental 
importance, as it is about reducing the amount of such wastes 
in landfills [25–29].

If the low volatility of gum turpentine is a positive factor 
from the point of view of the requirements of sanitary work-
ing conditions, it is negative from the perspective that there 
is a technological need to ensure the accelerated hardening of 
forms and cores, since this demands the compulsory remov-
al of any solvent from mix. There are a number of ways to 
remove the liquid composition from the mixture, including 
vacuuming and blowing the mixture with dry heated air. The 
temperature exposure during drying in ovens is the most 
affordable method [26–28]. Analyzing the use of an EPS solu-
tion as a binder for molding and core mixtures, a number 
of problems can be identified that are associated with the 
implementation of this scheme into production.

The most significant problem is technical. The use of bind-
er in a "pure" form provides a raw strength of mixtures of  
no more than 0.01 MPa. It is known that if the strength  
of mixtures in the raw state is very low – less than 0.01 MPa, 
it requires the use of additional special equipment-drivers, 
equipment necessary to move the manufactured product  
to the driver, subsequent transportation and heat treatment to 
obtain the required technological strength, which increases 
the cost of production as well as lengthening the technologi-
cal cycle of manufacturing casting. The solution to this prob-
lem may be the application of a combined binder containing 
additional liquid glass or clay to the EPS solution [27–30].

4. MATERIALS AND METHODS

In this study, research was carried out by dissolving EPS 
waste PSBS-25 in turpentine (Technical Specification  
No. 24.3-30959 201-001-2004). The choice of PSBS-25 sam-
ples is justified by the fact that it is used in the manufacture of 
models for Lost Foam technology by means of thermoplotter 
cutting. PSPB-25 is the most common type of expanded pol-
ystyrene due to its low density, and therefore a low ash resi-
due after combustion and low carburization of steel. 30% of 
the used polystyrene foam is scraped off. Therefore, disposal 
of polystyrene foam wastes is an urgent problem. Dissolving 
them with turpentine is a regulated and environmental-
ly friendly process. Turpentine vapors are environmen- 
tally neutral, unlike nitro solvents.

The quartz sand grade K2 was used as a grain base for the 
preparation of mixtures. A clay from deposit of Chasiv Yar was 
used as a binder in the form of a dry powder.

The mixture was prepared in a paddle mixer. First, the 
dry components were mixed for 5 minutes, and then a solu-
tion of foam plastic in turpentine was added and mixed for  
10 minutes.

Standard test samples were made using the 2М030 labora-
tory device for the production of standard samples of foundry 
mixture. Drying of the samples was performed in a chamber 
dryer model for 1 hour at a temperature of 150°С.

Compression and tensile tests were performed on standard 
samples on a universal model device 5070А. Determination 
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of gas permeability was carried out using the accelerated 
method DSTU 29234.11-91 by passing room temperature 
air through a standard sample of the test material on the 
model device 042-М. The gas-forming capacity of the mix-
ture was determined in accordance with GOST 23409.12-78 
– "Molding and rod mixtures. Method for determining gas 
solubility".

Scattering was determined on standard samples according 
to DSTU 23409.9-78: in 10 minutes after preparation of mix-
tures and production of samples, in an hour, in 3 hours and 
after 24 hours. Residual strength was determined by heat 
shock in the temperature range 150–800°С.

The hygroscopicity of the samples was determined accord-
ing to GOST 23409.10-78. 

5.  RESULTS AND DISCUSSION

5.1. Dissolution of EPS in turpentine

It is known from the literature [17–20] that the best strength 
properties of foundry mixtures are given by 38– 40% solution 
of EPS in turpentine. 

Preparation of such a solution from EPS waste in turpen-
tine showed the first positive result of the study on their 
utilization, namely that there is a sharp decrease in the vol-
ume of waste.

Figure 1 shows the volume of 40 grams of EPS waste 
and the volume of the solution obtained after dissolution 
to obtain the desired 40% concentration (ingredients ratio 
EPS/turpentine = 40 g/60 g).

5.2. Investigation of the properties of molding mixtures 
containing EPS wastes and clay as a binder

In this study, the possibility was investigated of obtaining 
molding of a sufficient raw strength by introducing small 
additives of molding clay mixtures with a binder solution of 
EPS waste in turpentine.

In the preparation of mixtures, 1.5, 2.0 and 3.0% clay was 
administered. Figure 2 shows the effect of clay content on 
the raw compressive strength, and Figure 3 on the dry ten-
sile strength of mixtures.

From the figures it is visible that the introduction of clay 
in the investigated mix allows us to obtain a crude durabili-
ty of more than 0,01 MPa. So, the possibility of manipulation 

of cores without additional technological operations and 
special equipment is provided. Increasing the clay content 
from 1.5% to 3.0% leads to an increase in the raw compres-
sive strength of the samples from 0.01 MPa to 0.05 MPa. At 
the same time, the tensile strength of dry samples increases 
insignificantly from 2.07 MPa to 2.10 MPa.

Measurement of the gas capacity of the studied mixtures of 
2% clay showed their insignificant gas evolution (10 cm3/g), 
and gas permeability (275 units). The hygroscopicity of 
these mixtures was 0.14%, which makes it possible after 
storage to keep the rods and molds for a long time without 
compromising their properties.

The obtained results were compared with the available 
literature data [20] on the strength of the mixture with dif-
ferent compositions. It was found that the strength of the 
mixture with an EPS waste binder is at the level of existing 
analogues with resins, and exceeds them in terms of manu-
facturability and harmful effects on the environment.

Fig. 2. Influence of clay content on crude compressive strength of 
mixtures
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Residual strength was determined on samples of a mixture 
containing 3% clay, after heating to 150, 200, 250, 300 and 400°C. 
The test results of the samples under compression are shown in 
Figure 4.

The compressive strength of this mixture after exposure 
to 150°C for 1 hour exceeds 3 MPa.

The curve in Figure 4 shows that the investigated mixture 
begins to lose strength intensively at 250°C (σ = 0.3 MPa). 
Presumably this is due to the thermal destruction of the pol-
ystyrene film that binds the grains of sand. After heating to 
300°C, the mixture significantly loses strength (σ = 0.08 MPa), 
and after heating to 400°C, the samples were destroyed in 
the furnace.

5.3. Investigation of the effect of  
small impurities of EPS solution  
in turpentine on the properties of  
standard sand-clay mixtures

The study was performed on a sand-clay mixture contain-
ing 10% clay as a binder. Additionally, a 40% solution of 
EPS in turpentine was introduced into the mixture (this 
corresponded to 0.4% in terms of polystyrene). Samples of 
the control mixture that did not contain polystyrene were 
examined at the same time. The bulkiness and residual 
strength (which characterizes the knockout) of mixtures 
were investigated. 

The bulk (surface strength) characterizes the ability of 
a mold or rod to maintain its configuration under the influ-
ence of a jet of liquid metal, as well as other forces that 
occur, for example, during transportation or assembly of 
the mold. One way to reduce the scattering is to increase the 
clay content in the mixture. The inevitable consequence of 
increasing the clay content in the mixture is a deterioration 
of its knockout and pliability, which is undesirable.

The aim of this stage of the study was to use small impu-
rities of a solution of expanded polystyrene in turpentine to 
obtain a sand-clay mixture with high scattering rates and 
low residual strength.

Figure 5 in semi-logarithmic coordinates shows a graph 
of the change in the scattering of the control and experi-
mental mixture over time. During the experiments, it was 
observed that the samples from the test mixture had a scat-
ter less than the control in all cases.

The figure shows that after exposure for 1 hour, the scat-
tering of both mixtures increases slightly, after 3 hours 
decreases significantly and, after 24 hours, grows again.

Figure 6 shows the dependence of the residual strength 
of the test mixture in comparison with the control from the 
heating temperature of the samples.

Figure 6 shows that the mixture has greater tensile 
strength than the control in the initial state of the test. That 
is, the admixture of expanded polystyrene solution acts as 
a strengthening component.

It was found that at heating temperatures < 600°C, the test 
specimens also had a residual strength greater by 15–20%  

Fig. 4. Residual strength of samples after heating
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than the control ones. This is most likely due to the incom-
plete destruction of the polystyrene molecules. The comple-
tion of this process at a higher temperatures (600–800°C) 
provided a decrease in the compressive strength of the 
experimental samples in comparison with the control by 
10–12% (Fig. 6), so the mixture of these samples had better 
knockout. Analysis of Figure 6 shows that a small amount of 
EPS waste acts as a strengthening and softening component 
of the sand-clay mixture.

6. CONCLUSIONS

A large amount of waste is generated under the produc-
tion and consumption of expanded polystyrene. Possessing 
chemical inertness, this waste accumulates in the environ-
ment and harms it. Expanded polystyrene wastes can be 
used as a raw material for the production of waterproofing, 
protective and decorative coatings for wood and pottery, 
paints and varnishes for painting, the basis of composite 
materials, a binder component for molding and core mix-
tures in foundry production. 

Based on the research, it was found that:

1. Molding and core mixtures containing only a binder in 
the form of an EPS solution in turpentine, have a raw 
strength of not more than 0.01 MPa.

2. The introduction of clay into the mixture in the amount 
of 2.0–3.0% allows us to obtain a crude strength of the 
mixture of up to 0.05 MPa.

3. After drying, the test mixtures, in which a solution 
of EPS waste and clay was introduced, have a tensile 
strength from 2.07 MPa to 2.10 MPa.

4. Mixtures with the EPS waste solution and clay have insig-
nificant gas capacity and satisfactory gas permeability.

5. The study of the effect of small impurities of the EPS 
solution in turpentine on the properties of sand-clay 
mixtures have revealed that the studied mixtures (in 
comparison with the control) have less scattering and 
residual strength.

REFERENCES

[1] Uttaravalli A.N., Dinda S. & Gidla B.R. (2020). Scientific and En-
gineering Aspects of Recycling and Reuse of Expanded Polysty-
rene Waste for Various Potential Applications: A Review. Pro-
cess Safety and Environmental Protection, 137, 140–148. Doi: 
https://doi.org.10.1016/j.psep.2020.02.023.

[2] Ramli Sulong N.H., Mustapa S.A.S. & Abdul Rashid M.K. (2019). 
Application of expanded polystyrene (EPS) in buildings and 
constructions: A review. Journal of Applied Polymer Science, 136, 
47529. Doi: https://doi.org.10.1002/app.47529.

[3] Khlyestova O.A. & Dubovkina M.Yu.  (2016). Enerhoefektyvnist’ 
vykorystannya teploizolyatsiynykh materialiv dlya uteplennya 
zhytlovykh budynkiv. Marketynhovi komunikatsiyi ta lohisty-
ka u sferi tekhnolohiy enerhozberezhennya v Ukrayini ta sviti: 
Mizhnar. naukovo-prakt. konf.: 9.11.2016. Dnipro, Dnipro: Dni-
propetrov. nats. un-t im. O. Honchara, 20–23 [Хлєстова О.А., 
Дубовкіна М.Ю. (2016). Енергоефективність використання 
теплоізоляційних матеріалів для утеплення житлових бу-
динків. Маркетингові комунікації та логістика у сфері тех-
нологій енергозбереження в Україні та світі: Міжнар. нау-
ково-практ. конф.: 9.11.2016. Дніпро Дніпро: Дніпропетров. 
нац. ун-т ім. О. Гончара, 20–23].

[4] Savkin Yu.V. (2012). Rossiyskiy rynok penopolistirola: zadachi, 
dostizheniya, perspektivy. Stroitel’nyye materialy, 1, 1–3 [Савкин Ю.В.  
(2012). Российский рынок пенополистирола: задачи, дости-
жения, перспективы. Строительные материалы, 1, 1–3].

[5] Shulyak V.S., Rybakov S.A. & Grigoryan K.A. (2001). Proizvod-
stvo otlivok po gazifitsiruyemym modelyam. Moskva: MGIU  
[Шуляк В.С., Рыбаков С.А., Григорян К.А. (2001). Производ-
ство отливок по газифицируемым моделям. Москва: МГИУ].

[6] Ozerov V.A., Shulyak V.S. & Plotnikov G.A. (1970). Lit’ye po mo-
delyam iz penopolistirola. Moskva: Mashinostroyeniye [Озеров 
В.А., Шуляк В.С., Плотников Г.А. (1970). Литье по моделям 
из пенополистирола. Москва: Машиностроение].

[7] Stepanov Yu.A. & Grishin D.S. (1976). Lit'ye po gazifitsiruyemym 
modelyam. Moscow: Mashinostroenie [Степанов Ю.А., Гришин 
Д.С. (1976). Литье по газифицируемым моделям. Москва: 
Машиностроение]. 

[8] Chudnovskiy A.R. (1970). Lit’ye po modelyam iz penoplasta. Mo-
skva: Khimiya [Чудновский А.Р. (1970). Литье по моделям из 
пенопласта. Москва: Химия].

[9] Kirpichenkov V.P. (1971). Tekhnologicheskiy protsess lit’ya po 
gazifitsiruyemym modelyam. Moskva: NIIMASH [Кирпиченков В.П. 
(1971). Технологический процесс литья по газифицируемым 
моделям. Москва: НИИМАШ].

[10] Dan L.A., Trofimova L.A. & Velichko A.A. (2009). Analiz vozmozhnosti 
primeneniya termoplottera dlya izgotovleniya gazifitsiruyemykh 
liteynykh modeley. Vestnik Priazovskogo Gosudarstvennogo 
Tekhnicheskogo Universiteta, 19, 84–86 [Дан Л.А., Трофимова Л.А., 
Величко А.А. (2009). Анализ возможности применения тер-
моплоттера для изготовления газифицируемых литейных 
моделей. Вестник Приазовского Государственного Техниче-
ского Университета, 19, 84–86].

[11] Penopolistirol i yestestvennaya sreda. Fakty [Пенополистирол 
и естественная среда. Факты]. Retrieved from http://stroika.
biz.ua/articles/350/ [3.05.2021].

[12] Rajaeifar M.A., Abdi R. & Tabatabaei M. (2017). Expanded poly-
styrene waste application for improving biodiesel environmen-
tal performance parameters from life cycle assessment point of 
view. Renewable and Sustainable Energy Reviews, 74, 278–298. 
Doi: https://doi.org.10.1016/j.rser.2017.02.032. 

[13] Ponomareva V.T., Likhacheva N.N. & Tkachik Z.A. (2002). Is-
pol’zovaniye plastmassovykh otkhodov za rubezhom. Plas-
ticheskiye massy, 5, 44–48 [Пономарева В.Т., Лихачева Н.Н., 
Ткачик З.А. (2002). Использование пластмассовых отходов 
за рубежом. Пластические массы, 5, 44–48].

[14] Shtarke L. (1987). Ispol’zovaniye promyshlennykh ibytovykh otkhodov 
plastmass. Leningrad: Khimiya [Штарке Л. (1987). Использование 
промышленных и бытовых отходов пластмасс. Ленинград: 
Химия]. 

[15] Pirs D. & Uolter I. (1981). Ispol’zovaniye vtorichnykh resursov:  
ekonomicheskiye aspekty. Moskva: Ekonomika [Пирс Д., Уолтер И.  
(1981). Использование вторичных ресурсов: экономические 
аспекты. Москва: Экономика]. 

[16] Hocking M.B. (1991). Paper Versus Polystyrene: A Complex 
Choice. Science. 251, 504–505. Doi: https://doi.org.10.1126.
science.251.4993.504.

[17] Dan L.A., Oleynik I.M. & Trofimova L.A. (2013). Svoystva 
zashchitnykh pokrytiy na osnove otkhodov penopolistirola. 
Vestnik Priazovskogo Gosudarstvennogo Tekhnicheskogo Univer-
siteta, 27, 110–115 [Дан Л.А., Олейник И.М., Трофимова Л.А. 
(2013). Свойства защитных покрытий на основе отходов 
пенополистирола. Вестник Приазовского Государственно-
го Технического Университета, 27, 110–115].

[18] Doroshenko V.S. (2014). Novyye napravleniya pererabotki ot-
khodov penopolistirola. Ekologiya predpriyatiya, 1, 68–78 
[Дорошенко В.С. (2014). Новые направления переработки 
отходов пенополистирола. Экология предприятия, 1, 68–78].

[19] Shinskiy O.I., Doroshenko V.S. & Stryuchenko A.A. (2008). 
Polucheniye svyazuyushchikh materialov dlya formovochnykh  
i sterzhnevykh peschanykh smesey iz otkhodov penopolistirola. 
Metall i lit’ye Ukrainy, 3–4, 57–61 [Шинский О.И., Дорошенко 
В.С., Стрюченко А.А. (2008). Получение связующих матери-
алов для формовочных и стержневых песчаных смесей из 
отходов пенополистирола. Металл и литье Украины, 3–4, 
57–61].

http://stroika.biz.ua/articles/350/
http://stroika.biz.ua/articles/350/


O. Dan, L. Trofimova 19

https://journals.agh.edu.pl/jcme

[20] Shinskiy O.I., Ladareva Yu.Yu. & Mairko T.A. (2007). Novyy 
svyazuyushchiy material na osnove otkhodov penopolistirola. 
Protsessy lit’ya, 4, 58–60 [Шинский О.И., Ладарева Ю.Ю., 
Маирко Т.А. (2007). Новый связующий материал на основе 
отходов пенополистирола. Процессы литья, 4, 58–60]. 

[21] Stryuchenko A.A., Ladareva Yu.Yu. & Mairko T.A. (2005). Novyye 
metody utilizatsii bytovykh i promyshlennykh otkhodov 
penopolistirola. Tezisy dokladov mezhdunarodnogo nauchno- 
-tekhnicheskogo kongressa: Ekonomicheskiy put’ k vysokoka- 
chestvennomu lit’yu: 2005. Kiyev [Стрюченко А.А., Ладарева Ю.Ю.,  
Маирко А.А. (2005). Новые методы утилизации бытовых  
и промышленных отходов пенополистирола. Тезисы до-
кладов международного научно-технического конгрес-
са: Экономический путь к высококачественному литью: 
2005. Киев].

[22] Stryuchenko A.A., Ladareva Yu.Yu. & Mairko T.A. (2005). 
Formovochnyye i sterzhnevyye smesi na polistirol’nom 
svyazuyushchem. Tezisy dokladov mezhdunarodnogo nauchno- 
-tekhnicheskogo kongressa: Ekonomicheskiy put’ k vysoko-
kachestvennomulit’yu: 2005. Kiyev [Стрюченко А.А., Ладарева 
Ю.Ю., Маирко А.А. (2005). Формовочные и стержневые смеси 
на полистирольном связующем. Тезисы докладов между-
народного научно-технического конгресса: Экономический 
путь к высококачественному литью: 2005. Киев].

[23] Shinskiy O.I., Stryuchenko A.A. & Doroshenko V.S. (2009). Po- 
lucheniye svyazuyushchikh iz otkhodov penopolistirola dlya 
liteynykh form i strezhney i izucheniye ryada kharakteristik etikh 
protsessov. Protsessy lit’ya, 1, 48–52 [Шинский О.И., Стрюченко А.А.,  
Дорошенко В.С. (2009). Получение связующих из отходов 
пенополистирола для литейных форм и стрежней и изуче-
ние ряда характеристик этих процессов. Процессы литья, 1, 
48–52].

[24] Shinsky O.I., Terlikovsky E.V. & Stryuchenko A.A. (2005). UA Pat-
ent No. 9003. Kyiv, Ukrainian Patent Office. 

[25] Dan L.O., Trofimova L.A., Shevchenko S.V., Shvarts V.L & Dan O.L. 
(2013). UA Patent No. 102624. Kyiv, Ukrainian Patent Office.

[26] Dan L.A., Trofimova L.A., Reva I.A. & Dan Ye.L. (2014). Svoystva 
smesey so svyazuyushchim, soderzhashchim otkhody penopo-
listirola i glinu. Liteynoye proizvodstvo, 4, 24–26 [Дан Л.А., Тро-
фимова Л.А., Рева И.А., Дан Е.Л. (2014). Свойства смесей со 
связующим, содержащим отходы пенополистирола и гли-
ну. Литейное производство, 4, 24 –26].

[27] Dan L.A. & Trofimova L.A. (2014). Osypayemost’ i vybivayemost’ pe-
schano-glinistykh smesey soderzhashchikh malyye dobavki rastvora 
penopolistirola. Universitetskaya nauka – 2014: Mezhdunarodnaya 
nauchno-tekhn. konf.: 20–22 maya. Mariupol’. Mariupol’: PGTU, 
130–131 [Дан Л.А., Трофимова Л.А. (2014). Осыпаемость  
и выбиваемость песчано-глинистых смесей содержащих 
малые добавки раствора пенополистирола. Университетская 
наука – 2014: Международная научно-техн. конф.: 20–22 мая. 
Мариуполь. (сс. 130-131). Мариуполь: ПГТУ].

[28] Dan L.A. & Trofimova L.A. (2014). Vliyanie malyh dobavok rast-
vora penopolistirola v skipidare na osypaemost’ i vybivaemost’ 
peschano-glinistyh smesej. Novі materіali і tekhnologії v mash-
inobuduvannі: materіali VI Mіzhnar. naukovo-tekhnіch. konf.:  
May 20 – May 21. Kyiv. (рр. 32–33). Kyiv: National Technical 
University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” 
[Дан Л.А., Трофимова Л.А. (2014). Влияние малых добавок 
раствора пенополистирола в скипидаре на осыпаемость  
и выбиваемость песчано-глинистых смесей. Нові матеріали 
і технології в машинобудуванні: матеріали VI Міжнар. науко-
во-техніч. конф.: 20 – 21 мая. Киев. (сс. 32–33). Киев: НТУ КПІ].

[29] Shinskiy O.I., Ladareva Yu.Yu. & Rybitskiy A.I. (2010). Razrabotka 
svyazuyushchego materiala dlya liteynogo proizvodstva putem pere-
rabotki otkhodov penopolistirola. Protsessy lit’ya, 4, 56–59 [Шинский 
О.И., Ладарева Ю.Ю., Рыбицкий А.И. (2010). Разработка связую-
щего материала для литейного производства путем переработ-
ки отходов пенополистирола. Процессы литья, 4, 56–59]. 

[30] Ponomarenko O., Yevtushenko N. & Lysenko T. (2019). A New 
Technology for Producing the Polystyrene Foam Molds Including 
Implants at Foundry Industry. Advances in Design, Simulation and 
Manufacturing, II, 430–437. Doi:10.1007/978-3-030-22365-6_43. 



Journal of Casting & Materials Engineering Vol. 5 No. 2 (2021) 20–30
https://doi.org/10.7494/jcme.2021.5.2.20

https://journals.agh.edu.pl/jcme

Physicochemical Investigations 
of Hydrogels Containing Gold Nanoparticles  
Designed for Biomedical Use

Magdalena Głąba* , Sonia Kudłacik-Kramarczyka , Anna Drabczyka , Beata Grabowskab , Bożena Tyliszczaka

a Cracow University of Technology, Faculty of Materials Engineering and Physics, Department of Materials Science, 37 Jana Pawła II Av.,  
31-864 Krakow, Poland
b AGH University of Science and Technology, Faculty of Foundry Engineering, 23 Reymonta St., 30-059 Krakow, Poland
*e-mail: magdalena.glab@doktorant.pk.edu.pl

© 2021 Authors. This is an open access publication, which can be used, distributed and reproduced in any medium  
according to the Creative Commons CC-BY 4.0 License requiring that the original work has been properly cited.

Received: 23 February 2021/Accepted: 23 June 2021/ Published online: 2 July 2021 
This article is published with open access at AGH University of Science and Technology Press

Abstract

Currently, many investigations are being performed to develop dressing materials with a positive effect on the wound healing 
process. In general, innovative dressings should ensure wound exudate absorption, constitute an external barrier limiting the 
possibility of wound contamination and, importantly, also provide therapeutic properties. This work is focused on obtaining 
materials with potential use as dressings for treatment of difficult-to-heal wounds. The synthesis methodology of acrylic hydro-
gels modified with selected modifiers, i.e. arabic gum, nanogold, bee pollen and chamomile extract, was developed. Next, the 
sorption properties of the materials were determined as well as their behavior during the incubation in fluids imitating the 
environment of the human body. Additionally, the impact of such an incubation on their structure was evaluated by FT-IR spec-
troscopy. It was proved that the modifiers affected the sorption properties of hydrogels, i.e. samples with additives showed even 
approx. 2.5-fold lower swelling ability. In turn, incubation of hydrogels in simulated body fluids did not cause any rapid changes 
in pH, which may indicate the biocompatibility of the tested materials with the tested fluids. Thus, it may be concluded that the 
developed materials show great application potential for biomedical purposes and may be subjected to more advanced studies 
such as cytotoxicity assessments towards selected cell lines.

Keywords: 
acrylic hydrogels, gold nanoparticles, sorption properties, incubation studies, FT-IR analysis

4. INTRODUCTION

In recent years, the application of hydrogels in various fields 
including medicine and related areas has been growing 
rapidly [1]. These materials are also widely used in agricul-
ture [2], environmental protection [3] or cosmetology [4]. 
Growing interest in these polymers result from their unique 
properties including great water absorption capacity, flexibil-
ity, or the possibility of their modification with various active 
substances which may be further release to the application 
site [5]. Importantly, both hydrogels based on natural mate-
rials such as chitosan [6], gelatin [7] or arabic gum [8] and 
synthetic ones, i.e. poly(vinyl alcohol) [9] or acrylic acid [10] 
are widely applied.

Hydrogels based on acrylic acid are widely considered for 
application e.g. in controlled drug delivery systems [11], as 
wound dressings [12], in tissue engineering [13] or as bio-
sensors [14]. For example, Mohamad et al. described hydro-
gels based on acrylic acid and bacterial cellulose obtained via 

electron beam irradiation. They performed measurements 
as well as an analysis of the sorption properties of obtained 
materials. An interesting aspect of the research was the eval-
uation of the cytotoxicity of the prepared hydrogels toward 
L929 cell lines and in vivo experiments using Sprague Dawley 
rats. It was proved that the hydrogels did not exhibit cytotoxic 
activity. Furthermore, the application of hydrogels promoted 
more effective wound healing via the accelerated prolifera-
tion of fibroblasts compared to the control group [15]. Other 
investigations on the acrylic hydrogels have been conducted 
by Staneva et al. who modified these materials with cotton 
fabric and silver nanoparticles. Their studies aimed at deter-
mining the antibacterial activity of the composites prepared 
against Escherichia coli and Acinetobacter johnsonii and 
allowed them to demonstrate the antibacterial properties of 
the developed systems [16]. In turn, Kumar et al. proposed 
the hydrogels based on acrylic acid and tamarind kernel poly-
saccharides for application in regenerative medicinal treat-
ment of the skeletal system. They proved that the presence of 
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the hydrogels accelerated the differentiation, mineralization 
and the expression of various osteogenic genes in Saos-2 cell 
lines which in the case of the bone injuries treatment may 
provide more effective osteogenesis process [17].

As mentioned previously, a significant feature of hydrogels 
is their potential modification with various materials that, in 
turn, increase the spectrum of their potential application [18]. 
Particularly important modifying agents are natural ones 
such as e.g. plant extracts [19]. However, substances of syn-
thetic origin such as e.g. metallic nanoparticles are also wide-
ly applied [20]. For example, Park et al. developed alginate 
hydrogels modified with low molecular weight hyaluronate 
with potential use in cartilage regeneration. They proved that 
such hydrogels may successfully regulate the chondrogenic 
differentiation which contributes to the increase in the effec-
tiveness of the cartilage regeneration [21]. Next, Derkach et 
al. conducted studies on determining the impact of anionic 
polysaccharide (κ-carrageenan) on the gelling process of gel-
atin-based hydrogels. They proved that the increase in the 
concentration of κ-carrageenan accelerated the mentioned 
process at the same time leading to the significant increase 
in the viscoelastic parameters of modified hydrogels [22]. In 
turn, the main purpose of the research of Makvandi et al. was 
to develop thermosensitive hydrogels based on hyaluronic 
acid and modified with corn silk and silver nanoparticles. 
Due to the good biocompatibility and antibacterial activity 
of these hydrogels, they have been determined as promising 
materials with great application potential for wound heal-
ing [23]. Next, Li et al. have developed hydrogels based on 
poly(ethylene glycol) and modified with gold nanoparticles 
(which acted as a radiosensitizer) and anticancer drug (doxo-
rubicin). The drug release profiles in vitro and in vivo have 
been determined. Results of the skin safety investigations as 
well as the histologic observations of organs and the body 
weight changes indicated the biocompatibility of the devel-
oped materials. Furthermore, the inhibition of the growth 
and the proliferation of cancer cells has been observed which 
is a promising result in terms of the application of such mate-
rials in cancer treatment [24]. In turn, Ragab et al. developed 
an active multicomponent hydrogel for the treatment of 
chronic wounds. Such material has been synthesized using 
a methacrylated chitosan as a base and Punica granatum peel 
extract and ethyl acetate fraction as modifiers [25]. Moreover, 
the modification of hydrogel materials was also the research 
subject of Gallo et al. [26], Rask et al. [27] and Pankongadisak 
and Suwangton [28].

The main purpose of the investigations was to obtain and 
characterize the multicomponent hydrogel materials based 
on acrylic acid and arabic gum and modified additionally 
with gold nanoparticles, bee pollen and chamomile extract. 
Natural modifiers (bee pollen and chamomile extract) were 
selected due to their antibacterial and antioxidative prop-
erties beneficial for wound healing process [29, 30]. In 
turn, gold nanoparticles showing the large specific surface 
may constitute effective carriers for the selective and tar-
geted delivery of active substances [31]. Additionally, they 
also increase drug stability [32]. Importantly, in appropri-
ate concentrations these nanomaterials are biocompatible 
while at the same time maintaining antibacterial properties, 

a particularly important factor in the case of the application 
of such modified hydrogels as dressing materials [33, 34].  
Due to the potential application of these polymers for bio-
medical purposes, incubation investigations have been 
performed to evaluate their behavior in liquids simulating 
environments occurring in the human body. Additionally, the 
sorption properties of the obtained hydrogels have also been 
verified in these environments. After the incubation studies, 
the impact of such an immersion on the chemical structure of 
hydrogels has been evaluated via Fourier transform infrared 
(FT-IR) spectroscopy. The studies performed also included 
the characterization of gold nanoparticles which were used 
as modifiers of hydrogel matrix. Their size was determined 
via dynamic light scattering (DLS) wherein their optical 
properties were evaluated via UV-Vis spectrophotometry. 

2. EXPERIMENTAL PART

2.1. Materials

Potassium hydroxide (pure, p.a.), diacrylate poly(ethylene gly-
col) (crosslinking agent, PEGDA 700, average Mn = 700 g/mol;  
d = 1.120 g/mL), 2-hydroxy-2-methylpropiophenone (pho-
toinitiator, d = 1.077 g/mL), arabic gum (pure, p.a., powder) 
were bought in Avantor Performance Materials Poland S.A. 
Acrylic acid (99%, anhydrous, contains 200 ppm hydro-
quinone monomethyl ether as inhibitor) was supplied by 
Merck. The bee pollen and chamomile were purchased in 
Herbapol (Lublin, Poland). Gold nanoparticles were ob-
tained according to the procedure described in [35]. 

2.2. Synthesis of hydrogels

In order to obtain hydrogel materials, the first step was to 
neutralize 13.5 mL of acrylic acid with 15 mL of 40% KOH 
solution. Due to the exothermic character of this reaction, 
the process was performed in a cooling medium (tap water). 
After cooling to room temperature, arabic gum, an adequate 
amount of the selected modifier (chamomile extract or bee 
pollen suspension), a crosslinking agent (PEGDA 700) and 
a photoinitiator (2-hydroxy-2-methylpropiophenone) were 
added to the mixture. Such prepared reaction mixtures were 
subsequently treated with UV radiation for 3 min (as a source 
of radiation, an EMITA VP-60 lamp was used, power: 180 W, 
λ = 320 nm). A row of syntheses was conducted using various 
amounts of selected modifiers. Compositions of the hydro-
gels obtained are presented in Table 1 (hydrogels modified 
with bee pollen and gold nanoparticles) and in Table 2 (mate-
rials with chamomile extract and gold nanoparticles).

After the synthesis, the prepared hydrogels were dried at 
room temperature and subjected to studies aimed at charac-
terizing their physicochemical properties. The experiments 
performed included incubation studies determining the 
behavior of obtained materials in liquids simulating envi-
ronments occurring in the human body. Furthermore, the 
sorption properties of hydrogels were also evaluated. 
Additionally, gold nanoparticles used as one of the modifying 
agents were characterized using dynamic light scattering 
(DLS) and UV-Vis spectrophotometry.



22 Physicochemical Investigations of Hydrogels Containing Gold Nanoparticles Designed for Biomedical Use

  https://journals.agh.edu.pl/jcme

2.3. Characteristic of gold nanoparticles 
using the DLS technique

The size of gold nanoparticles was determined via the dy-
namic light scattering (DLS) technique. The measurement 
was performed for gold nanoparticles suspension before its 
introduction into the polymer matrix and using Zetasizer 
Nano ZS Malvern. The analysis was conducted at room tem-
perature. In order to characterize the gold nanoparticles 
more precisely, the optical properties of their suspension 
were determined via UV-Vis spectrophotometry. The study 
was carried out using a Thermo Scientific Evolution 220 
(the measurement range: 350–700 nm) and also at room 
temperature.

2.4. Investigation on the sorption properties

One of the basic analysis performed for hydrogel materials is 
the analysis of their sorption ability. This is particularly im-
portant in terms of their potential application as wound dress-
ings, one of the most essential features of which is a capacity 
for wound exudate absorption. The sorption properties of 

hydrogels was evaluated using 2% citric acid, Ringer liquid 
(liquid isotonic to the human blood), SBF (simulated body 
fluid, isotonic to the human blood plasma), Tyrode solution 
(isotonic to the interstitial fluid), Hank solution (buffer used 
in the cell culture media to maintain optimal physiological 
pH) and distilled water (used as a reference liquid). The 
study was conducted for all obtained hydrogels. For this 
purpose, hydrogel samples were introduced into the sterile 
vessels containing 50 mL of the tested solution. After 1 h 
samples were separated from the liquids, excess water was 
removed using a paper towel and weighed again. The sorp-
tion capacity of the materials was defined using swelling 
ratios α [g/g] which were determined using the following 
Equation (1):

0

0

( )m m
m
−

α = (1)

where:
α – swelling ratio [g/g],

m – mass of a swollen hydrogel [g],
m0

– mass of a dry hydrogel (before swelling) [g].

Table 1  
Compositions of hydrogels modified with bee pollen and gold nanoparticles

Table 2  
Compositions of hydrogels modified with chamomile extract and gold nanoparticles

Series Acrylic acid 
[mL]

KOH 
[mL]

Crosslinking 
agent  
[mL]

Photoinitiator
[mL]

Arabic gum 
[g]

Bee pollen* 
[v/v]

Gold nanoparticles 
suspension  

[mL]

I

13.5 15.0 0.03 0.13 5

0

–
10

20

30

II

0

5
10

20

30

*  bee pollen suspension – prepared via introducing 1 g of this substance into 100 mL of distilled water

Series Acrylic acid 
[mL]

KOH 
[mL]

Crosslinking 
agent  
[mL]

Photoinitiator
[mL]

Arabic gum 
[g]

Chamomile 
extract**

[v/v]

Gold nanoparticles 
suspension  

[mL]

III

13.5 15.0 0.03 0.13 5

0

–
10

20

30

IV

0

5
10

20

30

** chamomile extract – prepared via introducing 1 g of this substance into 100 mL of distilled water (water temperature 96°C, brewing time 10 min)



M. Głąb, S. Kudłacik-Kramarczyk, A Drabczyk, B. Grabowska, B. Tyliszczak 23

https://journals.agh.edu.pl/jcme

2.5. Investigations on the behavior of hydrogel  
in simulated body fluids

In order to determine the behavior of obtained hydrogels 
in liquids simulating environments occurring in the hu-
man body incubation studies have been performed. Studies 
were conducted in SBF, artificial saliva and Ringer liquid. 
Approx. 1 g hydrogel samples were introduced into sterile 
vessels containing 50 mL of the liquid. Next, solutions with 
immersed samples were incubated at 37°C. During a four-
week incubation period, the pH values of the solutions were 
measured and pH changes were also checked for the tested 
liquids without the immersed hydrogels (such liquids were 
treated as reference liquids).

2.6. Analysis of the chemical structure of hydrogels  
via Fourier transform infrared (FT-IR) spectroscopy

To determine potential changes in the structure of hydro-
gels caused by immersion in the simulated body fluids, FT-
IR analysis was performed. The study was conducted for 
hydrogels containing 10% and 30% of the additive both 
before and after the incubation in Ringer liquid, SBF and 
artificial saliva. For this purpose, a Spectrum 65 (Perkin 
Elmer) spectrophotometer equipped with an attenuated 
total reflectance (ATR) attachment with a diamond/ZnSe 
crystal was used. FT-IR spectra were recorded within the 
range: 4000–600 cm−1 (32 scans, resolution 4.0 cm−1) at 
room temperature. 

3. RESULTS AND DISCUSSION

3.1. Characteristic of gold nanoparticles

In the research, the size of the particles obtained was ver-
ified using DLS technique wherein their optical properties 
were determined via UV-Vis spectrophotometry. Results of 
the performed investigations are shown below in Figure 1.

According to the literature reports, the term “nanopar-
ticles” refers to the particles with at least one dimension 
ranging from 1 nm to 100 nm [36]. Based on the DLS anal-
ysis performed it was observed that the tested suspension 
contained particles having a size of approx. 30 nm. Thus it 
may be concluded that the particle suspension used a mod-
ifying agent of the polymer matrix contain nanoparticles. 
Importantly, the narrow particle size distribution was 
shown to indicate that the suspension with an uniform par-
ticle size and probably without the agglomerates of parti-
cles was introduced into the reaction mixture.

Figure 1b shows the results of UV-vis spectrophotomet-
ric analysis. Suspension of gold nanoparticles is character-
ized by an intense ruby color which is caused by the surface 
plasmon resonance (SPR). This, in turn, is a result of the 
collective oscillations of free conduction electrons caused 
by the electromagnetic field [37–39]. Thus the presence of 
gold nanoparticles in a tested suspension may be confirmed 
via confirmed UV-Vis spectrophotometry wherein the SPR 
absorption peak characteristic for nanogold occurs within 
the wavelength range 515–570 nm [40]. What is more, the 

position of the absorption band is strictly related to such 
factors as e.g. the size and the shape of the particles, their 
interactions with the medium in which they are suspend-
ed or the refractive index. Thus it is assumed that a single 
SPR band in the absorption spectra indicates the presence 
of spherical nanoparticles while in the case of anisotropic 
nanoparticles two or more SPR bands depending on their 
shape are observed [37, 41]. In the case of the tested suspen-
sion, maximum absorbance observed on the UV-Vis spectra 
was at approx. 515 nm which proves the presence of gold 
nanoparticles in tested medium. The maximum absorbance 
characteristic for gold nanoparticles in the similar range 
was also reported by Ngo et al. [42], Duan et al. [43] and 
Amendola and Meneghetti [44]. Next, due to the presence of 
a single absorption band on the UV-Vis spectrum obtained, 
it may also be concluded that spherical-shape nanoparticles 
occur in the analyzed suspension.

3.2. Investigations on the sorption properties  
of hydrogels

Considering the potential applications of the developed 
materials in biomedical fields such as pharmacy, an essen-
tial aspect of the research was to determine the sorption 
ability of the obtained hydrogels. Swelling properties are 
particularly important in the case of the use of such ma-
terials as dressings, where one of the major tasks is to ab-
sorb the wound exudate, or in drug delivery systems where 
swelling of the material proceeds in parallel to the release 
of the active substance present in the polymer matrix. 

Fig. 1. Results of DLS analysis (a) and UV-Vis spectrum of gold 
nanoparticles suspension  (b)
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Characteristics of the sorption of prepared materials in se-
lected liquids is presented in Figure 2.

The swelling of hydrogel materials is due to the hydration 
of hydrophilic functional groups present in the structure of 
these polymers. Diffusion of water or other fluids is based on 
the migration of this fluid into pre-existing or dynamically 
forming spaces between polymer chains. After the introduc-
tion of the hydrogel matrix into the tested liquid, processes of 
dissociation and solvation of functional groups present in the 
polymer structure take place. As a result of the electrostat-
ic interactions, the repulsion of similar ones (with the same 
charge) is observed, which in turn leads to the formation of 
free spaces between polymer chains and finally to the loos-
ening of the polymer structure. As a result, water molecules 
easily penetrate such spaces [45, 46].

Considering the results of the performed investigations, it 
was proven that the highest swelling ratios were calculated 
for hydrogels immersed in distilled water. On the other hand, 
samples tested in SBF, Hank solution and Tyrode solution 
showed significantly lower swelling ability. This phenome-
non may be caused by the presence of such ions as Ca2+, Mg2+ 
or Na+ in these solutions which may affect the crosslinking 
density of the hydrogel matrix. For example, due to the pres-
ence of divalent ions, i.e. Ca2+ and Mg2+, additional crosslinks 
between polymer chains in the polymer structure may be 
formed. As a result, an increase in the crosslinking density of 
such polymer followed by the limitation of free spaces avail-
able for absorbed liquid takes place. The presence of Na+ ions 
may also reduce the sorption capacity of hydrogel materials. 
When the hydrogel swells in a medium containing sodium 

ions, the ion exchange including the hydrogen ions formed as 
a result of dissociation of functional groups occurring in the 
polymer structure and the sodium ions from absorbed liq-
uids may take place. Such neutralization, in turn, may reduce 
the hydrophilic character of the carboxyl group leading final-
ly to the lower swelling properties of such a structure. These 
conclusions are consistent with the conclusions of studies 
concerning the impact of various ions on the swelling process 
performed by Zhu et al. [47].

Low values of the swelling ratios were also calculated for 
samples swelling in 2% citric acid solution. The low swelling 
ability of hydrogels in low pH solutions is related to the high 
concentration of hydrogen ions in the presence of which the 
protonation of carboxylic anions may occur. As a result, the 
main anion - anion repulsive forces are eliminated. This, in 
turn, leads to the reduction in the formation of free spaces 
between polymer chains and, finally, to the reduction in the 
swelling capacity of such material. Similar results were pre-
sented by Al-Anbakey et al. who also observed that hydrogel 
materials placed in low pH solutions exhibited low sorption 
capacity [48]. Thus, it was proved that sorption properties of 
hydrogels depend on the type of fluid in which such a study 
is performed.

The presence of various modifying agents in the hydrogel 
matrix may also affect sorption properties. In the case of all 
the tested samples, the highest swelling ratios were observed 
for unmodified hydrogels. As the modifier content increased, 
swelling ratios decreased, e.g. α = 17.69 g/g for samples con- 
taining 10% bee pollen and α = 8.38 g/g for a sample  
containing 30% bee pollen (swelling ratios in distilled water).  

Fig. 2. Results of the swelling studies of obtained hydrogels: a) series I (modified with bee pollen); b) series II (modified with bee pollen and 
gold nanoparticles); c) series III (modified with chamomile extract); d) series IV (modified with chamomile extract and gold nanoparticles)
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The greatest decrease in the swelling was observed in the 
case of samples tested in distilled water. Higher sorption 
properties of unmodified hydrogels may stem from the fact 
that more free spaces occur in the matrix of these polymers 
compared to the matrix of modified materials in which spac-
es between polymer chains are partially filled by modifiers. 
Thus, the modifying agents significantly limit the space which 
might be filled by the absorbed liquid. Therefore, the reduc-
tion in the swelling capacity of such materials is observed. 
Moreover, additives such as bee pollen or chamomile contain 
a number of chemical compounds, including those with aro-
matic rings. These structures cause the so-called steric effect 
which may also limit the penetration of fluids between poly-
mers. In the case of the presence of gold nanoparticles, any 
significant changes in swelling properties of the materials 
modified additionally with these additives was not noticed. 
Only in the case of hydrogels containing both chamomile 
extract and gold nanoparticles was an increase in the swell-
ing ratios observed. This is probably a result of the release 
of some amounts of the modifying agents into the tested liq-
uid and thus forming free spaces previously occupied by the 
modifiers which may be filled with absorbed liquid.

3.3. Results of the investigations on the behavior 
of hydrogels in simulated body fluids

Incubation studies were aimed at determining the behav-
ior of the obtained hydrogels in liquids simulating envi-
ronments occurring in the human body. These investiga-
tions are particularly important in terms of the potential 

application of the developed materials for biomedical pur-
poses. The behavior of hydrogels presented as pH changes 
in the course of their four-week incubation in selected liq-
uids is presented below in Figures 3–5.

In the case of all hydrogels immersed in various types 
of fluids, an analogous course of the curves presenting pH 
changes was observed. Firstly, i.e. after the first week of the 
immersion, a drop in pH value in all tested environments 
was reported. Such a pH decrease may be due to the inter-
actions that probably occurred between the dry hydrogel 
sample and the incubation medium. It is also likely that 
such a change in pH may be a result of the beginning of the 
degradation of the immersed samples.

At the beginning of the immersion, the tested liquid pene-
trates the interior of the material and a dry hydrogel begins 
to swell. Next, the elution of unreacted or non-crosslinked 
reagents present in the polymer matrix probably takes place. 

Additionally, during the first days of the immersion liquid 
penetrating the material, being incubated causes the elution 
of the additives, i.e. bee pollen or chamomile extract. All these 
processes may contribute to the pH changes observed at the 
beginning of the investigation. In the next weeks of pH meas- 
urements, stabilization of the pH values may be observed. 
Any changes in pH values were not observed and its constant 
value maintained over the next days of the study which may 
indicate the buffering properties of the hydrogels.

Slight greater changes in pH may be noticed in the case 
of modified hydrogels. In the case of samples with various 
modifying agents, a slightly larger pH decrease was observed 
compared to this change reported for unmodified materials. 

Fig. 3. pH changes measured during the incubation of hydrogels in Ringer liquid: a) series I (modified with bee pollen); b) series II (modified with bee 
pollen and gold nanoparticles); c) series III (modified with chamomile extract); d) series IV (modified with chamomile extract and gold nanoparticles)
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Fig. 4. pH changes measured during the incubation of hydrogels in SBF: a) series I (modified with bee pollen); b) series II (modified with 
bee pollen and gold nanoparticles); c) series III (modified with chamomile extract); d) series IV (modified with chamomile extract and gold 
nanoparticles)

Fig. 5. pH changes measured during the incubation of hydrogels in artificial saliva: a) series I (modified with bee pollen); b) series II (modified 
with bee pollen and gold nanoparticles); c)series III (modified with chamomile extract); d) series IV (modified with chamomile extract and 
gold nanoparticles)
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This probably results from the release of the modifying sub-
stance from the polymer matrix which, in turn, may be caused 
by the interactions of the hydrogel sample with the incuba-
tion liquid. The release of both bee pollen and chamomile 
extract may cause greater changes in pH of tested liquids due 
to the presence of various chemical compounds such as e.g. 
organic acids or different enzymes in these additives which 
may contribute to the additional acidification of the environ-
ment. Nonetheless, these changes are only observable during 
the first week of the incubation. During the next week of the 
study, the pH of the solutions stabilizes and the lack of any 
further changes may indicate the biocompatibility of the ana-
lyzed materials with respect to the applied liquids.

3.4. Results of Fourier transform 
infrared (FT-IR) spectroscopy

Results of the spectroscopic analyses performed to verify 
the impact of the incubation of hydrogels in simulated phys-
iological liquids on their chemical structure are shown in  
Figures 6 and 7. Based on the literature data, absorption bands 
observed on the above-presented FT-IR spectra were as-
signed to the adequate functional groups presented in Table 3.

A broad band of relatively high intensity observed within 
the range of 3700–3300 cm−1 may be assigned to the –OH 
groups resulting probably from the presence of water mol-
ecules in the structure of the analyzed hydrogels. Among the 
absorption bands characteristic for acrylic hydrogels, bands 
in the following ranges may be observed: 3000–2900 cm−1  
(stretching vibrations of –CH2 groups), 1740–1650 cm−1 

(stretching vibrations of –C=O groups) and 1580–1520 cm−1 
(stretching vibrations of –OH groups). Due to the possibility 
of the overlapping of bands deriving from groups character-
istic for both polymer matrix and the compounds occurring 
in modifiers, it is difficult to clearly assign absorption bands 
visible on obtained FT-IR spectra for particular compo-
nents. For example, an absorption band corresponding to 
the stretching vibrations of the carbonyl groups may derive 
both from –C=O bonds present in the hydrogel matrix and 
the conjugated esters from luteolin present in chamomile  
extract [49] or to phenolic compounds derived from bee 
pollen [50]. Furthermore, due to the numerous amino acids 
occurring in the compositions of the modifying agents, 
absorption bands within the range 1650–1500 cm−1 may be 
assigned to the amino groups while the absorption band at 
1360–1000 cm−1 may be assigned to the stretching vibrations 
of C–N groups. Next, band visible within the 1050–1000 cm−1 
range corresponds to the stretching vibrations of –CO groups 
and is characteristic for polysaccharides (included in the 
composition of modifying agents).

Analyzing the FT-IR spectra of samples before and after 
the incubation in simulated body fluids, it is important to 
determine the changes in the intensity of the absorption 
bands. The decrease in the intensity of particular bands or 
their complete disappearance may indicate changes occur-
ring in the immersed material such as e.g. the degradation 
of incubated polymers or the release of the modifying agents 
present in the polymer matrix. The greatest changes in the 
intensity of particular bands have been marked in above-pre-
sented FT-IR spectra via the black frame. 

Fig. 6. FT-IR spectra of hydrogels containing: a) before incubation; b) Ringer incubation;  c) SBF incubation; d) artificial saliva incubation;  
1) 10% bee pollen; 2) 30% bee pollen; 3) 10% bee pollen and gold nanoparticles; 4) 30% bee pollen and gold nanoparticles
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The changes concern the absorption bands which may be 
attributed to the vibrations of groups characteristic for com-
pounds present in the compositions of modifiers applied. 
Thus, it may be concluded that the decrease in the intensity 
of these bands indicates the release of certain amounts of the 
modifiers to the incubation medium. These conclusions are 
consistent with the results of pH changes observed during 
the incubation studies which indicated the acidification of the  
incubation environment. Considering different incubation 
fluids, the highest changes in the intensity of observed bands 
were observed in SBF and, importantly, in this solution the 
greatest pH decrease was reported during the incubation 
period. Therefore, it may be concluded that in this incuba- 
tion medium the greatest amount of the additive is released 
or that the degradation occurs most intensively.

4. CONCLUSIONS

Based on the results presented above, the following conclu-
sions and observations were formulated:

• The DLS analysis showed that the suspension introduced 
into the hydrogel matrix contained gold particles having 
a size of approx. 30 nm and so gold nanoparticles. Moreover, 
the occurrence of a single narrow peak on UV-Vis spectrum 
indicates that a suspension with particles of a uniform size 
was used.

• The highest swelling capacity was shown by hydrogel 
materials in distilled water. Ions such as Ca2+, Na+ or Mg2+ 
in absorbed liquids reduce the sorption properties of 
hydrogels which results from the formation of additional 
crosslinks between these ions and hydrophilic functional 
groups present in polymer chains of the hydrogel network. 

• Modified hydrogels showed a lower sorption capacity 
than unmodified ones. This may result from the fact that 
additives present in the matrix fill the spaces between the 
polymer chains thus limiting the space available for liquids.

• Incubation of tested hydrogels in simulated body fluids did 
not cause any rapid changes in their pH, which may indi-
cate the biocompatibility of materials with the fluids used.

• During spectroscopic analysis, changes in intensity of se-
lected absorption bands on FT-IR spectra of samples before 
and after the incubation were observed. This probably re-
sulted from the partial degradation of the materials being 
incubated or from the release of modifiers present in the 
polymer matrix into the incubation medium.

Fig. 7. FT-IR spectra of hydrogels containing: a) before incubation; b) Ringer incubation; c) SBF incubation; d) artificial saliva incubation;  
1) 10% chamomile extract; 2) 30% chamomile extract; 3) 10% chamomile extract and gold nanoparticles; 4) 30% chamomile extract and gold 
nanoparticles

Table 3  
Vibrations observed on FT-IR spectra and corresponding func-
tional groups

Wavelength range  
[cm−1]

Functional  
group Type of vibration

3700–3300 OH stretching

3000–2900 CH2 stretching

1740–1650 C=O stretching

1650–1500 N–H deformation

1580–1520 COOH stretching

1360–1000 C–N stretching

1050–1000 C–O stretching

a)

c)

b)

d)
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• The analyses did not show any significant influence of the 
addition of nano-gold on the sorption properties of hydro-
gels or on the course of their incubation process. However, 
the introduction of this additive into the polymer matrix 
is important because of the antibacterial effect of gold 
nanoparticles, which is beneficial due to the potential use 
of these materials as dressings. 

• The presence of additives in the polymer matrix affects 
selected physicochemical properties of these materials. It 
was proved that selected additives, i.e. bee pollen or cham-
omile, reduce the sorption capacity of hydrogels. However, 
due to their therapeutic effect, such a modification allows 
materials to be designed with new properties which may 
be beneficial in terms of their use as dressing materials. 

The research work was carried out within the SMART-MAT 
Functional Materials Science Club at the Faculty of Materials 
Engineering and Physics of the Cracow University of Technology.
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Abstract

The essence of ablation casting technology consists in pouring castings into single-use moulds made from the mixture of 
sand and a water-soluble binder. After pouring the mould with liquid metal yet while the casting is still solidifying, the 
mould destruction (washing out, erosion) takes place using a stream of cooling medium, which in this case is water. This 
paper focuses on the selection of moulding sands with hydrated sodium silicate for moulds used in ablation casting. The 
research is based on the use of water glass 145 and 150 as binders. As part of the research, loose moulding mixtures based 
on two silica sands from different sand mines with different content of binders were prepared. The review of literature data 
and the results of own studies have shown that moulding sand with hydrated sodium silicate hardened by dehydration is 
characterized by sufficient strength properties to be used in the ablation casting process. Our own research also confirmed 
the possibility of using these sand mixtures in terms of both casting surface quality and sand reclamation. The results pre-
sented in this paper prove that both sand grains and types of binder tested may be used as components in moulding sands 
devoted to ablation casting.

Keywords: 

innovative foundry technologies and materials, moulding sand, ablation casting, water glass, thermal curing

1. INTRODUCTION

Ablation casting is a term taken probably from the Latin ab-
latio meaning removal or ablutio which means washing. The 
essence of ablation casting technology consists in pouring 
castings in single-use moulds made from a mixture of sand 
and a water-soluble binder. After pouring the mould with 
liquid metal, while the casting is still solidifying, it is de-
stroyed (washed out, erased). It takes place using a stream of 
cooling medium, which in this case is water. China is consid-
ered to be the precursor of ablation casting technology [1].  
A piece of rope or cord was coated with clay which was fired 
and washed out, and a mould obtained in this way was filled 
with liquid metal. This technique was used to produce dish 
handles from around 1600 BC (Fig. 1). Fig. 1. Examples of the use of ablation in ancient China [1]
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In 2006, Alotech patented a casting station using the abla-
tion casting method. The process of ablation casting con-
sists of the following steps (1) make a mould of aggregates 
bonded with a water-soluble binder such as sodium silicate, 
(2) fill the mould cavity with a molten metal, (3) wait for 
a required delay between the mould filling and the start of 
ablation, and (4) start ablation of the mould [2]. Figure 2 
shows an example of the ablation casting process proposed 
by Alotech [3]. The molten metal poured into the cavity of 
the sand moulds which are located on a belt conveyor and 
are moved horizontally to the water jets, is firstly cooled in 
the sand mould. As the mould travels toward the water jets, 
mould ablation starts from the edge of the mould, reaches 
the distal end of the solidifying casting, and moves progres-
sively toward the feeder of the casting shown in Figure 2a, 
until the casting is solidified (Fig. 2b). The sand mould is 
broken down under high water pressure [2–8].

Ablation casting technology offers advantages such as:

• The mould is destroyed with a stream of liquid medium 
during the casting solidification process, which elimi-
nates the additional operation of knocking out from the 
mould and considerably reduces the dust pollution in 
a foundry plant.

• Some components of the moulding sand can be reclaimed.
• There is no air gap between the mould and the top layer 

of the cooled casting, which limits the heat flow to the 
outside. This enables solidification under the conditions 
of unprecedentedly large temperature gradients and high 
solidification rates. The mechanical properties of castings 
made using the ablation casting technology are reported 
to be superior to that made using low-pressure perma-
nent mould (LPPM) casting process [2, 8].

• Controlled, directional cooling, achieved in this technolo-
gy, favours the elimination of shrinkage porosity.

• The economic factor of the process is making high-quality 
castings in compact, single-use moulds as compared to 
high-tech permanent-mould technologies.

• The ecological factor associated with the use of an inor-
ganic water-soluble binder.
 

The effect of ablation casting on solidification characteris-
tics, microstructure formation, and mechanical properties 
of the casts have also been described in several publica-
tions [2, 9–12].

2. RESEARCH

The moulding sand used in the modified ablation casting 
process should be characterized by a durability that allows 
the transfer of the hydrostatic pressure of the liquid met-
al while being susceptible to the destructive effect of the 
cooling medium [13]. The use of hydrated sodium silicate 
as a binder for ablation casting technology is therefore justi-
fied. The inorganic binder is water-soluble and environmen-
tally friendly. The ecological nature of the binder currently 
makes it the object of numerous studies [14], while modern 
processes using hydrated sodium silicate are increasingly 
used in foundry practice.

Figure 3 shows the modified ablation casting process 
steps elaborated in the Lukasiewicz Research Network – 
Krakow Institute of Technology. A patent application for 
the technology has been filed [15] In previous studies, the 
authors proposed the use of moulding sands with a Cordis 
binder [16] produced by the Hüttenes-Albertus Company. 
It was a new-generation inorganic binder based on hydrat-
ed sodium silicate. Its hardening occurred under the effect 
of high temperature. In that technology, a loose inorganic 
Anorgit additive [16] was also used as an agent which pre-
vents burn-on defects and improves the durability of cores, 
mitigating the adverse effect of humidity present in the 
environment [16]. 

Previous works [17] included preliminary semi-industri-
al tests were carried out on the use of moulding sand with 
water glass 145 in the manufacture of moulds for ablation 
casting. The potential to use these sand mixtures has been 
confirmed in terms of both casting surface quality and sand 
reclamation.

Fig. 2. View of the ablation casting process of a steering knuckle 
proposed by Alotech (a) with a solidified casting (b) [7]

a)

b)

Fig. 3. Modified ablation casting process steps; Lukasiewicz 
Research Network – Krakow Institute of Technology [17]
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3. EXPERIMENTAL PROCEDURE

As part of our own research, we proposed using moulding 
sands with hydrated sodium silicate thermally cured by 
dehydration as a material for the moulds in ablation cast-
ing. The main advantage of the dehydration process is the 
achievement of high strength properties, much higher than in 
the case of chemical hardening, combined with the absence 
of harmful products of the chemical reaction of hardening.

The mechanism of thermal curing of hydrated sodium sili-
cate consists in its dehydration. It has been found that in the 
temperature range from 20°C to about 70°C, free water is 
removed, while in the temperature range from about 115°C 
to about 140°C, the removal of bound water occurs [18–20]. 

As a result of the thermal curing of sodium water glass, 
a structure composed of precipitated, amorphous, monolith-
ic silicate shells is formed. The inverted reactions produce 
a gel (physical hardening) [18].

The aim of this paper was the comparison of the influ-
ence of different sand matrixes and different binder types on 
the strength properties of moulding sands. Moulding sands 
based on following sand matrixes were used:

• 1K silica sand from the Grudzen Las Company with a main 
fraction of 0.20/0.40/0.315,

• silica sand from the Sibelco Poland Company; classified 
according to the Polish standard PN-85/H-11001 as me-
dium; with the value of the main fraction of 84%, which 
determines the sand as homogeneous.

As a binder, the inorganic water glass 145 and water  
glass 150 were used in an amount of 1.0, 1.5 and 2.0 parts by 
weight. Chosen properties of binders are shown in Table 1.

Moulding sands were prepared in a laboratory ribbon 
mixer, type LMR-2. The sand was mixed with the additive 
for 60 seconds, then the binder was introduced and the 
whole was mixed for another 150 seconds. 

From the moulding sands, standard specimens were pre-
pared for bending strength tests. Specimens were made in 
a universal LUT shooter. They were cured at 160°C for 30, 
60, 90 and 120 seconds. The time and pressure of shooting 

were the same for all the specimens and amounted to 2 sec-
onds and 0.5 MPa, respectively. 

Measurements of the moulding sand bending strength 
were carried out on an LRu-2 type apparatus in accordance 
with guidelines given in the PN-83/H-11073 standard.

The moulding sands’ properties were tested in both a hot 
state (directly after the removal from shooting machine) and 
a cold state (after 1 hour of curing at ambient temperature).

4. RESULTS AND DISCUSSION

Figures 4–7 show the obtained results of bending strength 
tests of moulding sands with water glass.

Fig. 5. The influence of R150 binder amount on bending strength 
properties of moulding sand based on Grudzen Las sand matrix and 
hardened in 160°C [23]

Table 1  
Chosen properties of water glass 145 and water glass 150 [21, 22]

Property / unit Water glass 145 
binder

Water glass 150 
binder

form water solution water solution

physical condition liquid liquid

colour colourless colourless

smell odourless odourless

Na2O + SiO2 (min), %  39 40

Na2O/SiO2  
(molar module) 2.4–2.6 1.9–2.1

density  
(in temp. 20°C), g/cm3 1.45–1.48 1.50–1.53

viscosity  
(in temp. 20°C) 1 1

Fig. 4. The influence of R145 binder amount on bending strength 
properties of moulding sand based on Grudzen Las sand matrix and 
hardened in 160°C [23]
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In the case of the use of the Grudzen Las sand matrix to 
prepare moulding sands with hydrated sodium silicate, the 
obtained test results for two types of binder, R145 and R150, 
were similar. Moulding sands with a content of 1.0 p.p.w. test-
ed “hot” are characterized by strength of approx. 0.55 MPa  
when hardened for 30 s and approx. 0.90 MPa when hard-
ened for 120 s. Moulding sands with a content of 1.5 p.p.w. 
tested “hot” have a strength of approx. 0.7 MPa when hard-
ened for 30 s and approx. 1.4 MPa when hardened for 
120 s. Moulding sands with a content of 2.0 p.p.w. tested 
“hot” have a strength of approx. 0.8 MPa when hardened 
for 30 s and approx. 1.87 MPa when hardened for 120 s.  

Moulding sands with a content of 1.0 p.p.w. tested in the 
“cold” state have a strength of approx. 2.0 MPa, regardless 
of the hardening time. Moulding sands with a content of  
1.5 p.p.w. tested in the “cold” state have a strength of approx.  
2.7 MPa, and here no influence of hardening time on the 
strength of the moulding sands was observed. Moulding 
sands with a content of 2.0 p.p.w. tested in the “cold” state 
are characterized by a strength of approx. 3.3 MPa and 
there was no effect of hardening time on the strength of the 
moulding sands.

In the case of the Sibelco Poland sand matrix used to 
prepare moulding sands with hydrated sodium silicate, 
the obtained test results for the two types of binder, R145 
and R150, were different. The moulding sands containing  
the R150 binder are characterized by strength properties 
similar to those of the moulding sands based on Grudzen 
Las sand matrix. In the case of composition with R145 bind-
er, their strength in the entire tested range is lower by an 
average of 30%. Strength values similar to other composi-
tions are obtained by the moulding sand based on Sibelco 
Poland matrix with R145 binder, tested in cold state, with 
binder content of 1.5 and 2.0 p.p.w. hardened in 60, 90 and 
120 s. In the case of all tested moulding sands, curing for  
30 seconds are characterized by the lowest strength prop-
erties in the hot state.

5. CONCLUSIONS

The analysis of literature data and our own research allow 
for the formulation of the following conclusions:

• The use of moulding sands with hydrated sodium silicate 
as a binder for ablation casting moulds is fully justified.

• From the ablation casting point of view, the most suitable 
sands with hydrated sodium silicate are physically hard-
ened sands, which include thermal curing (warm-box) by 
dehydration.

• The results of tests obtained for Grudzen Las sand matrix 
to prepare moulding sands with hydrated sodium silicate 
with two types of binder, R145 and R150, are similar.

• The results of tests obtained for Sibelco Poland sand 
matrix to prepare moulding sands with hydrated sodium 
silicate with two types of binder, R145 and R150, are dif-
ferent. The results of tests obtained for the Sibelco Poland 
sand matrix to prepare moulding sands with hydrated 
sodium silicate with two types of binder, R145 and R150, 
are similar and are characterized by strength properties 
similar to those of the moulding sands based on the 
Grudzen Las sand matrix. In the case of compositions 
with R145 binder, their strength properties in the entire 
tested range are lower by an average of 30%.

• The best strength properties are obtained by moulding 
sands containing 2 p.p.w. of binders examined in a “cold” 
state in the case of both tested sand matrixes.

• The research presented in this paper is a part of a wider 
ranging study which will be continued both in the context 
of the selection of moulding sands and the evaluation of 
the properties of the castings obtained by means of abla-
tion casting technology.

Fig. 6. The influence of R145 binder amount on bending strength 
properties of moulding sand based on Sibelco sand matrix and 
hardened in 160°C [23]

Fig. 7. The influence of R150 binder amount on bending strength 
properties of moulding sand based on Sibelco sand matrix and 
hardened in 160°C [23]
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