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DESIGNATIONS 
 

Symbols and Abbreviations 

Materials:  
BFS – blast furnace slag 
CSA – calcium sulfoaluminate clinker 
DH – dihydrate (DH-PG – dihydrate phosphogypsum) 
FA – fly ash 
FGD – flue gas desulphurization gypsum 
FCC – fluid catalytic cracking 
HH – hemihydrate (HH-PG – hemihydrate phosphogypsum) 
MS – waste metallurgical sludge 
NF – natural wood fibre 
NORM – naturally occurring radioactive material 
PC – Portland cement 
PG – phosphogypsum 
REE – rare earth element 
WF – waste wood fibre 
ZW – zeolitic waste 
 
Organisations 
FIPR – Florida Institute of Phosphate Research 
IAEA – International Atomic Energy Agency 
TFI – The Fertilizer Institute 
US EPA – United States Environmental Protection Agency 
WHO – World Health Organisation 
 
Parameters: 
CS – compressive strength 
CS150 – compressive strength of standard 150x150x150 mm cubic or 

150x150 mm cylindric specimens 
FS – flexural strength 
LOI – loss on ignition 
I – radionuclide activity concentration index 
PFP – press-forming pressure 
ScF – scale factor of the compressive strength 
SF – softening factor 
SPL – sound pressure level 
n0 – value of the control specimen 
nopt – value of the optimal specimen 
nrec – value of the recommended specimen 
r – correlation coefficient 
w/s – water/solid weight ratio employed to produce the initial paste 
λ – thermal conductivity 
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ρ – density of the hardened specimens 
 
Experimental methods 
EDS – energy-dispersive X-ray spectroscopy 
SEM – scanning electron microscopy 
XRD – X-ray diffraction analysis 
XRF – X-ray fluorescence analysis 
 

Concepts 

Acidic-soluble impurities –soluble P2O5 and F- impurities which are frequent 
in the composition of PG and which are highly undesirable since they weaken the 
strength of the PG specimens and, at the same time, damage the environment. 

Green specimens – the specimens which, in the middle of the manufacturing 
process, present the final geometry, but have not undergone yet the curing process 
and, therefore, exhibit null mechanical strength. 

Hardened specimens – the specimens which have been cured for a certain 
period of time and, therefore, are composed mainly of DH-PG crystals and exhibit 
good values of mechanical strength. 

Phosphogypsum – the main by-product of the production process of 
phosphate fertilisers. It is composed of hydrated CaSO4 crystals and, to a lesser 
extent, of impurities (phosphate, fluoride, radionuclides, trace heavy metals and trace 
REE). 

Radionuclide activity concentration – the content of radioactive isotopes 
(known as radionuclides) in a certain material. The calculation of the radionuclide 
activity concentration in building materials is based on the content of three 
radionuclides: 226Ra, 232Th and 40K. 

The wet process – the main chemical process employed to produce 
orthophosphoric acid and, as a by-product, PG. The process consists of the digestion 
of phosphate ore by concentrated sulphuric acid. 
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INTRODUCTION 

Phosphogypsum (PG) is the main by-product manufactured during the 
production of phosphate fertilisers which are essential and irreplaceable resources 
for the entire agriculture industry all around the world [1, 2]. As a side-effect of this 
agricultural necessity, humungous amounts of PG are produced globally. In fact, the 
predicted global production for the end of the current decade is 200–250 million 
tonnes [1]. However, a major part of this by-product is not recycled, but rather stored 
in huge stockpiles or poured into water bodies, which constitutes an important threat 
for the surrounding ecosystems since various hazardous impurities, such as 226Ra 
radionuclide and its progeny, soluble-acidic P2O5 and F- compounds and potentially 
toxic trace heavy metals are typically found in the composition of PG. 

The only solution seems to involve the recycling of PG in other applications, 
mainly agriculture, soil stabilisation, road base construction and building materials 
[1]. The fact that PG presents excellent binding properties (like natural gypsum) 
makes it an especially palatable material for the field of building materials. Besides, 
there is another important aspect to consider. The main binding material employed 
in the construction industry for a long time has been Portland cement (PC) whose 
production presents serious ecological problems derived from the high CO2 
emissions of its manufacturing process. Therefore, nowadays, an important ‘crusade’ 
against PC is taking place by looking for alternative green binders. In this context, 
gypsum-based binding materials are being widely investigated. The application of 
PG in building products would, in this manner, carry a double ecological win: the 
reduction of the ecological risks of PG stacks and its condition of a ‘green binding 
material’.  

However, the interesting potential of PG as a binding material is restrained by 
several obstacles. First, numerous limitations have been imposed due to the 
environmental and health risks carried by the above mentioned impurities of PG 
composition, especially the radionuclides. Second, it is of importance that gypsum-
based binding materials are not hydraulic (in contrast to PC) and, therefore, are not 
waterproof; they exhibit weakening of their mechanical strength in the case of 
exposure to humid conditions. That implies that the usage of gypsum-based products 
is essentially limited to the dry conditions of indoor applications. Therefore, the 
scientific community is searching for ways of mitigating the drawbacks of PG so 
that it could be employed in a safe manner in building products. To do so, not only 
the above mentioned impurity content must be reduced, but also the physical-
mechanical and the waterproofing properties of PG specimens must be improved so 
that PG products become a competitive solution in the industrial-commercial sector 
building materials.  

Despite the numerous investigations on the topic, the rates of utilisation of PG 
in building materials remain insignificant, whereas the growth of PG stockpiles even 
accelerates. The main problem of the majority of the performed investigations in this 
area seems to be the way in which they are performed. Usually, the improvement of 
various properties of PG is addressed separately, but that is not an efficacious 
approach since the applicability of PG depends, at the same time, on several factors 
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(radiological protectivity, soluble P2O5 and F- impurity content, physical-mechanical 
properties, water-resistance). Hence, a comprehensive study on the different above 
listed aspects is required. In this context, the current investigation is performed.  

The main goal of the current work involves improving the main properties of PG 
to make it a suitable binding material for building products by processing specimens 
through the casting and the press-forming methods and through the addition of 
various industrial waste modifiers. 

The tasks of the investigation 

1. To study the radioactivity levels of PG from different origins (either from 
igneous or sedimentary phosphate rock) and to evaluate the radiological aptness 
of each type to be used in building products. 

2. To reduce the presence of harmful acidic-soluble P2O5 and F- compounds by 
including different modifiers, which would allow a broader application of PG 
products. 

3. To enhance the mechanical strength of PG specimens, especially by applying the 
method of press-forming, while also considering the influences of the 
microstructure of the initial hemihydrate phosphogypsum (HH-PG) and of the 
included additives. 

4. To improve the water-resistance properties of PG specimens by modifying the 
composition of PG mixtures. 

5. To produce PG specimens with better thermal and acoustic insulation properties.  

Scientific novelty 

 The influences of the nature, the microstructure and the processing method of 
the PG on the radioactivity level and on the physical and mechanical aptness of 
PG specimens have been determined.  

 The press-forming method has been proposed as an effective way to improve the 
mechanical strength of PG specimens.  

 The effects of Ca(OH)2, zeolitic waste (ZW), metallurgical sludge (MS) and 
waste wood fibre (WF) additives on the physical, mechanical and chemical 
properties of the PG binding material have been defined. 

Methods of the research 

First, the initial materials have been characterised by the pertinent analyses. 
Their microstructure has been studied through SEM microscopy, and their chemical 
and crystal composition by EDS, XRF and XRD analyses. The radionuclide activity 
concentration has been evaluated through gamma spectroscopy, whereas the particle 
size distribution has been studied through the laser method in the dry suspension 
mode.  

Second, the properties of PG pastes and specimens have been investigated by 
employing various methods. The hydration process of the pastes has been monitored 
through hydration temperature analysis, whereas the hydration degree of the 
hardened specimens has been defined by LOI measurements. The mechanical 
properties of the specimens have been investigated by the mechanical strength tests 
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indicated by the European Standard EN 13279-2 [3]. The water-resistance properties 
of PG specimens have been evaluated on the grounds of the softening factor (SF). 
The SEM characterisation of the microstructure of the specimens has been performed 
to support the results of the mechanical strength and the results of water resistance. 
The reduction of the soluble-acidic phosphate and fluoride impurities in PG 
specimens has been evaluated through both pH and colorimetry measurements of 
aqueous solutions. Finally, the thermal insulation properties have been investigated 
by taking the ready state hot-box approach. 

Practical relevance 

 The good physical and mechanical properties of PG specimens including high 
mechanical strength, a satisfactory degree of hydration and improved thermal 
insulation properties offer new possibilities to the utilisation of PG as a/the 
binding material for structural building products, such as load-bearing bricks or 
blocks. 

 The enhanced waterproofing properties of PG specimens increase the 
application range of PG building products. 

 The investigations on the radioactivity and on the reduction of the acidic-soluble 
impurities give valuable information about the protectivity and safety of the 
employed PG. 

 The utilisation of PG in building products is bound to reduce the negative 
environmental impact of the useless and humungous PG stockpiles. 

The main statements of the doctoral dissertation are the following: 

1. The microstructure of HH-PG determines the hydration degree and mechanical 
strength of PG specimens. 

2. The specimens processed under press-forming exhibit 1.6–2.1 times higher 
mechanical strength than those produced through casting. 

3. The addition of a certain content of a ZW additive reduces up to 7.5 times the 
harmful soluble P2O5 impurity content.  

4. The addition of a waste MS additive improves by 2 times the water-resistance of 
PG specimens. 

Approval of the results of the study 

The results of the performed investigations have been published in 4 research 
articles of scientific journals included in the Clarivate Analytics Web of Science 
database (with the citation index) and belonging to Q1 and Q2 quartiles. Some of the 
results have been made public in 3 international conferences: GreenChem-18 
(Madrid, Spain), the 19th ICMB (Brno, Czech Republic) and the 2nd Vitrogeowastes 
(Baeza, Spain). 

Structure and scope of the work 

The dissertation is composed of an introduction and 4 numbered chapters 
(which include the literature review, the methodology, the main results of the 
investigation and the conclusions). Additionally, the summary in the Lithuanian 
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language, the list of references, the author’s CV and the list of publications on the 
topic of the dissertation along with the acknowledgements are provided. The 
dissertation is comprised of 176 pages, and it contains 14 tables, 63 figures and 157 
sources in the list of references. 
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1. LITERATURE REVIEW 

1.1. The production of orthophosphoric acid during which the problematic by-
product phosphogypsum is obtained 

Orthophosphoric acid (H3PO4) is the main feedstock employed to produce 
synthetic phosphate fertilisers, essentially granular and liquid ammonium phosphate 
fertilisers [2]. H3PO4 is usually expressed as P2O5, which is the main compound 
conforming the material. The phosphate industry producing this material is of critical 
importance at the global scale, since there are no substitutes for phosphorus in 
agriculture [2]. In this way, each year, more than 30 million tonnes of 
orthophosphoric acid are manufactured worldwide [1] 

Phosphate minerals are the prime materials from which phosphate synthetic 
fertilisers are produced. Thus, the global mine production of phosphate rock is 
humungous (in 2019, it was estimated to be 240 106 t), with the main manufacturing 
countries being China, Morocco and Western Sahara, the United States and Russia 
[2]. Phosphate ores contain mainly calcium and phosphorus, and their deposits differ 
according to their nature: sedimentary, igneous, metamorphic, biogenic, and the 
deposits caused by weathering [1]. Most of the deposits are sedimentary, while only 
4% are igneous [4]. The content of impurities and organic materials tends to be lower 
in the igneous phosphate ores than in the sedimentary ones. One or more phosphate 
minerals are contained in the composition of the ores, with apatite representing the 
main mineral group also including fluorapatite, hydroxyapatite, carbonate-
hydroxyapatite and francolite minerals. The general chemical formula of the apatite 
minerals is Ca10(PO4,±CO3,±OH)6(OH,F,Cl)2 [1].  

The processing methods of phosphate rocks into P2O5 and other products is 
comprehensively described by the International Atomic Energy Agency (IAEA) [1]. 
Worldwide, approximately 85% of all the extracted phosphate ores are processed 
into orthophosphoric acid (P2O5) through the so-called ‘wet process’ which involves 
the digestion of the phosphate rock by concentrated sulphuric acid [5]. To a lesser 
extent, the wet process based on hydrochloric acid is used to obtain high purity P2O5. 
There are other processing methods for the phosphate rock, such as the digestion by 
nitric acid (to produce nitrophosphate fertilisers), the ‘thermal process’ (to produce 
elemental phosphorus), and the direct application as a fertiliser. Most of the produced 
orthophosphoric acid through the ‘wet process’ is further processed to manufacture 
fertilisers, whereas a small part is employed for animal feed and other products. 

Hence, orthophosphoric acid is mainly produced through the ‘wet process’ 
which involves the so-called ‘acid attack’ under concentrated sulphuric acid. The 
basic chemical reaction is presented in Eq. (1) (IAEA [1]). As observed, together 
with P2O5, important amounts of a by-product called phosphogypsum (PG) are also 
produced (see Fig. 1). PG is composed of CaSO4 crystals as the natural gypsum, but 
with the addition of radionuclides and harmful contaminants of environmental 
concern. 
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Ca3(PO4)2+3H2SO4 +3CaSO4+2H3PO4 (1) 

There is a wide variety of different ‘wet processes’ employed to manufacture 
orthophosphoric acid. Focusing on the nature of the produced PG, the various 
methods differ on the level of hydration of the precipitated PG crystals which can be 
either dihydrate (DH) (CaSO4 2H2O) or hemihydrate (HH) (CaSO4 0.5H2O) and on 
the purity of the precipitated PG: according to the method, different amounts of 
residual P2O5 are present in the composition of PG. The different techniques are 
classified in two main groups: the ‘weak acid’ and the ‘strong acid’ methods. 

 
Fig. 1. View of the manufactured humid PG powder in a chemical plant of phosphate 

fertilisers, straight after the wet process  

a) The ‘weak acid’ methods. The produced orthophosphoric acid contains a 
relatively low amount of P2O5 (20–32%). The most popular method of this 
kind is called the ‘dihydrate method’, in which, the produced PG crystals 
are of the DH form (CaSO4 2H2O). To this category, we also assign the 
‘hemihydrate recrystallisation method’ which produces DH-PG crystals 
with a residual P2O5 content of 2.5% and the ‘dihydrate-hemihydrate 
method’ in which the produced PG crystals are of the HH form, with a very 
low amount (1%) of residual P2O5. 

b) The ‘strong acid’ methods. The produced orthophosphoric acid contains a 
higher amount of P2O5 (in relation to that obtained by the ‘weak acid’ 
methods), in the range of 36–52%. The main employed method of this 
group is known as the ‘hemihydrate method’ where the produced PG 
crystals are of the HH form, with 8% of P2O5 contaminant, which conforms 
a considerable amount. The other method belonging to this group is called 
the ‘hemidihydrate method’ which produces DH-PG crystals after the 
recrystallization of the initially precipitated HH-PG crystals. 

The chemical process of the digestion of fluorapatite where DH-PG crystals 
are produced is described by Tayibi et al. [6] in Eq. (2). Meanwhile, the chemical 
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reaction where HH-PG crystals precipitate is given by Vaičiukynienė et al. [7] in 
Eq. (3). 

Ca5F(PO4)3+5H2SO4+10H2O 3H3PO4+5CaSO4 2H2O+HF (2) 

Ca5F(PO4)3+5H2SO4+5H2O 3H3PO4+5CaSO4 0.5H2O+HF (3) 

HH-PG is a binding material which can be used in building products, whereas 
DH-PG does not exhibit binding properties. During the ‘wet process’, the rates of 
production of the by-product PG are enormous and much higher (by 4–6 times) than 
the manufactured amounts of P2O5. In fact, the outcomes of processing 1 t of 
phosphate rock are 1.46 t of PG and 0.24–0.36 t of P2O5 [1]. Thus, this ‘side effect’ 
of the phosphate fertilisers’ industry cannot be ignored. According to IAEA [1], the 
global production of PG is constantly increasing, with the prediction for the year 
2030 being between 200–250 106 t. However, even though the production of this by-
product is enormous and disproportionate, only about 15% of it is recycled into 
useful applications [8], while the rest is directly stored in huge stockpiles or water 
bodies which are continually growing. 

1.2. Composition of PG 

PG is mainly composed of hydrated CaSO4 crystals (up to 92% of its content), 
but with additional impurities which come from the raw material [9] and the 
processing process. The phosphate ores from which PG is manufactured, aside from 
calcium, also contain important amounts of P2O5 (4–40%), fluorine (from less than 
1% to more than 4%), and trace heavy metals and radionuclides [1]. As a 
consequence, all these compounds (further referred to as ‘impurities’ or 
‘contaminants’) will be present to a greater or lesser extent in PG. These 
contaminants not only produce negative environmental problems in the surrounding 
areas of PG stockpiles, but also limit the recycling of PG (in construction products, 
agriculture, etc.) due to its potential risks for the environment and for human health. 
Hence, as mentioned, the main typical contaminants which are present in the 
composition of PG are radionuclides from the 238U decay chain (especially, 226Ra), 
soluble phosphate and fluoride compounds and heavy metals. 

1.2.1. Presence of 226Ra and of other radionuclides in PG 

Phosphate rocks are naturally radioactive, especially due to the presence of 
uranium (238U), thorium (232Th) and their decay products (230Th, 226Ra, 210Pb, 210Po), 
which in the phosphate ore are in equilibrium [10]. This equilibrium is broken with 
the digestion of the phosphate rock by sulphuric acid during the ‘wet process’, and 
radionuclides undergo a selection process which was extensively studied by 
Mazzili et al. [10], Szajerski [11] and Bolívar et al. [12]. After investigating the 
radionuclide presence in phosphate rock as well as in PG, Mazzili et al. [10] 
concluded that, during the ‘wet process’, about 90% of 226Ra, 80% of 232Th plus 
230Th, 100% of Pb and 78% of Po precipitate to PG. On the other hand, according to 
Bolívar et al. [12], most of 238U precipitates in P2O5. 
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In this way, noticeable amounts of 226Ra, and also uranium and other uranium 
decay particles are typically included in the composition of PG [1, 9, 13]. Thus, PG 
is classified as a Naturally Occurring Radioactive Material (NORM) [1, 14] and there 
are restrictions to its usage. The activity concentration of 226Ra and its progeny in PG 
derived from sedimentary phosphate ores tend to be 200–3000 Bq/kg, while that of 
PG from igneous phosphate ores is usually lower, specifically, between 10 and 
700 Bq/kg [1]. 

1.2.2. Presence of phosphate and fluoride compounds in PG 

Phosphate (P2O5) and fluoride (F-) compounds are typically present in PG [1, 
8, 15, 16, 17, 18, 19]. As mentioned in Section 1.1, depending on the kind of the 
employed ‘wet process’, a higher or lesser amount of residual P2O5 will remain in 
PG. In fact, the P2O5 content can vary in a wide range, between 0.05% and 8% [1]. 
Meanwhile, the presence of fluoride depends on the original raw material (see Eq. (2) 
and Eq. (3)) and typically goes from 0.1 to 1.8% [1]. According to 
Kaziliūnas et al. [16], these phosphate and fluoride impurities are present in various 
forms: 

a) in the surface of calcium sulphate crystals forming acidic water-soluble 
compounds (H3PO4, Ca(H2PO4)2∙H2O, H2SiF6); 

b) substituted in the crystal lattice of CaSO4 (effectively, solid solutions of 
CaHPO4∙2H2O, SrSO4, Na2SiF6); 

c) forming non-soluble compounds, such as apatite and quartz. 
The harmful impurities are acidic water-soluble ones since they can dissolve 

and escape from the material through leaching water. The dissolved phosphate in 
high concentrations can cause eutrophication of rivers and lakes. Meanwhile, the 
dissolved fluoride in drinking water in concentrations higher than 1.5 mg/L can 
cause dental skeletal fluorosis [20]. The same happens after a repeated ingestion of 
plants with elevated levels of fluoride [1]. Besides, by evaporation, the dissolved 
fluoride may escape in the form of toxic gases, such as HF, H2SiF6 and SiF4 which 
are dangerous for human health [16, 21]. Water-soluble phosphate and fluoride 
impurities also produce weakening in the mechanical properties of PG [16, 17]. 

1.2.3. Presence of trace heavy metals and rare earth elements in PG 

According to Pérez-López et al. [22], during H3PO4 production through the 
‘wet process’, between 2 and 12% of each trace element present in the phosphate 
rock is transferred to PG. Among those trace elements, PG typically contains small 
amounts of heavy metals: arsenic, barium, cadmium, chromium, lead, mercury, 
selenium and silver [6, 23]. These heavy metals, especially Cd, are considered 
potentially toxic elements and should be regarded with caution. The presence of Cd 
in air, water or food can trigger cancer and other diseases in organ systems [24]. 

On the other hand, some of these heavy metals, especially of the group of rare 
earth elements (REE) present in PG, are valuable resources for other industries. The 
REE are a group of 17 elements (the 15 lanthanides and 2 other elements, i.e., 
scandium and yttrium) with similar chemical properties. In recent times, these REE 
have gained unique importance in the industry of high-tech products: hybrid cars, 
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wind turbines, compact fluorescence lights, flat screen television, mobile phones, 
disc drives and defence technologies [25]. Hence, the interest on these materials, 
together with their price and demand, has been increasing [26, 27]. This situation has 
led for the REE to be classified as ‘critical’ in some countries (EU, USA and Japan) 
due to the risks of supply shortage and to the higher impact that such a shortage 
would produce to the economy [28]. In this context, alternative ways of extraction 
and recycling of REE must be found. The REE contained in PG makes it a valuable 
resource, from which these compounds can be recovered [29, 30]. 

The presence of heavy metals in PG produced from igneous phosphate rock is 
usually lower than PG from sedimentary rocks, whereas the REE content tends to be 
higher [1]. 

1.3. The environmental problem of the PG deposits and the necessity of PG 
recycling 

The constant production of PG all over the world, the rapid growth of PG 
stacks, and the lack of alternatives and effective ways to recycle this material leads 
to a global ecological problem. PG stacks cause chemical and radiological 
contamination of the surrounding areas: exposure to toxic HF gas, soil and ground 
water contamination with radionuclides, acidity or mobile anions, among others 
[31]. Moreover, these deposits occupy large areas which could be employed with 
more useful purposes (parks, buildings, recreation, etc.). A view of a PG stockpile 
in Lithuania is given in Fig. 2. 

 
Fig. 2. View of a field next to Kėdainiai (Lithuania) with a PG stack in the background 

The radiological influence which PG deposits make on the surrounding 
environments and urban areas has been widely investigated. Al Attar et al. [32] 
studied the radiological influence that a Syrian PG stack makes to the surrounding 
air, ground water, soil and plants and concluded that for, the first three cases, 
radioactivity was below the limit values, and what regards radioactivity 
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concentration on plants, it varies in terms of the plant species. The researcher 
suggested that the Syrian PG could be used for agriculture or soil stabilisation. 

In Southwest Spain, there is an important PG stack where PG is produced from 
Moroccan sedimentary phosphate ores. The stack is located between the urban area 
of Huelva City and the estuary of the River Tinto which flows into the Atlantic 
Ocean. Therefore, PG poses important environmental risks for the ecosystems of the 
estuary and, what is even more important, major health risks for the inhabitants of 
Huelva. Thus, these risks have been widely investigated and evaluated by numerous 
studies. Bolívar et al. [12] measured the gamma emission inhalation rates 1 m above 
the surface of the Huelva PG stack and depicted values 6 times higher than those 
typically found above common soil. However, Dueñas et al. [33] reported that the 
calculated external -radiation dose received by the workers of the Huelva PG piles 
was 0.293 mSv/year, far below the agreed dose limit for workers at 
20 mSv/year [34], while the reported annual dose for the public was found to be 
0.35 mSv/year, which is below the recommended annual dose limit of 1 mSv/year 
[34], thereby concluding that, from the radiological point of view, the PG stack does 
not carry any risk for health. Another important aspect to consider is the presence of 
fluoride compounds in PG. Toxic HF gas is released from PG stockpiles thus causing 
serious problems in the vicinity. Therefore, Torres-Sánchez et al. [21] investigated 
the contamination of the air by HF gas in the surroundings of the Huelva PG stacks 
and determined that the highest emission of HF was related to a brine situated in the 
stack territory, from which most of the HF evaporates, especially in summer. The 
study concluded that this HF emission to the air can be one of the main causes of the 
high incidence of asthmatic symptoms observed in the city of Huelva. Pérez-
López et al. [22] studied the potential risks of contamination of the estuarine zone in 
the case of a hypothetical collapse of the PG stack with regard to the mobility of the 
toxic trace elements contained in PG (heavy metals and uranium), thereby evaluating 
three environmental scenarios: water leaching, exposure to oxidising, and reducing 
conditions. The investigation gives an idea of the extreme contamination potential 
of the PG stack to the estuarine zone and to agricultural soils due to the above listed 
scenarios. Cánovas et al. [35] also explored the Huelva PG stack. They investigated 
the mobility and fluxes of the REE, including Y and Sc, under weathering conditions. 
Despite the observed low mobility, it was depicted that around 104 kg/year of REE 
and 40 kg/year of Y and Sc are released to the estuary, thereby damaging the 
environment. Therefore, the authors suggested that the development of methods to 
extract these valuable materials from the PG stack should be encouraged, and that 
would reduce their harmful impact on the ecosystems of the estuary. 

Therefore, the environmental problem produced by the storage of PG in the 
above mentioned stockpiles should be faced and dealt with. The best way to do it 
would be to find effective applications to recycle PG. However, the contaminants 
contained in the PG composition (especially the radionuclides) are targeted by 
national and international restrictions or even prohibitions to the usage of this 
material. For instance, in June 1992, in the US, the Environmental Protection Agency 
(US EPA) [36] banned the utilisation of PG other than agriculture in the United 
Stated due to the radioactivity risks for health carried by this material. Besides, all 
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PG exceeding 370 Bq/kg radioactivity was prohibited for all uses. Therefore, from 
that point on, in the US, most of the investigations related to the use of PG in road 
bases or construction materials have been virtually frozen. However, in April 2020, 
The Fertilizer Institute (TFI) presented a petition [37] with the purpose to remove 
the EPA prohibition. The TFI request was based on comprehensive studies which 
proved that the usage of PG in road construction is protective with human health 
because the radioactivity exposure levels are far below the EPA stablished radiation 
safety limits (3 for 10000) below those of the natural exposure levels. Besides, 
economic analysis presented in the Appendix 6 of the document strongly encourages 
the utilisation of PG by predicting that the reusing of PG would comport important 
cost savings related to the management of PG stacks between $37 and $160 million 
for the analysed period (2020–2042). Hence, 28 years after the prohibition, in 
October 2020, EPA approved again the use of PG for road construction [38], 
therefore, investigations in this field are expected to be retaken. 

As a result of the above mentioned and similar regulatory obstacles, the 
stockpiles continue growing. The situation generates a real vicious circle of a 
difficult solution. Although it is true that PG has been applied with relative success 
in such areas as agriculture, back-fill and road base construction, and building 
materials [1], still, the relatively small amounts of recycled PG have not led to a 
significant reduction of the PG storage problem. Due to the above mentioned 
reasons, the interest of the scientific community in the applicability of the PG is 
increasing with each year [39] across a wide range of fields. 

1.4. Application of PG in agriculture, soil stabilisation and road base 
construction 

The main fields of the application of PG are agriculture, soil stabilisation, road 
base construction and building materials [1]. The three initial ones are explained in 
this section, whereas the application in building materials shall be described in 
Section 1.5. Other important fields in which PG is utilised are the recovery of 
sulphur [40], marine applications (to create artificial oyster cultches and reefs [41, 
42, 43]), and landfill [44]. 

1.4.1. Application of PG in agriculture 

PG can be employed in agriculture as a fertiliser or as a conditioner for 
agricultural soil. According to Alcordo and Rechcigl [45], gypsum and PG are 
potential bulk carriers for micronutrients and low-analysis micronutrients. PG is a 
good source of S and Ca for crops, and a good material to amend the agricultural soil 
in multiple situations, as listed by Rutherford et al. [31]: 

a) for highly weathered soils with a relatively low amount of exchange 
capacity or a low amount of extractable nutrients; 

b) for soil with high sodicity in dense subsoil horizons and for soil with various 
levels of sodicity with a tendency towards dispersion and crusting; 

c) for acid soils with important amounts of aluminium; 
d) for calcareous soils. 
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However, the environmental concerns caused by the presence of radionuclides, 
heavy metals, REE and other contaminants have been investigated by various 
researchers. Papastefanou et al. [46] investigated the radioactivity levels of soil tilled 
with PG in Greece and of rice samples originating from those fields. An increase of 
the radioactivity levels in both soil and rice was observed. The achieved levels did 
not constitute a risk for health, but 226Ra activity in the employed PG should be 
constantly monitored to keep the agricultural products safe from the radiological 
perspective. 

Abril et al. [47] investigated the activity concentration of radionuclides in non-
reclaimed soil, reclaimed soil without PG amendment, and reclaimed soil with PG 
amendment and observed a non-significant effect of PG amendments in comparison 
to the reclaimed non-amended plots. Besides, the researchers discovered that the 
cadmium concentrations in tomatoes grown from PG amended soils were 
substantially higher than those found in tomatoes from the market survey. A very 
strong correlation between 226Ra of the soil and the cadmium concentration of 
tomatoes was depicted. 

1.4.2. Application of PG in soil stabilisation and road base construction 

There is abundant research regarding the utilisation of PG in road base 
structures. The PG can be employed in two ways: 

1. for base soil stabilisation: PG is blended with base soil aggregates to 
improve their engineering properties; 

2. as the road base layer: PG is employed to create a rigid and strong layer 
with engineering properties like those of the other materials in use. The PG 
layer is also a good way to seal the soil from hazardous materials which 
may be present in the road surface. 

The PG usage for the road base is a desirable solution since it helps to recycle 
the PG of the stockpiles in considerable amounts, and also because of the economic 
aspect: PG is a cheap alternative to other typical road base materials, especially when 
these materials are not found in the nearby areas. 

In the United States, the availability of PG is enormous. Therefore, in the 
decade of the 1980s, PG was regarded as a valuable material. There was abundant 
research on the utilisation of PG to improve road bases. The results were, in general, 
positive and promising. Extensive investigation was performed at the Florida 
Institute of Phosphate Research (FIPR) by Chang et al. [48]. The study was intended 
to describe the complex aspects of the application of PG in road construction, and 
the experiment comprehended a wide range of stages: laboratory tests, analysis of 
experimental road sections, environmental investigation, and economic analysis. 
The laboratory tests revealed that HH-PG is a better construction material for roads 
than DH due to its performance under wet conditions, especially when mixed with 
sand at a ratio of 2/1 (HH-PG/sand). Besides, the experimental roads delivered 
satisfactory mechanical and deflection performance. What regards the economic 
aspect, the construction of the experimental road turned out to be 5 times cheaper 
than the conventional roads. The assessment of the environmental impact of the PG 
experimental roads revealed that their gamma radiation levels were higher than 
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before the construction of the road, but within the normal levels for backgrounds, 
and that 222Rn levels determined in the air and water, and 226Ra found in the soil 
surrounding the roads did not reveal any significant changes before and after the 
completion of the roads. Besides, several ground water monitoring wells were 
installed along the road, and, in some of them, significant upward trends of SO4 were 
observed, but still within the allowed concentration limits for drinking water. Hence, 
no particular risks for health were identified. Therefore, the study revealed the 
enormous potential of using PG as a construction material for road bases.  

In another study sponsored by FIPR, Figueroa et al. [49] also investigated the 
usage of both DH and HH-PG in the secondary road-base construction and obtained 
similar satisfactory results with respect to the CS properties in dry and soaked 
conditions. HH-PG was water-resistant, while DH-PG was not. Thus, a small amount 
(1–2%) of cutback asphalt RC-70 was added to DH-PG as a waterproof admixture 
with the objective to improve its behaviour in humid conditions. Although the CS 
was lower after developing soaked conditions, the specimens remained bonded 
together, showing in this way the effectiveness of the waterproofing additive. 

Gregory et at. [50] investigated the usage of PG in the road base construction 
by stabilising it with various amounts of Portland cement (PC) and fly ash (FA). The 
employed PG was produced in Texas. Two types of PG, with pH=3 and pH=5, 
respectively, were employed. It was found that the stabiliser content, the pH of PG, 
and the dry density of the mixture exert major influence on the CS of the stabilised 
mixtures. The PG with a more acidic pH did not produce strong enough specimens 
to be employed in road bases. Otherwise, the less acidic PG, when mixed with 30% 
of FA and 10% of PC, met the requirements. 

Taha et al. [51], also representing the US, investigated the suitability of 
employing cement-stabilised PG in the road base construction. For this purpose, 8 
different types of cement were used due to the influence of tricalcium aluminate 
(C3Al) which is differently present in various cements regarding CS and the 
expansive characteristics of PG blends. The cement-stabilised PG was mixed with 
sand. The unconfined CS of dry-cured and water-immersed specimens was tested. It 
was noticed that, during the water immersion test of the different specimens 
produced with different types of cements, the CS of some of them decreased, whereas 
the CS of the remaining samples increased. Moreover, expansion analysis, freeze-
thaw testing and wet-dry testing was performed. It was concluded that the cement-
stabilised PG mixtures constitute a good material to be employed in road bases and 
subbases. However, the type of the cement determines the properties of these 
mixtures, and it should be chosen carefully. This impact was attributed to the reaction 
between C3Al, contained in the cement, and the sulphates contained in the PG which 
can trigger the formation of ettringite and thaumsite crystals and may cause eventual 
cracking of the pavement. 

Regardless of the generally positive results as obtained by the American 
researchers, in 1992, the usage of PG in road base constructions was banned in the 
US [36], only to be allowed again 28 years later [38]. Therefore, during this period, 
investigation dealing with the usage of PG in road construction continued in other 
countries. 
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Paige-Green and Gerber [52] performed a study of the usage of PG in South 
African roads. PG was employed as a substitute for the traditional road layerwork 
materials, and also as a base-soil stabiliser. Experimental road sections were built in 
two sites: Edenvale and Tembisa. Six months after the construction, the deflections 
in the PG stabilised roads were found to be higher than the normal deflections 
expected from a control base. However, the unconfined CS varied from 0.4 to 
1.8 MPa, while in the control gravel stabilised base it varied from 0.21 to 0.39 MPa. 
After 19 months, a second monitoring observation was carried out. The strength of 
the PG stabilised bases was found to have increased with time, between 86 and 
121%, while in the control gravel stabilised bases, it increased only between 30 and 
50%. Therefore, the study showed that, after that period, the employed materials 
were performing effectively and that the PG stabilisation of road bases is a cost-
effective solution in comparison to the usage of the conventional materials. 

Degirmenci et al. [53] studied the stabilisation of soil by using PG with cement 
and FA in Turkey. The mixture decreased the plasticity index, which is a highly 
positive factor, and increased the CS of stabilised soil in comparison to the score of 
unstabilised soil. Cement had a higher effect in increasing the CS than FA. In the 
authors’ opinion, the utilisation of waste materials, such as PG and FA, instead of 
the conventional and more expensive ones as PC constitutes significant contribution 
for the economy of Turkey, as well as an effective solution for the contamination 
problem. 

Folek et al. [54] performed an interesting investigation in Poland, where the 
climate is colder and more aggressive than in the previously considered places. The 
researchers produced a three-component mixture: PG, FA and a road binder, in 
proportions 60/40/8. FA neutralised the acidity of PG, whereas the road binder 
enhanced the strength of the mixture. The mixture was used for one of the layers of 
an experimental 30 m2 parking lot. The pavement consisted of several layers, the 
main of which was a PG-based layer separated from the following ones by a 
waterproofing membrane. The CS results from some mixtures created and cured in 
the laboratory (1.3 MPa) were similar to those of the specimens cut from the 
experimental parking lot (1.7 MPa). The resistance of the PG layer to the freeze-
thaw cycles proper of the Polish winter season was satisfactory, and, in fact, the 
strength of the specimens taken from the parking lot after the winter not only did not 
decrease, but they actually increased by 3 times. Field tests were also performed on 
a separate part of the parking lot. The geotechnical and CS test indicated that the 
three-component (PG, FA and binder) mixtures are suitable to be used in the upper 
layers of a road loaded with light traffic, whereas PG-FA mixtures without a binder 
are suitable for the construction of the lower layers or of road embankments because 
they meet the requirements for road embankment materials below the frost 
penetration zone. The achieved radioactivity levels observed in the mixtures and 
specimens were below the allowed thresholds. The only environmental hazard is the 
elevated presence of sulphates in the effluent water from the parking lot, which was 
remarkably higher than the limit. 

Sarkka [55] described a project which took place in the cold climate conditions 
of Finland, in the region of Kemira. PG was employed to stabilise the road base and 
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also as a sealing material (specifically to protect ground water from leaching). The 
renovation of two old roads was performed by using PG mixtures. In the first road, 
PG and gravel mixtures were used as the structural material. In the second road, the 
focus was directed towards the sealing effect of the PG layer. The results showed 
that the leaching effect must be improved because PG did not show adequate 
impermeability. The stabilisation of the old roads showed that the strength 
development and the bearing capacity were better than the reference roads. 

Therefore, most of the performed research concludes that PG is suitable to be 
employed in road-base construction. However, the main constraints to this 
application, according to IAEA [1], involve three aspects: 

1. economic obstacles [56]: PG is a cheap material to be used in road base 
construction as long as the construction site is located not farther than 150 
or 200 km from the PG source [57]; 

2. cultural obstacles: the manufacturers of roads are more inclined to continue 
using the conventional materials such as sand and gravel, instead of starting 
to use an innovative solution, such as PG; 

3. regulatory obstacles: the presence of harmful contaminants in PG, 
especially radionuclides, suggests that PG has to overcome the regulations 
and prohibitions of some countries, such as the above mentioned no-longer 
valid prohibition in the USA. 

1.5. Application of PG in the field of building materials 

PG is regarded as a valuable resource in the field of building materials, 
especially due to its potential as a binding material. Therefore, there is abundant 
research focused on improving the properties of PG so that to convert it into a 
suitable material for building products. Rashad [8] made an extensive review of the 
utilisation of PG in this field, according to which, the main areas of research are 
related to mechanical strength (30.56%), setting time (13.89%), purification 
(18.52%), water absorption and permeability (10.19%), while the less popular topics 
are workability, unit weight, and expansion behaviour. Other comprehensive reviews 
on PG utilisation in the field of building materials have been carried out by 
Dvorkin et al. [58], Saadaoui et al. [5], Bandgar et al. [59]. 

PG can be employed in building products as a substitute of natural gypsum. 
Kovler and Somin [9] compared both materials, thus reviewing the pros and cons of 
each one of them. At a first glance, it appears that, from the economic point of view, 
the utilisation of a residual material as PG would be preferable to natural gypsum 
which should be extracted in mines. However, the drying and purification processes 
that PG undergoes so that to become suitable for building products may be not so 
economic. Besides, radioactivity and the presence of heavy metals in its composition 
(especially Cd) restrict its utilisation. In countries where there is no natural gypsum. 
such as Japan or the Netherlands, or where it is available at faraway distances (e.g., 
in France), the utilisation of PG as a substitute of natural gypsum can be a good 
solution. It could be used as plasters, flooring slabs, blocks, wallboards, sheeting and 
gypsum form plastering machines [9]. 
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1.5.1. Issue of PG toxicity and necessity of its purification in order to make it 
suitable for building materials 

As previously mentioned, the main problem limiting the utilisation of PG is 
the hazardous compounds present in its composition: radionuclides, soluble 
phosphate and fluoride compounds, and trace elements, especially heavy metals. 
These contaminants are a potential risk for the environment and for human health. 
Thus, in order to ensure safe usage of PG in building products, it should be purified. 
There are three main ways to purify PG from harmful contaminants [9]: 

1. to use clean phosphate rock to produce PG (free from radium and heavy 
metals); 

2. to use a clean production process; 
3. to purify the obtained PG. 
According to Kovler and Somin [9], the purification of PG during the 

production process of phosphoric acid only reduces the content of the residual P2O5 
contaminant whose purification depends on the employed production method, as 
described in Section 1.1. Meanwhile, the concentration of radium and heavy metals 
is scarcely reduced (if reduced at all) by any production process. 

Radioactivity of PG regarding its application in building materials 

Radioactivity is the most important obstacle when it comes to the application 
of PG in building materials. The main issue is the emanation of 222Rn [60, 61], a 
poisonous gas of the decay of 226Ra. Radon gas is usually emanated by soils or rocks, 
and, through soil gas infiltration, it tends to concentrate in enclosed spaces, such as 
mines or houses [62]. Other sources of this gas are building materials and water 
extracted from wells. According to the World Health Organisation (WHO) [62], the 
inhalation of 222Rn produces tens of thousands of deaths of lung cancer each year 
globally. In fact, the cases of lung cancer which can be attributed to indoor exposure 
to radon ranges between 3 and 14%. Therefore, the presence of radon in building 
materials must be monitored and restricted. In fact, the prohibition of PG usage in 
the USA (see Section 1.3) was only related to radioactivity. In the European Union, 
the guidelines to limit the presence of 222Rn in building materials are provided in the 
Council Directive 2013/59/Euratom [63]. This directive determines that each 
Member State should establish a reference level of indoor 222Rn concentration, in all 
cases lower than 300 Bq/m3. In order to ensure the accomplishment of this 
requirement, the document sets the gamma dose limit emitted by building materials 
of 1 mSv/year. When the gamma dose does not surpass this limit, the presence of 
226Ra radionuclide in building materials will be small enough to make it unlikely that 
222Rn emanation would surpass the level of 300 Bq/m3.  

In order to identify building materials of concern, the above mentioned 
directive recommends using the activity concentration index I which indicates the 
equivalent concentration of 226Ra, while also taking into account the concentration 
of 232Th and 40K radionuclides. Thus, index I is calculated as presented in Eq. (4). 
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 (4) 

where CRa-226, CTh-232 and CK-40 are the activity concentrations of radium, 
thorium and potassium in a building material. Index I is applied for the final building 
material which is employed in construction, and not to its separate components. The 
European Council’s document indicates that the I ≤ 1.0 limit can be used as a useful 
tool to identify the materials which can cause the reference 222Rn level to be 
exceeded. The I ≤ 1.0 limit was based on an experiment performed in a closed room 
with dimensions of 4.0x5.0x2.8 m, made entirely of concrete (with a density of 
2350 kg/m3 and a thickness of 200 mm) which was without any doors or 
windows [64]. However, the real situations may strongly differ from those of the 
experiment, so that, in the case that index I exceeds 1.0, the gamma dose can be 
calculated more precisely by considering the density and the thickness of the 
material, the amounts in which it is intended to be used (in bulk amounts or for 
superficial uses) and the type of the building. Besides, when the building material is 
employed in lesser amounts (ceilings, tiles, boards), the more liberal limit I ≤ 6.0 is 
recommended [64]. 

As explained in Section 1.2.1, the radionuclide concentration in PG mostly 
depends on the nature of the original phosphate rock [9, 14]. For instance, apatite 
rocks are of igneous origin, while phosphorite ores are sedimentary, hence, PG 
obtained from apatite ores is expected to exhibit a lower radioactivity level than PG 
obtained from phosphorite ores. Hence, PG obtained in different countries may 
present a wide range of radioactivity levels. Kovacs et al. [65] presented a list of the 
radioactivity levels of 31 countries located worldwide. The majority of the countries 
presented 226Ra contents between 100 and 700 Bq/kg, with respective I values being 
between 0.7 and 2. However, there are important exceptions. The maximum 
radioactivity level was observed in PG from Morocco, with 226Ra content of 
1420 Bq/kg (the I value was not given, but only the contribution of 226Ra gave a 
value of 4.7) and in the United Kingdom where PG exhibited 226Ra concentration of 
1020 Bq/kg and an index value of I = 3.6. On the other hand, PG produced in Sri 
Lanka contained as low 226Ra radionuclide content as 35 Bq/kg, but still relatively 
high 40K concentration of 585 kg/m3, thus, the index was derived as I = 0.7. For 
comparison purposes, the mean radium concentration values found in different 
specimens of normal European gypsum and in the European common soil are 15 and 
36 Bq/kg, respectively, and their mean I values are 0.13 and 0.45, respectively [66]. 
Besides, the typical and maximum levels of radioactivity of different materials used 
in building products, as well as those of industrial by-products, including PG, are 
given in document RP-112 [64], as represented in Table 1. The provided values are 
useful to compare and understand that the radioactivity of PG is by far higher than 
that of the ‘normal’ building products. 
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Table 1. Typical and maximum values of radionuclide concentration of different 
common building materials and industrial by-products, including PG, in the EU 
countries [64] 

Material 
Typical activity 

concentration (Bq/kg) 
Maximum activity 

concentration (Bq/kg) 
226Ra 232Th 40K 226Ra 232Th 40K 

Most common building materials (may include by-products) 

Concrete 40 30 400 240 190 1600 
Aerated and light 
weight concrete 60 40 430 2600 190 1600 

Clay (red) bricks 50 50 670 200 200 2000 
Sand-lime bricks 10 10 330 25 30 700 
Natural building 
stones 60 60 640 500 310 4000 

Natural gypsum 10 10 80 70 100 200 
Most common industrial by-products used in building materials 

PG 390 20 60 1100 160 300 
Blast furnace slag 270 70 240 2100 340 1000 
Coal fly ash 180 100 650 1100 300 1500 

 
Hence, in most cases, most of the PG types surpass the recommended 

radioactivity level of I ≤ 1.0. However, in some cases, the utilisation of PG in 
building products is not dangerous. Campos et al. [13] analysed the radon exhalation 
of bricks and plates made of Brazilian PG and concluded that the utilisation of PG 
in building materials is a safe practice from the radiological point of view. During 
an investigation performed in Brazil in several stages [67, 68, 69], some researchers 
created an experimental house and covered the walls with PG boards and a PG 
ceiling. The depicted 222Rn gas concentration in the air of different rooms reached 
120 Bq/m3, far below the established limit of 300 Bq/m3. The value of I for the 
employed PG was 1.8, but it was not a problem since PG was only employed for 
superficial purposes. The study concluded that the use of PG for wall boards and 
ceilings in dwellings is a radiologically safe practice. 

Kovler and Somin [9] realised the problem of the difficult purification of PG 
from radioactive compounds. According to them, there exist some methods of 
removing 226Ra which are based on the recrystallisation of CaSO4 in either nitric acid 
or sulphuric acid while further adding Ba-ions. However, these methods are not 
economically feasible. Therefore, Kovler and Somin performed a series of 
preliminary investigations which delivered promising results [70, 71, 72, 73, 74, 75] 
where an alternative purification approach was adopted. The results of these studies 
were further described and explained by the authors in a further review paper [9]. 
Radioactive compounds are present in the form of insoluble radium sulphates which 
is the main impurity, aside from other metal salts. The proposed method involves a 
topochemical reaction at a temperature of 140–350 ºC where a small amount of a 
special reagent is added to the polluted grey PG. This reaction results in readily 
soluble radioactive salts and other metal salts which can be easily removed by means 
of solution in the reactor, while washing and filtering. In this way, the equivalent 
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radium content in PG was reduced by 25 times (from 450 to 19 Bq/kg), and, in some 
cases, even by 40 times, the content of harmful phosphate and fluoride was also 
reduced; it decreased by 20 and 5 times, correspondingly. Thus, by this method, the 
grey contaminated PG was processed into a white and clean material which could be 
used as a gypsum binder. This technology would be economically feasible if the 
industrial installations for the production of gypsum binder were built near the 
phosphate plant.  

Romero-Hermida et al. [76] performed two different procedures to treat PG. 
The first one is based on the application of NaOH. The second procedure is based on 
the reaction with a residual liquid of the aluminium industry. Plain PG exhibited a 
radioactivity level of I = 2.0. The obtained by-products from the treatment with soda 
(putty lime and solid CaCO3) presented I values of 2.4 and 2.7. Meanwhile, the 
obtained by-products form the second treatment were katoite and calcite; they 
exhibited I values of 1.5 and 1.4. Therefore, all the obtained materials are classified 
as NORM, but they can still be used in surface products because of I ≤ 6. Moreover, 
a mortar was produced with the lime putty of the 1st procedure with a lime/sand ratio 
of 1/3 and a water/lime ratio of 0.5 (calculated by weight). The depicted I index for 
this mortar was 0.8, and this indicates that it is not a NORM; hence it can be used 
without restrictions when producing building materials. 

Gascó et al. [77] studied the radiological risks of using PG as a modifier to 
cement. The concentration of the main radionuclides (226Ra, 210Pb and 210Po) in a 
type of cement with a PG modifier decreased by 5 to 10 times in comparison to their 
concentrations depicted in plain PG. Hence, the presence of these radionuclides 
decreased proportionally to the used amount of PG. The behaviour of 232Th and 40K 
radionuclides was different: the concentration of 232Th in the modified cement 
remained the same (with respect to that of plain PG), whereas the concentration of 
40K even increased by 50 times. This happened because 232Th and, especially, 40K 
are present in high concentrations in the sand mixed to produce the cement. Even so, 
the radioactivity levels of this PG modified cement fulfilled the regulations of the 
EU countries and, therefore, it is proposed as an effective way to utilise PG in 
building products. 

Content of soluble acidic P2O5 and F- impurities in PG regarding its utilisation 
in building materials 

As described in Section 1.2.2, significant contents of P2O5 and F- impurities 
are contained in PG, among which, the soluble compounds are the problematic ones 
since they damage the environment, cause health concerns and even weaken the 
mechanical properties of the material. Therefore, numerous studies on the 
neutralisation and removing of these acidic soluble impurities have been performed. 

Singh [17] determined the influence of P2O5 and F- impurities on the 
microstructure properties of natural gypsum plaster. The author imitated the 
impurities of PG by adding 0.5–1.5% soluble reagents H3PO4, Ca(H2PO4)2∙H2O and 
NaF to a plaster of natural gypsum. The microstructure of the gypsum crystals 
changed from needle shapes to prismatic, rhombic and lath shapes. This 
microstructure retarded the normal set time and considerably reduced the CS of the 
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pastes. Some sparingly soluble phosphate and fluoride reagents were also employed, 
but their effects on the properties of the plaster were not as determinant as those of 
the soluble ones. Hence, the performed investigation confirmed the negative effects 
of acidic impurities on the properties of PG. 

Cárdenas-Escudero et al. [78] investigated treatment of PG which would help 
to mitigate two environmental problems at the same time: the management of a by-
product (PG), and the harmful emissions of greenhouse gases. PG was dissolved in 
an alkali soda solution (NaOH), thereby producing portlandite (Ca(OH)2) in the solid 
state and Na2SO4 dissolved in water (see Eq. (5)). Then, the carbonization process 
through which the produced portlandite evolved into calcite (CaCO3) (see Eq. (6)) 
was analysed, ultimately revealing that all the Ca content of portlandite was 
carbonated, and so indicating the efficacy of this process when seeking to reduce 
greenhouse gases. In summary, PG as a by-product was used as a calcium source to 
produce CO2 sequestration, thereby helping to fight the climate change. Besides, 
most of the harmful impurities which are present in PG, such as P, F and hazardous 
heavy metals, precipitated in portlandite and, subsequently, in the final calcite, 
whereas the sodium sulphate solution was free of those impurities. Thereby, the 
immobilisation of these hazardous components in calcite resulted to be an efficacious 
mechanism to mitigate the issue of their transferring to the liquid state, thus avoiding 
further risks for the environment and for human health. 

CaSO4 2H2O+2NaOH Ca(OH)2 +Na2SO4+2H2O (5) 

Ca(OH)2+CO2 CaCO3+H2O (6) 

Romero-Hermida et al. [79] processed PG in the same way (see Eq. (5)) to 
obtain lime putty (portlandite) and compared its rheological properties to those of 
commercial lime powder and aged lime putty. The obtained lime putty from PG 
treatment, aside from exhibiting the same environmental advantages as described by 
Cárdenas-Escudero et al. [78], also presented appropriate behaviour in terms of the 
rheological properties (i.e., linear viscoelasticity and viscous flow behaviour), which 
makes it a suitable substitute for the commercial limes used in composite materials 
in the building industry. 

Kaziliūnas et al. [16] neutralised soluble P2O5 and F- by applying lime 
suspension under autoclave (hydrothermal) conditions. In this way, the acidic 
impurities were transferred into non-soluble compounds: Ca5(PO4)3OH∙mH2O, 
Ca3(PO4)2∙nH2O, CaF2, CaSiF6. The increased content of alkali compounds in the 
recycling water did not damage the properties of the material nor did that hinder the 
neutralisation process. Neutralised PG can be used to produce gypsum-based binding 
materials. 

Leškevičienė et al. [80] studied the recovery of DH-PG of a Lithuanian 
stockpile (formed prior to 1997) into the α-HH form by applying lime suspension 
and isothermal hot-drying at 130 °C temperature. The analysed DH-PG of the 
stockpiles contained a low content of fluoride and phosphate impurities due to the 
long-term effect of the rainwater washing. Therefore, the material was proven to 
have a good perspective of getting converted into α-HH and ending up being utilised 
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as a binding material. In the same study, the authors also analysed the potential of 
HH-PG which is directly taken from the production lines of the same Lithuanian 
factory. The acidic soluble impurities of this HH-PG were neutralised by applying 
lime suspension at > 50 °C. The dry specimens produced with this neutralised 
material reached CS = 28.0 MPa. It must be noted that the proposed processing does 
not require any washing. 

Singh [18] investigated the way to make PG a suitable material to manufacture 
cement and gypsum plaster by treating PG with an aqueous citric solution. This 
processing transferred soluble P2O5 and F- impurities to water removable aluminates, 
citrates and ferrates. After such a treatment, PG met the conditions to be used in the 
intended applications. 

Ennaciri et al. [15] proposed a method of purifying P2O5 and F- impurities 
from PG which involved sieving PG with a 200 μm filter (since the larger particles 
are richer in impurities than the smaller ones) and the subsequent application of 
sulphuric acid at 60 °C for 2 h. The application of 20% of sulphuric acid was 
sufficient to create PG suitable to be used as plaster. In order to create an apt PG for 
the industry of cement, a higher concentration of sulphuric acid (50%) is necessary. 
Aliedeh and Jarrah [19] developed a multivariable 24 factorial methodology to 
investigate the purification of the PG by adding either sulphuric or nitric acid 
solutions and by cleaning the material through washing/leaching P2O5. The 
investigated variables were the particle size, the acid concentration, the loading, and 
the number of washings. The results of the treatment stressed the importance of the 
number of washings. The optimum treatment with sulphuric acid was obtained with 
a loading of 0.15 g PG / 1 g solution and with three washings. Meanwhile, the 
optimum parameters for the treatment with nitric acid resulted from a loading of 
0.4 g PG / 1 g solution and 3 washings. 

Nizevičienė et al. [81] treated PG under the application of ultrasound and by 
including a fluid catalytic cracking (FCC) additive from the petrochemical industry 
in which synthetic zeolite is the predominant compound. This zeolite was employed 
as a sorbent to neutralise the acidic soluble P2O5 and F- compounds. The mechanical 
properties of the PG specimens increased by 4 times when the zeolite was added in 
amounts between 0.5 and 10 wt%, and ultrasound treatment was applied. Besides, 
the zeolite additive effectively neutralised the acidic impurities and regulated the 
hydration and the setting times of the PG paste. In a later study [14] the researchers 
performed a similar investigation, but modified the time of ultrasound treatment 
during the mixing of the paste (either 0.5 or 2 min). In this case, the pastes processed 
with 5% zeolite additive and 2 min of sonication treatment exhibited 35% higher CS 
than the pastes produced without either zeolite or ultrasound. Besides, radiological 
assessment of the employed PG was performed. 

The effectivity of the FCC additive was also confirmed by Li et al. [82] who 
investigated the adsorption of phosphate impurities in wastewater (not in PG) by 
adding FCC analyst containing lanthanum. Phosphate was adsorbed in LaPO4 and 
KH2PO4 compounds, and the adsorption rates exceeded the 99% value.  
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1.5.2. The usage of PG as an additive to cement in building materials 

In a similar way to natural HH gypsum, PG can be employed as an additive to 
cement. Several examples on this topic are given further. Islam et al. [83] studied the 
effect of a PG additive on the properties of PC. The employed PG was either 
processed by washing and drying, or not processed at all. The analysed properties 
were the setting time, the flow and the CS of the prepared pastes for the explored 
mortar and concrete specimens. In general, the performance of washed PG was better 
than that of a non-processed sample. The addition of 5–10% of PG to cement clinker 
produced satisfactory results. Altun and Sert [84] studied the effect of weathered PG 
from the stockpiles on the setting time and the mechanical properties of the PC. The 
phosphate and fluoride impurities determined the retarding effect of PG on the 
setting time of PC. The highest 28-day CS was obtained by adding 3 wt% of PG. 
Hence, as a set retarder of PC, PG additive is a good alternative to natural gypsum. 

1.5.3. Improvement of the mechanical strength of PG to make it suitable for 
load-bearing building products 

PG can be utilised not only as an additive, but also as the main binding material 
in load-bearing building products. This solution is more desirable for both the 
producers of fertilisers and PG recyclers since PG is utilised in higher amounts. The 
suitability of PG in structural building products depends, to an important extent, on 
the physical and mechanical properties exhibited by the manufactured PG products. 
Those properties mainly depend on the nature of the HH-PG crystals (their 
microstructure and chemical composition) and on the processing methods. 

Influence of the microstructure and chemical composition of hemihydrate PG 
(HH-PG) on the mechanical properties of load-bearing building products 

The effect of the chemical composition and the microstructure of HH-PG 
crystals on the physical-mechanical properties of the hardened specimens has been 
considered by many researchers. The microstructure and composition of HH-PG 
mainly depends on the nature of the phosphate ore (its origin, composition, 
microstructure) and on the specific parameters of the ‘wet process’ (temperature, 
mineral – H2SO4 ratio). Several examples are further described. 

Leškevičienė et al. [85] performed investigation on the influence of the 
mineralogical composition and the crystal microstructure of PG on the main physical 
and mechanical properties of DH specimens. 

Valančius et al. [86] studied the influence of the technological parameters of 
the ‘wet process’ on the microstructure and properties of the produced α-type HH-
PG crystals. For this purpose, a laboratory imitation of apatite digestion by sulphuric 
acid was performed. It was determined that the optimum properties of the material 
are obtained when the wet process takes place for 8 h at 97 °C temperature and with 
an apatite – sulphuric acid ratio of 1.03. After grinding dry HH-PG, the CS of the 
produced specimens reached 27 MPa. The appropriate processing method produced 
a well-defined HH microstructure with regularly oriented HH crystals with needle 
shapes. This adequate crystalline microstructure determined the fast hydration 
process and the excellent physical and mechanical properties. 
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Duan et al. [87] investigated the combined effect of both the modifiers organic 
acid salt ions (RCOO-) and Al3+ on the microstructure and physical-mechanical 
properties of α – HH-PG crystals. When employed separately, the RCOO- modifier 
retarded the hydration of HH and improved the productivity, whereas the Al3+ 
modifier restrained HH crystals from growing longitudinally, thus producing short 
hexagonal prisms. However, the combined effect of both, employed in amounts of 
0.06% each, produced superposition of the effects of both modifiers, therefore the 
resulting HH crystals exhibited smaller length/diameter ratios and more regular 
shapes. The well-defined crystal geometry determined the high values of the 
mechanical properties: a flexural strength (FS) of 6.7 MPa and a CS of 25.65 MPa. 

Kybartienė et al. [88] performed comparative analysis of the physical-
mechanical properties of two PG types produced from igneous apatite ores from 
different mines: Kovdor and Kirov. The material from Kovdor presented a lower 
content of P2O5 (and a correspondingly higher pH value) than the PG from Kirov, 
and that determined, to an important extent, the physical and mechanical properties: 
the specimens from Kovdor PG hydrated faster (full hydration in 1 d) and reached a 
CS value of 7 MPa, whereas the Kirov PG specimens exhibited slow hydration (full 
hydration in 105 d.) and a CS of 1.5 MPa. Moreover, the hydration kinetics of both 
HH-PG types were analysed by the thermal method, and the heat quantity produced 
during the dehydration process was determined. 

Influence of the processing method on the mechanical properties of PG load-
bearing building products 

Hence, it becomes clear that the properties of the phosphate ore and the 
parameters of the ‘wet process’ determine the microstructural properties of HH-PG 
and, indirectly, the physical and mechanical properties of DH-PG specimens. 
However, the physical and mechanical properties can also be improved by further 
processing the HH-PG paste by suitable methods. For this purpose, a wide variety of 
processes has been investigated: autoclaving, addition of fibre, treatment by a 
constant magnetic field, press-forming, and many others. Some of them are 
considered in this section. 

Zieliński [89] studied the effect of a constant magnetic field of 1 T induction 
on the properties of composites made of industrial wastes. Most of the composites 
included important amounts of PG. The magnetic field was either applied to the 
produced specimens or to the mixing water. Ten different types of specimens were 
produced by mixing several materials: PC, gypsum, quartz sand, PG, FA and 
Ca(OH2), which were eventually blended with water to produce pastes. The 
composites with the best results were those specimens made of 
gypsum / PG / Ca(OH)2 / H2O (proportions by weight of 1.4/1.4/0.14/2, 
respectively) and of PC / PG / Ca(OH)2 / FA / H2O (3/1.4/0.14/1.5/2.5). The FS of 
the composites increased by 30% (from 2.35 to 3.07 MPa) and 150% (from 2.39 to 
6.11 MPa) for the first and second composites, respectively. Magnetic treatment also 
enhanced the CS values of the second composite by 110% (from 7.09 to 14.98 MPa. 
The CS values of the first composite decreased by 2% (from 5.73 to 5.60 MPa). The 
author offered an interesting explanation for these tendencies: magnetic treatment of 
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the mixing water enhanced the strength of the hydrogen bounds, thereby ordering 
the structure of the liquid. This fact changed the hydration dynamics of the pastes. 
Aside of the mechanical characteristics, the influence of the magnetic treatment on 
other properties was also investigated: specifically, absorbability, frost resistance, 
and brittleness. 

Degirmenci [90] studied the potential of cement-free binders produced from 
industrial wastes to be employed in the construction industry by modifying the type 
of the employed PG (either HH or DH), and the recipe of the composite. The 
employed materials were FA, PG and Ca(OH)2. Six paste types were produced by 
mixing the materials in different proportions: the FA content went from 90 to 40%, 
whereas the PG content went from 0 to 50%, respectively. The Ca(OH)2 content was 
10% in all cases. As mentioned above, PG was applied either in the raw form (DH) 
or calcined at 150 °C for 2 h (HH). The addition of DH-PG decreased the CS of the 
specimens, whereas HH-PG enhanced it to reach a maximum value of 13.76 MPa 
when the HH-PG content was 50%. Moreover, the water absorption of the specimens 
produced with HH-PG was 20% lower than that of the specimens produced with DH-
PG. It was also determined that the specimens with PG developed important 
undesirable volumetric changes in contact with water. That is a problem because it 
would restrict all the uses of PG composite binders therefore ultimately limiting them 
to dry indoor conditions. The author commented that the curing of the specimens in 
steam conditions is a possible solution to this issue because it improves the hydration 
of calcium sulphate crystals and considerably reduces the further volumetric changes 
produced by additional hydration. 

Hua et al. [91] performed an investigation on the influence of the addition of 
fibre on the mechanical properties and frost resistance of binding materials made of 
PG, blast-furnace slag (BFS) and Ca(OH)2, with proportions of 60/40/4 (by weight), 
respectively. Three different types of fibre were employed: mineral, glass and 
polypropylene. Each type of fibre was added in four different proportions, with 
respect to the dry mixture: 0.00%, 0.35%, 0.70% and 1.00% (by volume). The 
addition of fibre (especially polypropylene) significantly improved the water 
resistance and the freeze-thaw resistance of the specimens. The mechanical 
properties (the FS) of the specimens were improved by the addition of fibre, but did 
not depend on the type of the fibre. Besides, the anti-impact grade of the specimens 
with polypropylene fibre was excellent, much better than that of the other types. In 
general, polypropylene fibre dispersed more easily in the mixture and presented a 
much better bond with the crystal matrix than the other types of fibre. Considering 
jointly the outcomes of the study, it can be stated that the general performance of 
polypropylene fibre was the best one. 

Yang et al. [92] employed autoclaving as a suitable method to manufacture 
load-bearing wall bricks. Bricks were produced by mixing PG, FA, lime and sand in 
different proportions: 35–50% of PG, 13–18% of FA, 5–15% of lime, and 26–40% 
of sand. Three types of PG were employed: raw PG, autoclaved PG under low steam 
pressure (0.12 MPa pressure and 120 °C temperature) and autoclaved PG under high 
steam pressure (0.8 MPa pressure and 180 °C temperature). Bricks were 
manufactured by press-forming different pastes under 20 MPa pressure and by 
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further autoclaving under 0.8 MPa steam pressure for 4 h. After testing the 
specimens, the influences of the different parameters became clearer. First, the 
higher amount of Ca(OH)2 remarkably enhanced the mechanical properties of the 
specimens due to higher activation of the hydration reactions between different 
materials. Moreover, the processing of PG under low pressure changed its crystalline 
phase to HH which hydrates better than the anhydrite produced by autoclaving PG 
under high pressure. Finally, a further increase of the content of PG resulted in a 
decrease of the mechanical strength of the specimens. In summary, the mechanical 
properties of the produced specimens yielded a better result with a higher content of 
lime, a lower content of PG, and achieved pre-processing of PG under low pressure. 

Another important method is press-forming. As described previously in this 
section, Yang et al. [92] employed press-forming to produce green bricks, which 
were eventually treated by autoclaving. Usually, in order to manufacture gypsum 
specimens, the typical water/solid (w/s) ratio ranges between 0.4 and 0.6. However, 
the processing by press-forming allows a much lower w/s ratio, that of about 0.2. 
Otherwise, leaching would occur during the press-forming, thereby damaging the 
microstructure of the specimens by producing undesirable pores and subsequently 
weakening the mechanical performance of PG specimens. However, the lower 
content of water carries an important drawback: the manufactured specimens will 
present a low hydration degree. If a PG product is poorly hydrated, a further contact 
with moisture will produce an undesirable volume change which will cause cracking, 
deformations, or even failure of the building elements in which it is employed. 
Therefore, the authors who investigate the processing of PG by press-forming have 
to face the hydration problem. Several interesting studies on this issue were carried 
out by Zhou et al.; they are described below. 

In their first investigation, Zhou et al. [93] studied the treatment of PG paste 
by press-forming and the hydration-recrystallisation method intended to produce 
non-fired bricks. The employed materials were PG (from 65 to 85 wt%), Ca(OH)2 
(from 1.3 to 1.7wt%), PC (4 wt% in all cases) and river sand (from 29.7 to 9.3 wt%). 
After blending with water, the green specimens were manufactured by press-forming 
under press-forming pressure (PFP) of 20–40 MPa, with a further wet curing 
intended to promote the reaction of PC. Then, the specimens wee hot-dried at 180 °C 
for 2 h in order to change the crystalline phase of the bricks from DH to HH. 
Subsequently, the HH specimens were submerged in water, where second hydration 
happens, and the specimens’ crystalline phase turned again into DH. In this way, the 
observed microstructure of the specimens changed into a regular, dense and interlock 
matrix of DH crystals with enhanced final mechanical properties. The optimal 
composition of the pastes was found to be 75 wt% PG, 19.5 wt% river sand, 4.0 wt% 
PC and 1.5 wt% Ca(OH)2, with which, the manufactured bricks exhibited high 
mechanical strength: CS = 21.8 MPa and FS = 5.2 MPa. The hydration-
recrystallisation method was found to be an effective processing way of PG to 
produce structural building products. 

However, the authors (Zhou et al.) determined that the main methods used to 
manufacture PG bricks suffer from some shortages: the indispensable use of cement, 
press-forming under elevated pressures, and the high energy consumption by the 
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autoclaving process. In order to overcome these drawbacks, Zhou et al. proposed a 
creative ‘two step hydration process’, thus also including press-forming [94]. 
According to this novel method, first of all, DH-PG was mixed with a small amount 
of hydrated lime to neutralise the acidic impurities. The mixture was hot-dried at 
180 °C to convert the DH crystalline phase into HH. Then, a certain amount of river 
sand was mixed in, and, once the dry mixture was prepared, the paste was produced 
by adding water. The w/s ratio in all cases was 0.22. Then, the press-forming of the 
specimens was carried out under a varying PFP between 4 and 20 MPa. The press-
formed green specimens were naturally air-cured for 1 day (the first step of 
hydration). Eventually, the specimens were immersed in water for 30 min in order 
to allow non-HH crystals to crystallise, thereby forming a more compact crystal 
lattice (the second step of hydration). After the immersion, the specimens were 
naturally cured for 1–28 days. To make the process more understandable, a 
schematic view has been included (see Fig. 3). Hence, the composition of the 
specimens was completely cement-free, and the optimum recipe was found to be 
75 wt% PG, 23.47 wt% river sand and 1.53 wt% Ca(OH)2. The immersion of the 
specimens corrected the hydration shortage of the press-forming processing, thus 
causing a much denser and more interlocked DH crystal matrix and enhancing the 
mechanical properties of the specimens. The CS and the CS after 15 freeze-thaw 
cycles were 29 MPa and 23 MPa when the press-forming was carried out with the 
relatively low pressure of 10 MPa. Higher CS values were obtained by press-forming 
the specimens under more elevated pressures. However, higher pressures require 
more energy, i.e., they are less cost-effective. Considering jointly the mechanical 
properties and the economical aspect of the process, the authors recommend the 
application of PFP = 10 MPa. 

 
Fig. 3. Schematic view of the ‘two step hydration process’ as proposed by Zhou et 

al. [94] 

In a third study, Zhou et al. [95] proposed a method to create PG tiles through 
the application of intermittent pressing hydration. The sole raw material employed 
to produce tiles was HH-PG. A certain amount of water was added to granulate HH-
PG. Then, the material was press-formed, immersed in water and pressed under 
intermittent PFP. The optimal processing parameters were found to be: w/s ratio of 
0.35, PFP of 20 MPa, pressure application frequency of 1 time each 2 min, and the 
number of repetitions equalling to 24. The application of the intermittent method 
with the above mentioned parameters produced hardened tiles with a FS of 
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18.9 MPa, which is a very high value. Hence, the intermittent pressing method is a 
highly efficacious way to utilise PG in the form of strong tiles. 

There are other studies discussing the processing of PG through press-forming, 
mostly from China [96, 97, 98, 99, 100]. As it can be observed from the previous 
descriptions, the application of press-forming is a very promising method to utilise 
PG in strong structural building products. However, the studies on this topic are 
rather scarce, and extensive further research is still needed. 

1.5.4. Improvement of the waterproofing properties of PG building products 

It is widely known that CaSO4 is not a hydraulic binder, such as PC. The good 
performance in moisture conditions exhibited by PC makes it the ideal material to 
be used in a wide variety of ways in the building industry, and even for applications 
in underground or submarine conditions. Meanwhile, DH CaSO4 crystals are not 
characterised by especially good water-resistance properties. In fact, these crystals 
dissolve in water. Therefore, in the case of contact with water, the mechanical 
properties of gypsum products get remarkably reduced. This fact limits the usage of 
gypsum products mainly to indoor conditions. Hence, the described situation helps 
us to understand why PC-based concrete is the second most consumed material in 
the planet (water is the first), whereas gypsum is far behind. However, the production 
of PC bears serious environmental concerns due to the high amounts of CO2 emitted 
during the burning of the clinker, which increases the warehouse effect in the 
atmosphere. Therefore, the creation of alternative ‘green cements’ is one of the first 
priorities for the researchers in the field of building materials. In this context, the 
creation of a gypsum-based binding material with good water-resistance properties 
is one of the most realistic possibilities to solve the ecological problem. Besides, if 
the employed material is PG, instead of natural gypsum, the ecological win becomes 
double. 

Addition of polymers and organic additives to PG pastes 

There are a number of different approaches to creating a water-resistant 
gypsum or PG [101]. One of the most popular ways is the application of polymers 
or other organic additives. For instance, Li et al. [102] studied the effect of a water-
proof additive on the growth of gypsum crystals and on the final water-resistance 
properties of gypsum specimens. The additives were composed of organic emulsion, 
emulsified by polyvinyl alcohol, stearic acid and saline water-proofing admixture. 
The water-proofing additive restrained the growth of crystals longitudinally. Under 
these conditions, the organic emulsion turned the crystals from needle-shaped to 
coarse stick geometries, while the saline water-proofing additive produced short pole 
geometries. As a result of these microstructural changes, the water absorption of the 
specimens was reduced, and the CS was enhanced. Singh and Garg [103] created a 
polymerised compound made with PG anhydrite plaster. The employed anhydrite 
PG (phosphoanhydrite) was ground, and mixed with suitable chemical activators. 
Eventually, the material was mixed with 2–3% monomer methyl methacrylate 
(MMA), with a propter catalyst, and the other materials to be used were as follows: 
red mud or FA, metallic oxide pigments and chopped glass fibre and quartz sand. 
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After the blending of the paste, floor tiles were manufactured by moulding (with 
vibration), cured in steam conditions, dried, ground and polished. During the 
hydration of the phosphoanhydrite, the MMA monomer got polymerised into 
polymethyl methacrylate which filled the voids of the crystal lattice and increased 
the mechanical properties, as well as the durability of the tiles against water. Hence, 
the manufactured tiles were proven to be suitable for flooring. Zhang et al. [104] 
improved the water-resistance properties of the gypsum products by combining 
methyl silicon aldoxide, PC and manganese slag powder. The optimal composition 
was 66.7 wt% gypsum, 8.3 wt% PC, 25 wt% manganese slag powder and 0.083 wt% 
methyl silicon aldoxide. In this way, the softening coefficient (after immersion in 
water) was improved to 0.76. Moreover, numerous patents for the creation of water-
proof gypsum through polymerisation were obtained: by incorporating polyvinyl 
alcohol and wax-asphalt emulsion [105], by adding either oxidised paraffin emulsion 
or a mixture composed of paraffin emulsion and polymer emulsion [106], by adding 
an aqueous solution of asphalt and wax, and, to a lesser extent, polyvinyl alcohol and 
a borate compound [107], by incorporating siloxane [108, 109], by adding an 
aqueous emulsion including paraffinic hydrocarbon, polyvinyl alcohol and montan 
wax [110], among others. 

Addition of pozzolans and PC or BFS to PG pastes 

Another popular way to increase the water resistance of gypsum (or PG) is the 
addition of PC or slag together with alumosilicate materials in active forms, usually 
known as pozzolans. Pozzolanic materials do not have binding properties until they 
are activated by alkaline PC or slag. Pozzolanic materials can be natural of synthetic. 
Among the synthetic ones, there are several waste materials of the pozzolanic nature: 
FA, silica fume, BFS, zeolitic waste (ZW), etc. The addition of these alkali-activated 
pozzolan materials to gypsum reduces voids and improves water resistance. 

Magallanes-Rivera et al. [111] created composites made of gypsum and 10–
25 wt% of BFS and a pozzolanic material, either silica fume or FA. In all cases, 10% 
of PC related to the weight of BFS + pozzolans was added as a chemical activator. 
During the first 24 h, HH gypsum hydrated completely. During the further 7–
90 days, the chemical activation of the pozzolans took place. The formation of C-S-
H was assumed, and ettringite was detected in the later stages of hardening. The CS 
of the different specimens increased from 65% to 175%, and water absorption 
decreased by as much as 1.67 times with respect to the control specimens. Being so, 
both the mechanical properties and the water resistance performance of gypsum 
specimens were remarkably improved. 

Singh and Garg [112] created various composite binders with a HH-PG content 
between 65–70 wt% and a pozzolan additive. In each case, a different pozzolan was 
included: FA, BFS, or red mud. In all cases, a certain amount of PC and of a chemical 
retarder were also added to the mixture. Some of the specimens were produced with 
processed HH-PG (by washing and wet sieving, which removed the acidic and 
organic impurities), while others were manufactured with unprocessed materials. 
The specimens were immersed in water for 28 days, and in this way their water-
resistance was checked. The control specimens (made of plain plaster) presented 
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poor water-resistance since leaching of the crystal lattice was observed. The 
composite binders exhibited much better water-resistance. During the immersion 
period, the water absorption increased, but without leaching of the matrix. The water-
resistance performance was attributed to the formation of cementitious compounds, 
such as ettringite (C3A∙3CaSO4∙32H2O) and tobermorite (C-S-H). Besides, the 
specimens composed of HH-PG and BFS presented the highest CS values: 35 MPa 
after 28 days of curing (the control specimens exhibited CS =14 MPa). 

Huang et al. [113] studied the hardening, the degree of hydration, and the 
mechanism of PG-BFS based binding materials. To do so, the mixtures were 
prepared by mixing 45 wt% PG, 48 wt% BFS, 7 wt% cement clinker and 1 wt% 
chemical activator (relative to the binder). The properties of the composite binding 
materials were compared to those of PC of grade 32.5. The CS and FS and softening 
factor values of mortars produced with the composite binding material reached 
45MPa, 6.5 MPa and 0.87, correspondingly, which are very similar values to those 
of the mortars made with 32.5 PC binder. These properties can be explained by the 
microstructural analysis of the composite material which revealed that needle-
shaped ettringite crystals, board-like gypsum crystals and portlandite crystals 
intertwined with each other, thereby forming a very dense crystal matrix. Besides, 
these crystals were covered and wrapped by C-S-H gels, resulting in an even more 
compact matrix. 

Camarini and De Milito [114] studied the performance of the durability and 
the mechanical properties of wall renderings created by mixing β-type HH gypsum 
(75 wt%) and BFS-PC (25 wt%). Control specimens were also created by using 
100 wt% of HH gypsum. Wall renderings were analysed after 3 years of exposure to 
either indoor or outdoor conditions. The results clarified that, during the outdoor 
exposure period, the CS of the renderings made of the composite material not only 
did not decrease, but even slightly increased, presenting, after 3 years, similar CS 
values to those of the control specimens exposed to indoor conditions (~5 MPa). On 
the other hand, during the same period, the CS of the control renderings exposed to 
outdoor conditions decreased by 3 times. As in the previous case, microscopic 
analysis helped to explain the mechanisms of this performance. The crystal matrix 
of the composite binding material was found to be very compact, and a fine C-S-H 
layer coated the gypsum crystals, thus preventing them from dissolving in water. 

Pang et al. [115] investigated the microstructure, the mechanical properties 
and the water-resistance of specimens made of flue gas desulphurisation gypsum 
(FGD) and ground granulated BFS, and an alkaline chemical activator, either 
Ca(OH)2 or CaCl2. The CS of the specimens cured under normal conditions 
improved with the addition of BFS up to 60 wt%. Besides, the finer were the BFS 
particles, the higher were the CS values. The effect of the activator, the water 
resistance and the freeze-thaw resistance were analysed with specimens produced 
with 45 wt% FGD and 50 wt% BFS. The CaCl2 activator produced stronger 
specimens than Ca(OH)2. Meanwhile, if considering the water resistance, the CS of 
the specimens significantly increased during the period of 7 to 28 days of immersion, 
and then remained constant. The enhanced water resistance owes to the low porosity 
and a dense crystal matrix. The microstructural analysis revealed that porosity was 
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reduced by the development of rod-like ettringite crystals formed during the curing 
in steam conditions. On the other hand, the freeze-thaw resistance of the specimens 
was poor, 14.2 MPa after 30 cycles, i.e., inferior to the value exhibited by a plain 
FGD binding material after 200 cycles (34.6 MPa). 

Kuryatnyk et al. [116] studied the valorisation of two different types of 
Tunisian PG as hydraulic binders. For this purpose, the produced pastes were created 
by adding 70 wt% of PG and 30 wt% of calcium sulfoaluminate (CSA) clinker. The 
CSA clinker differs from the ordinary PC clinker in terms of its relatively high 
sulphate content. During the hydration of CSA cements, the main produced product 
is ettringite [117]. The produced mortars were cured in air or water conditions. The 
mortars produced with the first PG type presented the same mechanical properties, 
independently of the curing conditions. In this case, the precipitation of delayed 
ettringite short crystals was depicted in the pores of the specimens. These crystals 
closed the pores and enhanced the water-resistance of the material. On the other 
hand, the specimens produced with the second type of PG cracked and completely 
lost the CS after 30 d of curing under water. In this case, the humid environment led 
to the precipitation of massive ettringite crystals into the specimens’ pores, thereby 
causing the above mentioned deterioration. Hence, PG-CSA cement was found be a 
good hydraulic binder as long as the precipitation of massive ettringite is avoided. 

Addition of waste metallurgical modifiers to PG pastes 

An alternative approach to enhancing the water resistance of the hydrated 
CaSO4 crystal matrix involves the addition of fine metallurgical modifiers. These 
additives foster the formation of scarcely soluble coatings around DH crystals, 
thereby protecting them from the effect of water. Investigations in this field have 
been mostly performed by scientists from Russia, and the results they obtained are 
highly promising.  

Tokarev et al. [118] studied the influence of an ultrafine aluminous mixture 
(metallurgical wastes with Al2O3) as an additive intended to modify the properties 
of anhydrite binders. The addition of 3–4 wt% aluminous material activated the 
hydration of anhydrite in such a way that the DH crystal matrix of the produced 
specimens ended up being extremely compact. The mechanical strength of the 
specimens increased by 100%, in comparison to that of the specimens without the 
additive. Moreover, the additive created an amorphous coating around DH crystals, 
which protected them from the effects of water. In a similar way, Sokolova et 
al. [119] employed bog iron, principally composed of iron oxide, which improved 
the softening factor of the gypsum matrix, and enhanced the CS of the specimens by 
10%. 

Yakovlev et al. [120] included a metallurgical waste (flue) dust (produced in 
the steel manufacturing industry) as an additive to either anhydrite or gypsum 
binders and studied the mechanical and water-resistance properties of the produced 
specimens. The exhibited properties of the specimens including the additive were 
compared with those of the control specimens produced with plain anhydrite or plain 
HH binders, respectively. The optimal flue dust content with the anhydrite binder 
was 1 wt%, which enhanced the CS of the specimens by 40% (thus reaching 8 MPa) 
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and improved their water resistance (given by the softening coefficient). The optimal 
additive content for the gypsum binder was 1.5 wt%, with which the CS was 
enhanced by 30% (12 MPa), which slightly improved the water resistance. Analysis 
of the microstructure of the specimens helped to understand more deeply the 
improved properties. The microstructural analysis of the specimens made of plain 
anhydrite revealed a chaotic, irregular and porous matrix with crystals of different 
shapes and geometries. The addition of the metallurgical additive produced a denser 
matrix of smaller crystals, which was the reason of the better exhibited durability 
properties. With respect to the gypsum formations, it was observed that when plain 
HH was employed, the microstructure of the hydrated specimens was very porous 
and consisted of lamellar and prismatic crystals distributed in random directions thus 
leaving numerous pores and voids in between the crystals. When the additive was 
included, the predominant crystals were the prismatic ones, and block structures 
were also present. Moreover, according to the authors, it is likely that the addition of 
metallurgical dust encouraged the formation of amorphous coatings around the 
gypsum crystals and so improved even more the water-resistance of the gypsum 
crystal matrix. 

Pervyshin et al. [121] studied the effect of man-made modifiers based on 
metallurgical dust and carbon nanotubes on the microstructure and properties of 
gypsum compositions. The optimal concentration of metallurgical dust and carbon 
nanotubes were 0.2 wt% and 0.005 wt%, respectively, i.e., very small amounts. The 
addition of both modifiers produced a synergistic effect and improved the values of 
FS and CS by 70.5% and 138.3%, respectively, after 7 days of hydration. The water 
resistance improvement was remarkably superior in the produced compositions: the 
control samples made of plain gypsum exhibited a softening factor of 0.4, while that 
of the modified samples was 0.85. The microstructure of the specimens was 
profoundly improved by the modifiers. The carbon nanotubes acted as crystallisation 
centres of the gypsum crystals, and the hydration products from metallurgical dust 
created an amorphous phase based on calcium and aluminium hydrosilicates which 
formed block aggregates among the gypsum crystals, thereby enhancing the 
mechanical properties and restraining the harmful effect of water. 

Hence, numerous ways to improve the water-resistance properties of gypsum 
or PG specimens have been reviewed. All of them have in common the application 
of different additives (polymers, pozzolans, metallic dust) which, through 
mechanisms of filling the voids among gypsum crystals or by creating an amorphous 
coating around them, protect gypsum (or PG) specimens from the dissolving effect 
of water. 

1.5.5. Thermal and acoustic insulation properties of gypsum and PG building 
products 

When it comes to the utilisation of PG in building materials, mechanical 
strength and water-resistance are not the only important parameters to be considered. 
The possible applications of PG in blocks or panels for walls determine the 
importance of the thermal and acoustic aspects. There are numerous ways of 
improving the thermal and acoustic insulation properties of gypsum-based products 
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which share the common challenge of doing so while maintaining sufficient 
mechanical strength. Several examples are reviewed further in this thesis. 

Some authors improved the insulation properties of gypsum specimens by 
adding foaming agents. Arroyo et al. [122] improved the thermal and acoustic 
insulation properties of gypsum plasters by including a water-based foam. This foam 
increased the porosity of the plaster by 35 percentage points (from 53% to 88%), 
thus reducing the thermal conductivity coefficient (λ) from 0.40 to 0.143 W/(m∙K). 
Besides, the tested specimens also delivered satisfactory quality of acoustic 
absorption. However, the foam agent sharply reduced the CS value of the specimens. 
To avoid this softening, a certain amount of microsilica (SiO2) was included. The 
additive enhanced the mechanical strength of the specimens by 199.10% without 
spalling their acoustic and thermal insulation properties. Yong et al. [123] included 
an H2O2 foaming agent to the PG mixture and studied its effect on the mechanical 
properties, thermal conductivity and pore suspension of the produced PG foam 
insulation materials. The optimal H2O2 content was found to be 4–5% with which 
the PG foam specimens presented low bulk density (≤ 500 kg/m3), low λ values 
(≤ 0.13 W/(m∙K)) and sufficient CS values for partition walls (≥ 0.24 MPa). 
Vimmrová et al. [124] compared two alternative approaches towards producing a 
lightweight gypsum material with satisfactory load-bearing and thermal insulation 
performances. The first approach consisted in using a light-foam gypsum matrix with 
higher-density aggregates (microsilica, calcium carbonate and cement), whereas the 
second one was based on using a higher-density gypsum matrix with light aggregates 
(expanded perlite). In all cases, FGD gypsum was employed. The specimens that 
were produced by following the second approach were found to be more successful, 
especially those containing 5 wt% of perlite which exhibited satisfactory thermal 
insulation properties (λ = 0.12 W/(m∙K)) and mechanical strength (CS = 2 MPa). 
Meanwhile, the specimens manufactured while following the first approach (with 
foamed gypsum), despite presenting satisfactory thermal insulation behaviour, still 
failed to exhibit sufficient mechanical strength. 

A popular approach to improve the thermal and acoustic insulation properties 
is based on including various organic additives to the gypsum mixture. Binici et 
al. [125] studied the thermal and acoustic performance of bio-based composite 
materials made of cornstalk and gypsum. NaOH and aluminium dust additives were 
also included in order to increase the water resistance of the mixtures. Hence, the 
specimens were created by mixing 300 g of binders, (cement from 50 to 250 g and 
gypsum from 300 to 100 g, correspondingly), additives (NaOH – either 17 or 20 g, 
and aluminium dust – either 10 or 8 g, correspondingly), 200 g of corn stalk and 
300 g of H2O. The specimens containing the highest gypsum content and the lowest 
cement content exhibited the lowest thermal conductivity of λ = 0.1 W/(m∙K). 
Besides, the specimens with a higher aluminium dust content exhibited better sound 
insulation properties than the remaining samples. Cherki et al. [126] analysed the 
thermal properties of composites made of granular cork and gypsum plaster. The 
study revealed that the λ values of the composite material were 3 times lower than 
those of plain gypsum plaster. Guna et al. [127] improved the properties of gypsum 
ceiling tiles by including a reinforcement made of organic materials: sheep wool and 
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coir fibre. The specimens were created with 70 wt% gypsum and 30 wt% fibre, while 
modifying the ratio between coir and wool. This natural reinforcement enhanced the 
strength of the specimens (which went up to 90% higher). The fibre increased the λ 
of the tiles with respect to plain gypsum. However, it was determined that the λ value 
of the tiles increased with higher wool contents. On the other hand, the coir fibre 
presented a better acoustic insulation behaviour than the wool. Sair et al. [128] 
studied the performance of eco-friendly gypsum composites and their suitability to 
be used in building materials. The composites were produced by including an organic 
additive to the gypsum mixture. The organic additive consisted of cork fibre and 
paper waste which were combined in the mixtures in various proportions reaching 
up to 60 wt% of the gypsum mixture. The specimens with a higher content of cork 
fibre had the best thermal insulation performance (λ = 0.07 W/(m∙K)), thus reducing 
the λ value by 3.6 times with respect to the plain plaster specimens. The sound 
insulation tendencies were found to be improved in a similar way. On the other hand, 
the mechanical properties of the specimens were found to be satisfactory when 
higher amounts of paper waste (and, correspondingly, lesser amounts of cork fibre) 
were employed. Hence, the authors recommend the addition of 30 wt% of cork fibre 
and 30 wt% of paper waste as a ‘compromise’ solution to achieve, at the same time, 
satisfactory thermal and acoustic insulation performance and sufficient load-bearing 
properties. 

The improvement of the thermal and acoustic insulation properties of gypsum-
based products can be also achieved by means of including various additives, such 
as polymers and inorganic materials. Cao et al. [129] enhanced the CS value of the 
thermal insulation gypsum thus exhibiting a low density by reinforcing it with 
superplasticisers (40 wt% vitrified microsphere, 0–0.5 wt% sulfonated naphthalene 
formaldehyde and polycarboxylate). The authors determined that the optimal 
sulfonated naphthalene formaldehyde and polycarboxylate contents of 0.2 and 
0.5 wt% enhanced the CS values of the thermal insulation gypsum by 96.8% and 
87.1%, respectively. Gencel et al. [130] created a new gypsum composite material 
containing diatomite and polypropylene fibre. Diatomite, a material which is present 
in fossilised microscopic plants, was included in amounts up to 20 wt%, and the 
polypropylene fibre of up to 1% was used. The addition of diatomite increased the 
porosity of the specimens, and, at the same time, reduced their λ, whereas the 
polypropylene fibre improved their mechanical properties. Li et al. [131] evaluated 
the thermal insulation performance of the casted-in-situ PG composite walls. The 
main employed binding material was PG, but certain amounts of FA and Ca(OH)2 
were also included to improve water resistance. Small amounts of SC protein retarder 
and melamine superplasticiser were also included. Finally, vitrified microspheres 
were included in order to improve the thermal insulation properties. The optimal 
composition consisted of 70 wt% PG, 22.5 wt% FA, 7.5 wt% Ca(OH)2, 0.2 wt% SC 
protein retarder, 0.7 wt% melamine superplasticiser and 20 v% vitrified 
microsphere. When focusing on the thermal insulation behaviour, the λ coefficient 
of the composites was reduced from 0.248 to 0.163 W/(m∙K) when 20 v% vitrified 
microsphere additive was included, although it produced a negative effect on the CS 
values. 
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Hence, there are numerous and different methods to improve the thermal and 
acoustic insulation properties of PG-based building products which would increase 
the applicability of this material in a significant way. 

1.6. Conclusions 

The concerns about the ecological problem carried by PG are of global scale 
since the continually increasing PG stacks seriously damage the surrounding 
environment (see Section 1.3). An important part of the solution lies in PG utilisation 
in the field of building materials. Numerous methods have been developed to 
improve the physical and mechanical properties of PG products and to reduce the 
amount of harmful phosphate and fluoride impurities of its composition. Some of 
these methods have been reviewed in Section 1.5. In this perspective, the aim of the 
current study is to investigate the suitability of PG to be employed in structural 
building products by analysing the influence of the microstructure, the chemical 
composition, the inclusion of additives (ZW, MS, Ca(OH)2, WF) and the method of 
processing (casting or press-forming) regarding their physical and mechanical 
properties while also considering the mitigation of the risks for health and 
environment (especially, radioactivity and the content of soluble P2O5 and F- 
compounds). The investigated physical and mechanical properties are the hydration 
degree, the CS and FS, the thermal and acoustic insulation behaviour, and the water 
resistance. 
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2. EXPERIMENTAL METHODS AND MATERIALS 

2.1. Experimental methods 

During the performed investigations, various types of analyses were performed 
which were related to the microstructure, chemical composition, physical properties, 
mechanical properties, thermal and acoustic properties, and the radioactivity level of 
the initial materials and the manufactured specimens. The various employed methods 
are systematically reviewed further in the thesis. 

2.1.1. Microstructural analysis 

The microstructures of the initial HH powder, DH-PG specimens and the 
additives were investigated by Scanning Electron Microscopy (SEM). The employed 
device was the SEM microscope Hitachi S-3400N Type II [132]. The resolution of 
images (of secondary electrons in high vacuum) is ≥3 nm with 30 kV and ≥10 nm 
with 3 kV. In different studies, several acceleration voltages were applied: 3, 5, 10 
and 15 kV. In some cases, together with the SEM analysis, Energy-dispersive X-ray 
Spectroscopy (EDS) chemical composition was determined with a 
Bruker Quad 5040 EDS detector (123 eV). 

2.1.2. Chemical and mineral composition analysis 

The chemical element composition of the different materials (HH-PG, ZW, 
MS) was determined by X-ray Fluorescence (XRF) analysis. The employed device 
was a Bruker X-ray S8 Tiger WD which featured a rhodium (Rh) tube. The employed 
anode voltage was up to 60 kV, and the electric current was up to 130 mA. The 
powder samples of the different materials were analysed in a helium atmosphere. 
The results were depicted by using the SPECTRA Plus QUANT EXPRESS method.  

The mineral composition and the crystal phases of the materials and the 
specimens were depicted with the X-ray Diffraction (XRD) method. The XRD 
patterns of the different materials were analysed with an X-ray diffractometer 
DRON – 6 with Bragg-Brentano geometry. Radiation of Ni-filtered CuKα and a 
graphite monochromator were employed. The voltage was 30 kV, and the emission 
current was 20 mA. The individual phases and reflections were identified with the 
Oxford Cryosystems Crystallographica Search-Match software by using the 
references of the database PDF-2 [133]. Alternatively, the software Panalytical 
HighScore+ 3 was also employed. The quantifications of the powder diffraction data 
were analysed by Rietveld whole-profile refinements by employing the General 
Structure Analysis System software [134]. 

2.1.3. Colorimetric analysis 

The presence of acidic water-soluble P2O5 content in the PG was analysed with 
a Hanna HI713 Checker HC ® – Phosphate LR (low range) colorimeter [135] 
featuring a measurement range between 0.00 and 2.50 ppm, a resolution of 0.01 ppm 
and an accuracy of ±0.04 ppm. The presence of soluble fluoride compounds in PG 
was depicted with a similar device, a Hanna HI729 Checker HC ® – Fluoride LR 
(low range) colorimeter [136] with a measuring range between 0.00 and 2.00 ppm, 
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a resolution of 0.01 ppm and an accuracy of ±0.04 ppm. The measurement procedure 
was performed according to the Lithuanian Standard TS-21-154-86 by preparing the 
specimens in the following way: a gypsum saturated and filtered solution was firstly 
prepared. Then, 2 g of the analysed PG powder were included in ~ 300 mL of the 
solution which was shaken for 30 min to allow the phosphate and fluoride soluble 
compounds to be transferred from PG to water. Eventually, more of the initial 
gypsum-saturated solution was added in order to complete de total volume of 
500 mL. In order to remove PG powder, the solution was filtered with a mechanical 
filter. In this way, soluble phosphate and fluoride content measurements could be 
performed after applying the respective reagents for each device. 

2.1.4. Investigation of the physical properties 

The hydration degree of the PG specimens (either HH or DH) was depicted by 
the loss on ignition method (LOI). The method involves calcining the specimens at 
a sufficient temperature (≥400 °C) with the objective to remove the bound water 
molecules of the HH (CaSO4∙0.5H2O) or DH (CaSO4∙2H2O) crystals, thereby 
converting the entire material into anhydrite (CaSO4) crystals. Being so, the LOI 
values define the relative difference between the initial (m0) and final (m1) mass of 
the specimens before and after the calcination process: LOI = (m1-m0)/m0. Hence, the 
LOI values reflect the relative amount of the bound water content in the gypsum 
molecules. In the performed experiments, the ground specimens, in amounts of ~ 4 g, 
were calcined at temperatures of 400 or 500 °C (depending on the experiment) for 
1.5 h. The mass values were measured with an accuracy of ±0.001 g. The theoretical 
LOI values for pure HH and pure DH gypsum are 6.2% and 21.85%, respectively 
[137].  

.The particle size distribution of the employed powder materials was depicted 
with a Cilas 1090 laser particle size analyser [138]. The measurements were 
performed in the dry dispersion mode, and the measurement range was between 0.1 
and 500 μm. 

The pH values of the initial materials were depicted with a AD8000 
Professional Multi-Parameter pH-ORP-Conductivity-TDS-TEMPBench 
Meter [139]. The device features a measurement range between -2 and +16 pH, a 
resolution of 0.01 pH and an accuracy of ±0.01 pH. Before performing the pH 
measurements, the device was calibrated in two or three points by using reference 
buffers of 4.00, 7.00 and 10.00 pH (in some cases, the third buffer was 9.21 pH). The 
measurements were carried out from aqueous solutions resulting from adding 2 g of 
the analysed powder to 20 mL of water.  

2.1.5. Thermal and acoustic analysis methods 

The hydration reaction of CaSO4∙0.5H2O crystals is an exothermic process. 
Therefore, the initial stages of the hydration of HH-PG were monitored by measuring 
the hydration temperature. Immediately after forming the pastes, the hydration 
temperature was depicted by employing the semi-adiabatic method with the device 
Pico Technology 8 – channel USB TC-08 Data Logger and a K – type thermocouple 
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[140]. The measurement range was between -270 and +1820 °C, and the set 
measurement rate was each 30 s. 

The thermal conductivity (λ) of the specimens was analysed with a heat-flow-
meter, by employing the ready state hot-box approach, as recommended by Asadi et 
al. [141]. The measurements were performed with flat rectangular dry specimens of 
30x30x5 cm geometry, according to the European Standard EN 12667 [142]. 

The acoustic insulation of the PG specimens was assessed by using a closed 
sound isolating case including a speaker on the one side and a microphone on the 
other side. The PG panel specimens (250x250x18 mm) were set between both above 
mentioned devices inside the isolating case. Hence, the PG panel is the only path for 
the sound waves to travel from the speaker to the microphone. The employed devices 
were a broadband speaker Visaton BG17 and a sound amplifier Vector Research 
VA – 1400. The constant sound pressure level (SPL) was evaluated in two ways: by 
measuring the A-weighed SPL values and by measuring the frequency spectrum 
while using standard octave sound filters (31.5, 63, 125, 250, 500, 1000, 2000, 4000 
and 8000 Hz). 

2.1.6. Testing methods for the mechanical properties of PG specimens 

The press-forming of the different PG specimens and the CS test were 
performed with a computerised press ToniTechnik 2020.0600/132/02 [143] (see 
Fig. 4). The press-forming process was performed by applying a loading rate of 
0.05 MPa/s or 0.6 MPa/s, till the load reached the required PFP. The press-forming 
process was performed with metallic cylindrical forms of different sizes, with 
diameters of 26.4 mm, 80.0 mm and 100 mm. The same computerised press was 
employed to perform the CS test to the hardened specimens, during which, the 
loading rate was set either at 0.6, 0.7 or at 1.0 MPa/s (depending on the experiment), 
according to the European Standard EN 13279-2 [3], and the measuring rate was 
0.02 s.  

The test of FS was performed with the same apparatus as the CS test and the 
indications of Standard EN 13279-2 [3]. In this case, the specimens were prisms of 
40x40x160 mm geometry which were supported on two rolls, separated by 100 mm. 
A concentrated load was applied at the middle of the pan, with a loading rate of 
50 N/s, till fracture was achieved. The FS (MPa) was calculated according to Eq. (7). 

 (7) 

where F (N) is the load at the fracture, l is the span length (100 mm), and b is 
the side of the square section of the prism (40 mm). 
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Fig. 4. Images of different press-forms (with the respective PG specimens produced with 
each one) (a), the press-forming process (b) and the CS test (c), by using ToniTechnik

2020.0600/132/02 computerised press

2.1.7. Radiological assessment

The activity concentration of radionuclides in the different HH-PG specimens 
was analysed through high resolution gamma spectrometry by using the BEGe, a
broad-energy, semiconductor detector and the software Canberra-Packard GENIE
2K v.3.4, according to the internal procedure of the Silesian Centre of Environmental 
Radioactivity which is certified by the Polish Accreditation Centre (PCA). For every 
investigated radionuclide, the minimum detectable activity (MDA) was below 
1 Bq/kg. The expanded uncertainty was considered with a coverage coefficient of 2, 
which gives a degree of confidence of ~ 95%.

The activity concentration of 226Ra was assessed based on a 186 keV energy 
line. It was verified with the activity concentrations of its decay products 214Bi and 
214Pb, based on, respectively, 609, 1120, 1765 keV, and 295, 352 keV energy lines. 
The activity concentration of 210Pb was obtained directly with a 46 keV energy line. 
Due to the low energy level of this measurement, the results were modified by 
performing the pertinent corrections [144]. The 40K activity concentration was 
assessed in a direct way at a 1461 keV energy line.

The fact that 232Th is a pure alpha emitter makes it impossible for gamma 
spectroscopy to measure its activity concentration. Therefore, the activity 

a c

b

26.8x26.8mm 100x100 mm

80x80 mm
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concentration of 232Th was evaluated from its decay products 228Ra and 228Th. Each 
of these decay products was assessed in a specific way. On the one hand, the 228Ra 
activity concentration is evaluated through its decay products 228Ac (measured with 
an energy line of 911 keV), which is in equilibrium with 228Ra in such conditions as 
those of the measured PG samples. On the other hand, the 228Th activity 
concentration was calculated from the activity concentrations of its decay products 
212Pb and 208Tl, depicted at energy lines of 239 and 583 keV, respectively. At the 
same time, correction for the activity concentration of 208Tl was necessary due to the 
radioactive decay probability, which leads to the emission of this energy line. 
Besides, the relative proportions among 228Ra and 228Th give additional information 
regarding the actual presence of 232Th in the sample. 

If the activity concentration of a radionuclide is measured with more than one 
energy line, the result is calculated as a weighed mean of the different measurements, 
by applying a weighting factor equal to the reciprocal of the emission probability of 
each energy line. 

2.2. Employed materials 

During the different stages of the ongoing investigation, numerous materials 
were employed. In all the cases, the main binding material was HH-PG. Besides, 
different waste additives and modifiers were employed to improve the 
microstructural, physical and mechanical properties of the PG specimens and to 
make them suitable to be used as building products. These additives were the 
following: 

a) waste synthetic zeolite (ZW) included to reduce the acidic-soluble 
phosphate and fluoride impurities in PG; 

b) waste metallurgical sludge (MS) included to improve the water resistance 
of the PG specimens; 

c) waste wood fibre (WF) employed to improve the acoustic and thermal 
insulation properties of the PG specimens. 

Besides, in some cases, small amounts of Ca(OH)2 additive were included to 
neutralise the acidic phosphate and fluoride impurities of PG. All the presently 
mentioned materials are described in the following subsections. 

2.2.1. Three types of HH-PG from different origins 

In the current study, the employed HH-PG was produced in a Lithuanian 
phosphate fertiliser chemical plant where the ‘wet process’ takes place by using input 
raw phosphate materials from several origins, mostly apatite rocks from Kirov or 
Kovdor mines (Russia), and phosphorite rocks from Morocco and South Africa (SA). 
It must be reminded that apatite rocks are of the igneous origin, while phosphorites 
are sedimentary. In Section 1.2, it was explained that the PG of igneous origin 
usually exhibits lower radioactivity (see Section 1.2.1), a lower content of trace 
heavy metals, and a higher content of REE (see Section 1.2.3) than the PG of 
sedimentary origin. In general, the content of impurities of the PG of igneous origin 
is lower than that of the PG of sedimentary origin. Being so, in the above mentioned 
factory, there are two production lines. In the first line, the input phosphate material 
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consists of a mixture of the different phosphate rocks. In the second line, the sole 
employed raw material is apatite from the Russian mine of Kovdor. Being so, three 
different PG types were taken from both production lines to be investigated in the 
current study, two of them (types I and II) from the first line, and the other type (type 
III) – from the second line.  

Table 2. Description and properties of the different humid HH-PGs  

Title of PG Type I Type II Type III 
Mines from which the 

phosphate rock is extracted Kirov – Morocco SA – Morocco Kovdor 

Proportions 81% Kirov 
19% Morocco 

50% SA 
50% Morocco 100% Kovdor 

Nature of phosphate rock  apatite (Kirov) 
phosphorite (Morocco) phosphorite apatite 

Humidity  31.8% 22.0% 18.5% 

Total P2O5 content 0.86% 0.86% 1.13% 

Soluble P2O5 content 0.40% 0.43% 0.29% 
 
The main properties of the different investigated HH-PG types are given in 

Table 2. Henceforth, the different PG types shall be referred according to the 
labelling given in Table 2 (PG of types I, II and III). It can be observed that PG types 
I and II have respective lower P2O5 total contents than PG III-type. However, as 
described in Sections 1.2.2 and 1.5.1, the harmful P2O5 compounds are the soluble 
ones whose content is two times lower in the III-type PG than in the other two types. 
Hence, from this point of view, the III-type PG is the cleanest material. 

HH-PGs were produced through the wet process in the form of a humid 
powder. Further, this humid HH-PG was taken from the respective production line 
and immediately hot-dried at 100 °C for ~ 6 h (see Fig. 5a), so that the moisture was 
completely removed. Otherwise, HH crystals would hydrate and evolve into DH 
compounds which do not exhibit binding properties. Once HH-PG had become 
completely dry, it was stored hermetically till its usage. A view of the different dry 
powder HH materials is given in Fig. 5b. The appearance of each one seems to be 
related to its igneous or sedimentary origin: the III-type PG (produced entirely from 
igneous rocks) is the whitest, whereas the II-type PG (manufactured entirely from 
sedimentary rocks) is denoted by a greyish or even brownish tone. Meanwhile, the 
colour of the I-type PG (with both igneous and sedimentary origins) is intermediate. 
Besides, for comparative purposes, a natural commercial HH gypsum Knauf Baugips 
was investigated together with the different PG types (further referred to as the 
natural material). 
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Fig. 5. Hot-drying of the HH-PG powder (a) and view of the different HH materials (b)

The chemical composition of the different materials is presented in Table 3. 
Aside from the specific components of CaSO4, the main depicted impurities are SiO2, 
P2O5 and SrO an F. The content of SiO2 compounds is higher in the natural gypsum 
than in PG, whereas the opposite tendency happens regarding the P2O5 and CeO2

compounds. It can be noticed that the phosphate content in the different PG types of 
Table 3 are 10–30 percentage points lower than those of Table 2. This happens 
because, in Table 2, the measurements were performed with wet HH-PG, whereas in 
the XRF analysis, the moisture had already been removed. Besides, Table 3 reveals 
the important fluorine content in the I and II types of PG (those of the sedimentary 
nature), whereas in the III-type PG and in the natural gypsum, this element was not 
determined at all. The high content of soluble P2O5 and F- compounds in the different 
HH-PG powders determined the strong acidity of the materials in comparison to the 
almost neutral pH of the natural gypsum (see the pH values in Fig. 24a). The amounts 
of Al2O3, MgO, Fe2O3 and K2O were remarkably higher in the natural gypsum than 
in PG. Meanwhile, certain trace contents of REE (Ce, Nd, La and Y) were depicted
only in the different PG materials, and not in the natural gypsum. As expected, the 
overall REE content is higher in the type I PG (of the entirely sedimentary nature) 
than in the other samples. Besides, none of the heavy metals classified by EPA as 
potentially toxic elements (As, Ba, Cd, Cr, Pb, Hg, Se and Ag, see Section 1.2.3) 
were traced in any of the materials. 

ba

natural Type I Type II Type III
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Table 3. XRF composition of commercial gypsum and investigated PGs (wt%) 

Comp. Natural Type 
I 

Type 
II 

Type 
III 

 Comp. Natural Type 
I 

Type 
II 

Type 
III 

SO3 44.30 47.7
7 

48.4
9 

49.5
0 

 K2O 0.77 0.07 0.05 0.04 

CaO 38.23 38.4
2 

39.3
2 

38.7
8 

 ZrO2 0.003 - - 0.00
5 

SiO2 5.26 0.83 2.14 2.94  ZnO - - - 0.00
4 

P2O5 0.29 1.15 1.08 1.30  TiO2 0.07 0.06 0.02 - 

SrO 0.18 1.88 0.27 0.41  Y2O3 - 0.03 0.03 - 

CeO2 - 0.35 0.21 0.19  CuO - 0.00
8 - - 

Al2O3 1.77 0.20 0.09 0.16  Nb2O5 - 0.00
2 

0.00
2 - 

MgO 3.17 0.11 0.11 0.15  MnO 0.008 - - - 

Nd2O3 - 0.08 0.10 0.07  F* - 1.85 1.42 - 

Fe2O3 0.52 0.08 0.01 0.06  
H2O** 6.2 6.9 6.7 6.4 

La2O3 - 0.21 - 0.05  Total 100 100 100 100 
*Note: F content is defined by EDS analysis 
**Note: H2O content is defined by the LOI method 

 
The different materials were also investigated by XRD analysis which shows 

the crystal phase of CaSO4. The XRD patterns are given in Fig. 6. The predominant 
peaks are those of HH gypsum crystals, but smaller peaks of DH gypsum and 
anhydrite were also determined. All the LOI values of the different materials given 
in Table 3 yielded between 6.0% and 7.0%, thereby confirming the predominant HH 
nature of the crystals, since the theoretical LOI of the HH crystal phase of gypsum is 
6.2% (meanwhile, the theoretical LOI of the DH crystal phase is 21.85%). Moreover, 
in the content of the natural gypsum, a certain amount of a dolomite additive was 
found. 
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Explanation: 
G – DH gypsum (CaSO4∙2H2O, 
ref. Code: 1-385) 
B – HH gypsum (CaSO4∙0.5H2O, 
ref. Code: 33-310) 

 
A – anhydrite (CaSO4, ref. Code: 83-437) 
D – dolomite (CaMg(CO3)2, ref. Code: 36- 426) 
B* - the “B” peaks which cover smaller “A” 
peaks 

Fig. 6. XRD patterns of different PGs and natural gypsum 

The SEM images of HH CaSO4 crystals of the different materials are given in 
Fig. 7. The differences between the crystals of the analysed materials are very 
notorious. The natural gypsum (see Fig. 7a) was processed through grinding, and 
that is reflected in the irregular shapes of the crystals which exhibit different sizes 
and geometries. Besides, the HH crystals of the natural gypsum are separated, so 
differing from the HH-PG crystals which are grouped among themselves thus 
forming bigger conglomerates. The crystals of the I-type HH-PG (see Fig. 7b) 
present lamellar and sharp geometries and can reach thicknesses of 5 μm and lengths 
of 15 μm. The crystals of the II-type HH-PG are similar to those of type I, but they 
exhibit thicker (even 10 μm) and rounder shapes. Finally, the II-type HH-PG crystals 
(see Fig. 7c) are much more massive than the previous ones, and their geometries 
are better defined: prismatic shapes with hexagonal cross-sections, and 
diameter/length ratios of, approximately, 1/2. The length of the crystals goes from 
10 to 30 μm.  
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Fig. 7. SEM images of crystal conglomerates of different HH powders: natural
gypsum (a), I-type PG (b), II-type PG (c), III-type PG (d). Scale: x200 (index ‘1’, and 

x1500 (index ‘2’)

a1

d1

c2c1

b2b1

a2

d2
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The specific gravity of the natural gypsum is 2.47, which is a smaller value 
than those of the various PG types: 2.70, 2.74 and 2.67 for type I, type II and type III 
PG, respectively. The particle size distribution of each material is presented in Fig. 8. 
Among the analysed PG types, the largest conglomerates were those of type III, 
followed by type II and type I. Meanwhile, the particle distribution of the natural 
gypsum must be considered specifically, since, as noticed from Fig. 7  images, the 
crystals are separated, and they do not form conglomerates. In this case, and 
important share of the crystals falls within the interval of 30–100 μm, i.e., they are 
bigger than the crystals of any of the PG types. 

 
Fig. 8. Particle size distribution of initial HH materials: natural gypsum (a), I-type PG 

(b), II-type PG (c), III-type PG (d) 

The distribution of phosphate and fluoride impurities on the calcium sulphate 
crystals was investigated by SEM-EDS analysis (see Fig. 9). As shown in Table 3, 
fluorine was not determined in the compositions of natural gypsum and in the PG of 
type III, whereas in type I and type II PG, it was detected in important amounts. The 
phosphate impurities were depicted in all the materials, but the content in the natural 

c d 

a b 
ø at 10%: 1.34 μm 
ø at 50%: 10.33 μm 
ø at 90%: 147.80 μm 
Mean ø: 50.23 μm 

ø at 10 %: 16.60 μm 
ø at 50 %: 66.05 μm 
ø at 90 %: 168.58 μm 
Mean ø: 85.14 μm 

ø at 10 %: 7.48 μm 
ø at 50 %: 45.55 μm 
ø at 90 %: 134.56 μm 
Mean ø: 65.75 μm 

ø at 10%: 8.28 μm 
ø at 50%: 43.38 μm 
ø at 90%: 95.31 μm 
Mean ø: 49.32 μm 
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gypsum was about 5 times lower than in the PG powders. Fig. 9 shows that both 
phosphate and fluoride impurities are evenly distributed on the surfaces of calcium 
sulphate crystals. These impurities reduce the mechanical properties of the 
eventually hardened PG specimens. However, the fact that the impurities are evenly 
distributed and do not form layers or conglomerates is positive, since the above 
mentioned weakening is expected to happen to a lesser extent.

Fig. 9. SEM images (marked with index ‘1’) and EDS distribution of phosphorus (index 
‘2’, green dots) and fluorine (index ‘3’, red dots) on the crystals of different types of HH 
powders: natural gypsum (a), I-type PG (b), II-type PG (c), III-type PG (d). Scale: x1000

2.2.2. Waste of synthetic zeolite (ZW)

As explained in Section 1.5.1, zeolites are microporous materials of the 
alumosilicate nature which are frequently employed in industrial processes as 
sorbents and catalysts. Zeolites can be either natural or synthetic. In the current 

fluorine not depicted

fluorine not depicted

a1 a2 a3

b1 b2 b3

c1 c2 c3

d1 d2 d3
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study, zeolitic waste (ZW) is employed as an additive to PG to adsorb the acidic 
soluble impurities in the specimens. The presently used ZW is a synthetic material 
which was employed in the process of fluid catalytic cracking of the petrochemical 
industry. During the process, zeolite was contaminated with oil, and thus it became 
a waste material.  

Table 4. XRF composition of the ZW (wt%) 

Al2O3 SiO2 La2O3 SO3 TiO2 Fe2O3 MgO Na2O CeO2 V2O5 CaO P2O5 

50.7 36.4 1.67 1.14 0.932 0.647 0.634 0.332 0.268 0.117 0.077 0.075 

K2O WO3 ZrO2 NiO Ga2O3 PbO CuO ZnO SrO Nb2O5 CoO  

0.042 0.017 0.013 0.011 0.005 0.005 0.004 0.004 0.003 0.002 0.002  
 
The chemical composition of ZW is given in Table 4. As observed, ZW is 

composed mainly of Al2O3 and SiO2 compounds, which is appropriate to its 
alumosilicate nature. Besides, a wide variety of other elements is also present in 
important amounts in the form of oxide compounds: REE (La and Ce), non-metals 
(S, P), transition metals (Ti, Fe and V), alkaline and alkaline-earth metals (Na, K, 
Mg and Ca), and small amounts of other trace elements. 

ZW is an acidic material. The pH values of the zeolites which were used in 
similar studies belonged to the range of 4–4.52 [145, 146]. In the case of the 
investigated material, the depicted pH was 4.35. 

 
Fig. 10. XRD pattern of ZW based on faujasite mineral 

The XRD pattern given in Fig. 10 shows that ZW is mainly composed of the 
faujasite mineral, thus confirming the alumosilicate nature depicted by XRF analysis 
(see Table 4).  
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Fig. 11. SEM images of ZW. Scale: x200 (a) and x3000 (b)

The microstructure of ZW particles was investigated by SEM analysis (see 
Fig. 11). ZW particles show well-defined spherical geometries and microporous 
surfaces. 

ø at 10%: 10.39 μm
ø at 50%: 22.02 μm
ø at 90%: 39.00 μm
Mean ø: 23.26 μm

Fig. 12. Particle size distribution of ZW

The specific gravity of ZW particles is 2.33, i.e., it is slightly lower than those 
of PG powders. The analysis of the particle size distribution (see Fig. 12) reveals that 
the diameters of ZW particles mostly range from 10 to 40 μm, with the average value 
of 23.3 μm. The particle size values shown in Fig. 12 match accurately with the sizes 
of the particles observed in the images of Fig. 11.

2.2.3. Waste metallurgical sludge (MS)

Another additive employed in the current study was a waste product created in 
the ship building and repair yard JSC Vakarų Metalgama of Klaipėda (Lithuania), 
where metallic parts of ships are cut by CNC plasma in special water baths, and,
consequently, metallurgical sludge (MS) is deposited at the bottom. Hence, in the 
presently mentioned yard, ca. 25 tonnes of MS are produced annually, which are 
eventually carried to the scrap for recycling. When this MS is extracted from the bath 

a b
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and dried, its consistency is that of a fine black powder (Fig. 13). In an ongoing 
study, MS is intended to be employed as a modifier to improve the durability (more 
precisely, the water resistance) of the PG specimens.

Fig. 13. Macroscopic view of MS modifier

SEM analysis clarified that the MS particles are of various sizes and mostly of 
oval or spherical geometries (see Fig. 14).

Fig. 14. SEM image of MS particles, at scales x200 (a) and x900 (b)

The specific gravity of the MS particles is 7.04, i.e., about 3 times heavier than 
that HH-PG particles. The particle size distribution presented in Fig. 15 confirms the 
observed variety of sizes, since the scatter of the diameters was found to be elevated. 
It can be observed that there are three diameter frequency peaks, distributed in an 
interesting way: at about 0.3 μm, 3 μm and 30 μm. Hence, each peak is about 10 
times higher than the previous one. Of course, the clear predominant peak is that of 
30 μm, and that determines the mean diameter value of 23 μm.

ba
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ø at 10%: 2.2 μm 
ø at 50%: 23 μm 
ø at 90%: 125 μm 
Mean ø: 47.9 μm 

 

Fig. 15. Particle size distribution of MS 

The metallic parts of ships (from which MS is produced) are made of structural 
carbon-manganese steel of S355 carbon-manganese grade. Thus, the elemental 
composition of MS is expected to be similar to that of this type of steel. The XRF 
chemical composition of MS is given in Table 5. The clearly predominant element 
is Fe, but there are also noticeable amounts of transition metals (Mn and Zn), non-
metals (Si, P), and alkali-earth metals (Ca). Other trace elements, mostly some 
transition and post-transition metals (Al, Cr, Cu, Ni, Nb, V) and some REE (Gd, Eu), 
were determined in very low amounts. The C content does not appear in Table 5 
since XRF analysis cannot trace it (in principle). However, S355 steel typically 
contains 0.16–0.18 wt% of carbon, thus a similar amount is expected to be present 
in MS.  

Table 5. The XRF chemical composition of MS (wt%) 
Fe Mn Si Zn Ca P Gd Al Cr Eu Cu 

95.1 2.65 0.87 0.49 0.24 0.17 0.10 0.08 0.08 0.08 0.04 
Ni Nb V S        

0.02 0.02 0.02 0.02        
 
The depicted pH = 6.05 shows that MS powder is almost neutral, slightly 

acidic (see Fig. 48). The XRD pattern of MS (see Fig. 16) reveals the main 
compounds in which the chemical elements are combined. The main peaks are those 
of ferrite, but there are also other iron-based compounds, such as iron oxide, hematite 
and magnetite. 
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Fig. 16. XRD pattern of MS

2.2.4. Wood fibre (WF and NF)

Two types of wood fibre were employed in the current study: one directly 
manufactured from natural wood (further referred to as NF), and the other one 
processed from waste particle boards (further referred to as WF). Wood fibre is 
included in the PG mixture to improve the thermal and sound insulation properties 
of the hardened specimens. A macroscopic view of both types of fibre is given in 
Fig. 17.

Fig. 17. Macroscopic view of wood fibre (the ruler is given for scaling)

Meanwhile, microscopic views of the different fibres are given in Fig. 18. 
Looking at the different images, it is difficult to distinguish one type of fibre from 
the other. There are no noticeable morphological differences in between the different 

WF NF
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fibres. Their microstructures are, in fact, very similar. Besides, in both cases, the 
fibres seem to be partially covered with a varnish (or similar) coating.

Fig. 18. SEM images of NF (a) and WF (b), at scales x50 (index ‘1’), x500 (index ‘2’) 
and x1000 (index ‘3’)

The size of the fibre was investigated through the sieve analysis whose results 
are given in Fig. 19. However, sieve analysis is not an accurate method to measure 
the diameter of a fibre since some fibres may not pass through the sieve due to their 
length or due to the fact that they are intertwined with other fibres. This method is 
more suitable for granular materials. Even so, the sieve analysis still gives useful 
comparative information regarding NF and WF by virtue of presenting the 

a1

a2

b1

b2

b3a3
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approximate values of the sizes of each one. From the results exhibited in Fig. 19, it 
can be noticed that NF presents frequencies >5% in the sieves with meshes between 
1 and 8 mm (included), whereas the waste fibre presented those frequencies with 
sieve meshes between 0.0 and 4 mm. Hence, NF is coarser than WF. Besides, in both 
cases, the fibres were mostly retained in the 2 mm sieve.  

 
Fig. 19. Results of sieve analysis of both NF and WF 

2.2.5. Hydrated lime 

As explained in Section 1.5.1, Ca(OH)2 is a common method to neutralise the 
acidic-soluble P2O5 and F- compound of PG due to its highly alkaline nature 
(pH = 12.79, see Fig. 24a). The specific gravity of Ca(OH)2 particles was determined 
to be 1.97, and the average diameter was 5.57 μm (which was not directly measured, 
but actually calculated from the exhibited Blaine specific surface of 12.9∙103 cm2/g). 
In this way, Ca(OH)2 particles are smaller and lighter than those of HH-PG. 

2.3. Summary of the properties of materials 

A summary of the main properties of the different materials described in the 
current section is given in Table 6.  
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Table 6. Summary table of the properties of investigated materials 

Material pH 
Mean 

particle 
 (μm) 

Specific 
gravity Microstructure Colour 

Natural 
HH 

gypsum 
6.16 50.23 2.47 Separate crystals with 

irregular shapes Grey 

I-type HH-
PG 2.88 49.32 2.70 Conglomerates of flat and 

sharp crystals Grey 

II-type 
HH-PG 2.87 65.75 2.74 

Conglomerates of relatively 
flat and round-edged 
crystals 

Bone 

III-type 
HH-PG 3.63 85.14 2.67 

Conglomerates of massive 
crystals with prismatic 
hexagonal geometries 

White 

ZW 4.35 23.26 2.33 Spherical particles Bone 
MS 6.05 47.9 7.04 Spherical and oval particles Black 

Ca(OH)2 12.79 5.57* 1.97 - White 

WF - 2000 – 
4000** - Long fibres Dark 

brown 

NF - 2000 – 
4000** - Long fibres Light 

brown 
*Note: particle size of Ca(OH)2 was not directly depicted, but calculated from the measured 
Blaine specific surface, by establishing comparison of the ratios between the measured Blaine 
specific surface and the mean particle size of other employed materials 
**Note: see the comments to the particle size of the fibre with respect to Fig. 19  
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3. RESULTS AND DISCUSSION 

The aim of the current study is to analyse the aptness of PG to be employed as 
the main binding material in load-bearing building products, such as bricks or blocks. 
A thorough research has been performed to consider the different aspects to make 
this kind of usage possible. Hence, the ongoing investigation has been performed in 
5 stages: 
1. Comparative investigation of the aptness of PGs from different origins to be 

used as binding materials in structural building products. At this first stage, 
several PG types from different origins are analysed and compared with the 
objective to check the suitability of each one to be used as a binding material, 
while considering the acidic soluble impurity content, the hydration process, the 
physical-mechanical properties and the radionuclide activity concentration. 
Besides, the influence of the size of the specimens and of the processing method 
(casting vs. press-forming) on the ρ and the CS of the specimens is addressed.  

2. Investigation of the press-forming processing to produce structural PG 
products. During this stage, the processing of press-forming specimens in pursuit 
of obtaining specimens with the optimal properties is investigated. The influences 
of the processing parameters such as PFP, w/s ratio, and the curing method (with 
or without immersion) on the ρ, the LOI and the CS of the specimens are assessed, 
and, in this way, the optimal processing parameters are identified. 

3. Adsorption of the acidic-soluble impurities of PG by zeolitic waste additive 
(ZW). The efficiency of ZW additive in adsorbing the acidic soluble impurities 
of PG is investigated. Besides, the influence of this additive on the hydration and 
mechanical properties of PG specimens is evaluated.  

4. Improvement of the water-resistance of PG by adding waste metallurgical 
sludge (MS). The problem of the softening of DH-PG crystals in water is 
addressed by including a small amount of MS in the composition of PG 
specimens. The effect of the MS additive on the neutralisation of soluble P2O5, 
the hydration, the physical-mechanical properties and, of course, the softening 
(after a certain period of immersion in water) of PG specimens is thoroughly 
investigated. 

5. Improvement of the thermal and acoustic insulation of the load bearing PG 
specimens by including a waste wood fibre additive (WF). The dependence of 
the thermal and acoustic insulation properties of the specimens on the WF content 
is investigated. Besides, the influence of the content and the type of the fibre 
(when comparing WF and NF) on the physical-mechanical properties of the 
specimens is studied. A certain amount of ZW was also included in the mixtures 
with the objective to adsorb acidic-soluble impurities. 

It must be noted that the investigation tasks named in the ‘Introduction’ section 
do not necessarily coincide with each individual stage of the investigation. Some 
tasks are addressed in the same stage, whereas, in other cases, the same task is 
investigated across several stages. The stages of the investigation are summarised in 
Fig. 20. The results of each investigation stage are described in the following 
subsections. 
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Fig. 20. Schematic view of the 5 stages of investigation

•Variables: the nature (origin, microstructure and 
chemical composition) of the HH-PG 

•Studied parameters: neutralisation of impurities 
by hyd. lime, LOI, ρ, CS, ScF, processing 
method, radioactivity

1st stage
Comparative investigation of

the aptness of PGs from 
different origins to be used 

as binding materials in 
structural building products

•Variables: the processing method (PFP, w/s, 
curing type)

•Studied parameters: LOI, ρ and CS

2nd stage
Investigation of the press-

forming processing to 
produce structural PG 

products

•Variables: ZW content, PFP
•Studied parameters: adsorption of soluble P2O5, 
hydration degree, ρ, CS

3rd stage
Adsorption of the acidic-

soluble impurities of PG by 
zeolitic waste additive (ZW)

•Variables: MS content
•Studied parameters: neutralisation of soluble  
P2O5, LOI, CS, SF

4th stage
Improvement of the water-
resistance of PG by adding 
waste metallurgical sludge 

(MS)

•Variables: fibre type and content, presence of 
zeolite

•Studied parameters: hydration degree, CS, FS, 
λ, SPL

5th stage
Improvement of the thermal 

and acoustic insulation of the 
load bearing PG specimens 
by including a waste wood 

fibre additive (WF)
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3.1. Comparative investigation of the aptness of PGs from different origins to 
be used as binding materials in structural building products 

The 1st task of the investigation consists of the identification of the factors 
which determine the physical and mechanical properties of PG, and the evaluation 
whether the material is protective enough towards the ecosystem and the human 
health. With this purpose, DH-PG specimens were produced by using three types of 
PG from different origins which were already characterised in Section 2.2.1: the I-
type PG (of igneous and sedimentary origin), the II-type PG (of sedimentary origin), 
and the III-type PG (from igneous origin). Besides, a commercial HH gypsum 
(referred to as ‘natural’) was also employed to produce the reference specimens. The 
aptness of each of the materials to be used in building products as the binding 
material was checked by considering the following parameters: 

a) the microstructure; 
b) the chemical composition (including the content of soluble P2O5 and F- 

impurities); 
c) the hydration, physical and mechanical properties (LOI, ρ and CS); 
d) the processing method: casting vs. press-forming; 
e) the radionuclide activity concentration. 
The dependences among the different analysed parameters were investigated. 

The graphical explanation of the 1st investigation stage is given in Fig. 21. 

 
Fig. 21. Graphical explanation of the 1st stage of investigation 

3.1.1. Experimental procedures 

Four different groups of pastes and specimens were produced by attending to 
the composition of the mixtures, the processing method and the applied methods of 
analysis: 

 group A: these specimens were employed to analyse and compare the 
dynamics of the hydration process and the mechanical properties of the DH 
specimens produced with the different HH materials; 

 group B: these specimens were processed through the press-forming 
method, and their purpose was to investigate the impact of this type of 
processing on their mechanical properties;  
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 group C: the purpose of these specimens was to assess the effect of the 
specimen size on their CS values; 

 group D: the main goal of these specimens was to investigate the efficiency 
of the Ca(OH)2 additive with regard to neutralising the acidic-soluble 
compounds of PG composition. 

Detailed description of the different groups of specimens and their respective 
methods of analysis are given in Table 7. 
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The different specimens were produced via two alternative methods: casting 
(moulding) or press-forming. Firstly, the preparation of the A group specimens (by 
casting) is explained. The dry PG powder was blended with a certain content of water 
in order to produce the different cementitious pastes. In the case of each material, a 
different amount of water was added to produce pastes with the ‘normal’ 
consistency, according to the ‘dispersal method’ as described in European Standard 
EN 13279-2 [3]. Hence, the employed w/s ratios were 0.45, 0.55, 0.40 and 0.35 for 
the natural gypsum and the I-type, II-type and III-types of PG, respectively. Once 
the A group pastes had been mixed, they were poured in silicone moulds which were 
eventually vibrated to ensure satisfactory distribution of the paste, thereby avoiding 
undesirable air bubbles in the specimens. Hence, with each material, 27 specimens 
of 2 cm-sided cubes were produced. The casted specimens were then stored in a 
chamber with 100% moisture conditions in order to ensure the optimum hydration. 
The specimens of the different materials were distributed in 6 subgroups, of 4 or 5 
units each, which were cured for different durations: 2 h, 1 d., 3 d., 7 d., 14 d., and 
28 d. In this way, the long-term dynamics of the curing process could be investigated. 
Besides, during the casting process (after blending with water), the portions of the 
pastes which were not used for casting were immediately investigated by hydration 
temperature measurements, which reflects the short-term dynamics of the hydration 
process. 

Meanwhile, the B group specimens were produced through press-forming. In 
this case, the pastes were blended by adding approximately half of the employed 
water to produce the casted specimens. A lower w/s ratio must be employed because, 
otherwise, leaching would happen during the stage of press-forming, consequently 
damaging the microstructure of the specimens (the flow of the escaping water would 
produce undesirable pores). Being so, the employed w/s ratios were 0.25, 0.25, 0.21, 
0.20 for the natural gypsum and the I-type, II-type and III-type PGs, respectively. 
The precise ratios were selected in such a way that green specimens of 
ca. 2170 kg/m3 were produced immediately after the application of press-forming. It 
must be noted that the blending of natural HH with such a low amount of water was 
a technologically difficult process due to the cohesive behaviour of the material. 
Meanwhile, HH-PG pastes did not exhibit such a cohesive behaviour, and the water-
blending process could be performed in a relatively smooth way. The press forming 
process was carried out by applying a PFP of 15 MPa. The obtained specimens were 
cylindrical, with a height equal to the diameter of 26.8 mm. Eventually, the 
specimens were cured in 100% humidity conditions for 7 d. 

In the same way, the specimens of the C group of various sizes (see Fig. 22) 
were manufactured via the casting and the press-forming methods. 

Once the curing process had been completed, the specimens (of all groups) 
were dried at 40 °C temperature in order to remove entirely the free water content, 
i.e., the water which is not included in the molecules of DH gypsum (CaSO4∙2H2O). 
The drying process was completed when the constant mass was achieved. 
Eventually, having measured the geometrical parameters and the mass of the dry 
specimens, the CS test was performed. 
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Fig. 22. View of the different specimens (dimensions given in mm) produced through 
casting (cubic specimens) or press-forming (cylindrical specimens) to investigate the 

influence of the size of the specimens on CS values 

The microstructures of the crystal lattice of representative DH specimens of 
groups A and B were further investigated through EDS and XRD analyses, 
respectively. 

The neutralisation of acidic soluble P2O5 and F- impurities was studied from 
the D group specimens which were produced by including in the mixture different 
amounts of Ca(OH)2. In this way, DH pats were created, and, after curing and drying, 
their aqueous solutions were investigated by employing the pH test. 

Finally, the radiological assessment of the initial HH materials was performed 
by determining the activity concentration of the main radionuclides: 226Ra, 232Th, 40K 
and 210Pb, and by calculating the activity concentration index I (see Eq. (4)). 

The schematic sequence of the described experimental procedures is given in 
Fig. 23. 

100x100x100 

80x80x80 

20x20x20 

100x100 
80x80 

26.8x26.8 

(pen given for scale appreciation) 
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Fig. 23. Flowchart of experimental processes of 1st stage of the study 

3.1.2. Experimental results 

In order to check the suitability of the different PGs to be used as the binding 
material of structural building products, the main decisive aspects are further 
analysed and compared: the presence of acidic impurities (fluoride and phosphate) 
and their neutralisation, the physical and mechanical properties, and the radiological 
risks. 

Neutralisation of soluble acidic impurities with Ca(OH)2 

As mentioned in Section 1.2.2, PG typically contains important amounts of 
soluble P2O5 and F- which cause environmental problems and reduce the mechanical 
properties of the binding material. The contents of P2O5 and fluorine in the different 
PG types (including the natural gypsum) are given in Table 3, and the differentiation 
between the soluble and non-soluble P2O5 content is presented in Table 2. According 
to the information given in both Table 2 and Table 3, the soluble P2O5 and F- contents 
in type III PG is lower than in the types I and II PG, although it still remained 
substantially higher than the impurity content traced in the natural gypsum. It must 
be noted that the fluorine content given in Table 3 refers to the total content, and not 
only to F contained in soluble compounds (which are the harmful ones as this 
influences the acidic pH value). However, since F was not determined either in the 
natural gypsum or in the III-type PG, it becomes evident that the soluble F- content 
in these materials is lower than that in the I and II types of PG. These tendencies of 
the soluble P2O5 and F- contents are reflected in the results of the pH analyses given 
in Fig. 24a. The lower content of soluble P2O5 and F- in the natural gypsum 
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determines an almost neutral pH, whereas PGs exhibit strong acidic values. In the 
same way, among the PGs, the III-type one exhibits the least acidic pH. 

 
Fig. 24. Results of pH analyses of the initial materials (a) and of hardened PG specimens 

of D group, including different amounts of Ca(OH)2 (b) 

As mentioned in Section 1.5.1, soluble P2O5 and F- impurities restrain the 
application of PG in building materials because of producing a negative impact on 
the environment, human health and the mechanical properties of PG products. The 
usual solution employed to reduce the content of these soluble impurities is the 
addition of a certain amount of hydrated lime which is strongly alkaline (see 
Fig. 24a). Ca(OH)2 neutralises the acidic impurities by transferring them into non-
soluble compounds, as explained by Kaziliūnas et al. [16] (see Section 1.5.1). 
Hence, different amounts of Ca(OH)2 were added to the D group mixtures, and the 
results of the pH analysis performed with ground powder from the hardened 
specimens are presented in Fig. 24b, where different pH behaviours are observed. 
For instance, the PG of types I and III is more ‘sensitive’ to the addition of small 
amounts of Ca(OH)2 than the PG of type II. The acidic impurities in PG get fully 
neutralised when the pH value surpasses 7, and that happens with Ca(OH)2 contents 
of 0.75 wt%, 1.50 wt% and 1.25 wt% for type I, type II and type III PGs, 
respectively. Therefore, it can be stated that the addition of 1.50 wt% of Ca(OH)2 is, 
in all cases, sufficient to fully neutralise the acidic soluble P2O5 and F- impurities in 
PG, thereby avoiding their undesirable effects. 

Influence of the PG nature, the processing method and the size of the specimens 
on the physical and mechanical properties of PG specimens 

The hydration degree of hardened PG specimens is a crucial property. If CaSO4 
was not sufficiently hydrated, a further contact with moisture during the exploitation 
period would likely cause secondary hydration, consequently leading to undesirable 
volume changes. As a result, cracking, deformations or even failure would happen. 
Besides, the mechanical strength of gypsum depends, to an important extent, on the 

a b 
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quality of hydration. Hence, in order to use PG as the binding material of building 
products, it must be denoted by a satisfactory hydration degree. 

Fig. 25. Hydration temperature analyses of A group pastes of natural gypsum and 
different PG types (a) and of D group pastes with different Ca(OH)2 contents (b) during 

the early stages of hydration 

The hydration temperature analyses of the pastes of each type of PG and of the 
natural gypsum (belonging to group A) are given in Fig. 25a. It was observed that 
the hydration of the natural gypsum is the fastest one: the temperature peak (43 °C) 
occurs at 30 min after the mixing. The hydration peak of the pastes of types II and 
III PG happen after 1 h 25 min (at 30 °C) and 2 h (at 31 °C), respectively. The 
hydration of the PG of type I is the slowest one: the peak is not clearly noticeable, 
but, if we take the most prominent value, it happens 4 h after blending, when 
reaching the temperature of 23 °C. These hydration differences could be produced 
by the soluble F- and P2O5 (which hinder the hydration process) content or by the 
microstructure of PG crystals. The first seems to be the decisive factor explaining 
the faster hydration of the natural gypsum which contains much lower amounts of 
the above mentioned impurities than PG. However, the P2O5 and F- impurities do not 
explain the slow hydration of the I-type PG, since the PGs of type I and II feature 
similar contents of these impurities (see Table 2 and Table 3) despite completely 
different early hydration rates (see Fig. 25a). Therefore, the clue factor which seems 
to determine the differences of the early hydration rates among the different PG types 
is the microstructure of HH crystals (see Fig. 7). The HH crystals of the I-type PG 
are flat and sharp in comparison to the more volumetric geometries of the PG crystals 
of types II and III. Being so, the flat geometries seem to be an obstacle for the water 
to approach the surfaces of the HH crystals, thus determining the slow hydration 
observed in Fig. 25a for the I-type PG. 

Moreover, the influence of the hydrated lime content on the early rates of 
hydration is given in the hydration temperature analysis of Fig. 25b. In this case, the 
employed specimens belonged to group D. It can be clearly observed that Ca(OH)2 
acted as a retarder of the hydration process. When Ca(OH)2 was included, the 
hydration peak occurred from 10 h to 20 h after the blending, i.e., much later than 

a b 
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the specimens without additive (2 h). There are no clear tendencies of the influence 
of the different Ca(OH)2 contents on the hydration rates. 

  
 

Fig. 26. Influence of the scale of specimens on the ρ (a) and the CS (b) of hardened 
specimens of group C produced with III-type PG 

Before addressing the physical-mechanical properties of the specimens, it must 
be reconsidered that, at the current stage of the study, the manufactured specimens 
by casting (A group) are 2 cm-sided cubes, and the specimens processed through 
press-forming (B group) are 26.8x26.8 cm cylinders. These geometries are very 
small in comparison to the real life sizes of structural bricks or blocks in which PG 
is intended to be applied. Therefore, the exhibited CS values of the small specimens 
may differ from those of bigger specimens. Hence, a study of the influence of the 
scale of the specimens on their mechanical properties is still necessary. With this 
purpose, bigger specimens, corresponding to the C group, were produced (both by 
casting and press-forming, see Fig. 22). The ρ and CS results of the different 
specimens are presented in Fig. 26, and the values of the scale factor (ScF) are given 
in Table 8. All the specimens of this series were produced with the PG of type III. In 
Fig. 26, it can be noticed that for both the casted and the press-formed specimens, 
the ρ value increases with the bigger sizes of the specimens (see Fig. 26a). In 
addition, the ρ value of the press-formed specimens is ca. 1.2 times higher than that 
of the casted ones. Meanwhile, the tendencies of CS observed in Fig. 26b are 
different: the bigger are the specimens, the lower are the CS values. Considering the 
smallest specimens, the CS of the press-formed specimens (26.8x26.8 mm cylinders) 
surpassed by 1.2 times that of the casted specimens (20 mm-sided cubes). When 
bigger specimens were tested, the CS values of the press-formed specimens 
(cylinders of 80x80 mm and 100x100 mm) exceeded those of the casted specimens 
(70 cm-sided and 100 cm-sided cubes, respectively) by ca. 1.6 times. Hence, the 
effect of the specimen size on the CS of the cubic specimens manufactured through 
casting is higher than in the case of the press-formed cylindrical specimens, 
especially when their geometries are ≥ 70/80 mm (see Fig. 26). 

a b 
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Table 8. ScF values for the CS of specimens of different sizes, calculated form the 
results of Fig. 26. The values marked in bold come from Lithuanian Standard 
LST 1974 [147] 

Specimen type Dimensions of cubes/cylinders (mm) 
20 / 26.8 70 / 80 100 / 100 

Casted cubic specimens 0.56 0.92 1.00 
Press-formed cylindrical specimens 0.80 0.93 0.93 

 
Since the aim of this study is to apply PG in structural building products, it is 

important to consider that the mechanical properties must be comparable to those of 
concrete. The European document EN 206-1 [148] establishes that the standard 
concrete specimens to perform the CS test are 150 mm-sided cubes or cylinders 
(CS150). For the cases of testing smaller specimens, a ScF should be applied to the 
CS values in order to adjust them to the strength properties of the standard specimens. 
The ScF values of the different tested specimens are given in Table 8, and their 
calculation from the results of Fig. 26b is further explained. According to the 
Lithuanian additional requirements of the above mentioned standard [147], the ScF 
applied to the CS values of 100 mm-sided cubes is 1.00, whereas, for 100x100 mm 
cylinders, it is 0.93. Thus, these values are included in Table 8 in bold characters for 
the corresponding size of specimens. Since 150 mm-dimensioned specimens were 
not tested, the corresponding CS150 values were predicted by dividing the CS100 value 
by the respective ScF coefficients. In this way, the calculated results of CS150 are 
presented in Fig. 26b in columns with the dashed contours. Once the CS150 values 
have been obtained, the rest of the ScFs of Table 8 can be calculated 
(ScF = CS150 / CS). From the ScF results of Table 8, it can be noticed that the size of 
the casted specimens makes a greater effect on the CS values than the size of the 
press-formed ones. Henceforth, the strength values of the PG specimens shall be 
expressed in the normalised form (CS150) so that the results obtained from specimens 
with different sizes could be easily compared. 
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Fig. 27. Results of LOI (a), ρ (b) and CS150 (c) of A group specimens created with 
different materials, after different curing durations  

Once the effect of the scale has been determined, the investigation of the 
physical-mechanical properties of the specimens can be addressed. The hydration 
temperature analysis (presented in Fig. 25) is an efficient method to describe the 
early stages (the first hours) of hydration. However, the hydration of DH-PG 
specimens not only takes place within the first few hours, but it continues for a longer 
period. As a means to monitor the long-term hydration behaviour of the different PG 
types (and that of the natural gypsum), the LOI method was employed. The results 
of LOI after different curing periods are given in Fig. 27a. The corresponding values 
of ρ and CS150 of the investigated specimens are given in Fig. 27b and Fig. 27c, 
respectively. The results presented in Fig. 27 belong to the A group specimens, i.e., 
2-cm sided cubes produced through casting. Therefore, the ScF = 0.56 value was 
employed to calculate the CS150 values (see Table 8). It can be observed that the three 
parameters (LOI, ρ and CS150) are closely related among themselves: the better is the 
hydration (LOI), the more compact is the crystal matrix, and the higher is the ρ value. 

a 

b 

c 
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With a higher ρ, the specimens are expected to exhibit higher CS150 values. 
Therefore, in order to adequately determine the correlation among them, the results 
are provided in the same figure (Fig. 27), and the observed tendencies are further 
assessed. The natural gypsum hydrated very quickly. In 2 h, the LOI values achieved 
16.42%, i.e., almost the maximum value. This value slightly increased during the 
first 3 days thereby ultimately reaching 17.7%, and then it stabilised. Similar 
tendencies were observed in the results of ρ and CS150. The maximum 
CS150 = 12 MPa was achieved after 1 day of curing, and then, with longer during 
periods, it slightly decreased due to gypsum softening in contact with moisture. 

The PG of type I presented a prominently different hydration behaviour. The 
LOI values increased very slowly during the first 3 days of hydration. Between the 
3rd and the 7th day, the LOI values considerably increased, and they ended up 
achieving an almost maximum value in 14 days, and then stabilised (the maximum 
LOI value was 20.00% after 28 curing days). The ρ and CS150 of the I-type PG 
specimens followed the behaviour of the LOI results, and the maximum achieved 
values were ρ = 1300 kg/m3 and CS150 = 8 MPa, after 14 curing days. It is interesting 
to consider that, even though the exhibited maximum LOI values of the I-type PG 
were higher than those presented by the natural gypsum, the ρ and the CS150 values 
were substantially lower. The ρ column of the specimens of the I-type PG after 2 h 
of curing is presented with a dashed contour due to the impossibility to measure their 
mass, since the green specimens were still not hardened at all, and, therefore, they 
could not be taken from the mould to perform the measurements. 

The PGs of types II and III achieved satisfactory LOI between 3 and 7 curing 
days, i.e., their hydration happened more slowly than in the case of natural gypsum 
but much faster than in the case of the I-type PG. The maximum LOI values were 
19.98% and 20.23% after 14 days for PG specimens of types II and III, respectively. 
Once again, the ρ and CS150 values corresponded closely to the observed LOI 
tendencies. The ρ and CS150 values of the specimens produced with these types of 
gypsum exhibited much higher values (especially those of type III PG) than those of 
the natural gypsum and of the I-type PG (which were the lowest). The maximum 
CS150 exhibited by type III PG was 29 MPa, i.e., it exceeded by 2.6 times the 
maximum values of the natural gypsum specimens. It must be taken into 
consideration that the natural gypsum is of β type, whereas PG belongs to the α 
category. Besides, the strength values exhibited by type III PG were comparable to 
those of concrete. 

Hence, from the observations of the results presented by the different types of 
A group specimens in Fig. 27, some interesting conclusions arise. The correlation 
coefficient of the linear dependence between the ρ and the CS150 values (considering 
the results of all the specimens) is r = 0.94, i.e., a very strong correlation is detected 
(according to Taylor [149]). Hence, it can be stated that the ρ value strongly 
determines the CS value. On the other hand, the linear dependence between the LOI 
and the ρ values is lower (although still strong), i.e., r = 0.72. This fact suggests that 
LOI is not the only factor determining the ρ (and, subsequently, the CS150) of the 
specimens. In fact, the nature and the microstructure of each of the employed 
materials also have a significant impact. Thus, very different ρ and CS150 values can 
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be observed between specimens of different materials, even though, in some cases, 
their LOI are fairly similar. Considering jointly the hydration and the mechanical 
performance of the specimens, it is clear that the best material to be employed in 
building products is the III-type PG, followed by the II-type PG. Meanwhile, the I-
type PG suffers from poor mechanical properties and a slow hydration process, and 
therefore it is not appropriate for structural uses. 

 
 

Fig. 28. Influence of CS150 of different specimens on the processing type: either casting 
(A group) or press-forming under 15 MPa pressure (B group) 

As explained in Section 1.5.3, not only the nature of the employed material 
influences the mechanical performance of the manufactured specimens. The 
processing also makes an important contribution. In this case, the methods of casting 
and of press-forming (under a PFP of 15 MPa) were employed to produce the 
specimens of A and B groups, correspondingly. The ScF values of 0.56 and 0.8 were 
employed to calculate the values of CS150 for the respective specimens (see Table 8). 
A comparative graph of the mechanical properties of the specimens produced 
through the above mentioned processing methods is given in Fig. 28. In all cases, 
except for the I-type PG, the press-forming improved by 1.6–2.1 times the CS150 of 
the specimens with respect to the specimens produced through casting. The 
maximum CS150 value of the press-formed specimens was 44.5 MPa when the III-
type PG was employed. In the case of PG of type I, the press-forming process did 
not help. 
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Fig. 29. Views of microstructures of hardened specimens produced through casting with 
different materials: natural gypsum (a), I-type PG (b), II-type PG (c), III-type PG (d). 

Scale: x2000

The microscopic views of the different DH specimens produced by casting
(belonging to A group) are given in Fig. 29. The natural gypsum DH crystals (see 
Fig. 29a) exhibit the typical geometry of the β gypsum crystals: needle-shaped thin 
crystals with hexagonal sections. Meanwhile, DH-PG crystals present the geometries 
of shorter and thicker hexagonal prisms, specific of the α type gypsum. Being so, 
type I and type II PG DH-crystal lattices (see Fig. 29b and Fig. 29c, respectively) are 
very porous, whereas the DH-crystal matrix of III-type PG is much more massive. 
That is the reason of the higher ρ and optimum CS of this type of PG.

a

c d

b
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Fig. 30. Views of the microstructure of specimens of group B produced though press-
forming: I-type PG (a), III-type PG (b). Scale: x2000

The microstructures of some representative press-formed specimens (of group 
B) are given in Fig. 30. For that purpose, the weakest specimens (of I-type PG, 
Fig. 30a) and the strongest specimen (of III-type PG, Fig. 30b) are presented. The 
crystal matrix of the press-formed specimen with I-type PG is very loose, with 
numerous pores and voids, even more than the casted specimens with the same 
material (see Fig. 29b). That explains the poor CS value exhibited by these types of 
specimens processed though press-forming (see Fig. 28). On the other hand, the 
crystal lattice of the III-type PG press-formed specimens (see Fig. 30b) presents a 
very dense and massive microstructure, even better than the one observed in Fig. 29d 
for casted specimens with the same type of PG. Hence, these observations strongly 
suggest that the improvement of the microstructure of the PG crystal lattice is the 
main cause of the better CS values obtained from the specimens processed through 
press-forming (see Fig. 28).

Radiological assessment of each PG type

Apart from the physical and mechanical properties, a major aspect which 
strongly determines the aptness of PG to be employed in building products is the 
radiological risk. As described in Section 1.2.1, numerous radionuclides (especially 
226Ra and its decay products) are typically present in the composition of PG. The 
reference limits of the radionuclide concentration in building materials and the 
radiological risks of PG are extensively described in Section 1.5.1. The radionuclide 
activity concentrations and the activity concentration index I of each material (the 
natural gypsum and PGs) are given in Table 9. It must be taken into consideration 
that the reference limit of I ≤ 1.0 is given by the 2013/59/Euratom EU directive [63]
as a useful tool to identify the building materials as either safe or risky from the 
radiological point of view (see Section 1.5.1). Index I is calculated from 226Ra, 232Th 
and 40K radionuclide concentrations, according to Eq. (4). Since 232Th cannot be 
measured directly by gamma spectroscopy [150], its value is computed from the 
activity concentrations of its progeny 228Ra and 228Th, as it is the usual practice 
suggested by the EU directive [63] and by the European Standard which, at the 
moment, is still being developed [151]. Besides, even though I < 1.0 is not met by a 

a b
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certain material, it could still be used directly in building products if the gamma 
radiation dose for humans does not exceed the dose criterion 1 mSv/year [63]. Of 
course, in some cases, this type of evaluations based on the dose criterion constitutes 
a difficult task to perform, and that may hinder the application of those materials. 
However, in other cases, for instance, when the building material is employed in 
outdoor applications (for roads, bridges, etc.), or in superficial and small amounts 
(for tiles, boards, or similar), it is not difficult to prove that the dose criterion is 
satisfied. 

The results of Table 9 reveal that, as expected, the radionuclide concentrations 
of the different PG types are much higher than those exhibited by the natural gypsum. 
Besides, the activity concentrations of the various PG types correlate with the nature 
of the phosphate rocks from which each specimen was processed (see Table 2). The 
III-type PG was processed completely from an igneous phosphate rock, and it 
produced a relatively low activity concentration (I = 0.80). On the other hand, the II-
type PG is of the sedimentary origin, and that is reflected in the high radionuclide 
concentration values (I = 2.74). The PG of type I is of both igneous and sedimentary 
origin (mostly igneous), and the activity concentration is intermediate in comparison 
to the other PG types (I = 0.93). The PGs of types I and III present indexes I < 1.0. 
Hence, they could be considered as radiologically safe materials and, from this point 
of view, they can be employed without restrictions in building products. However, 
if the uncertainties are considered, their I values may surpass the reference limit, and 
a more precise radiological evaluation is required. The PG of type II presents the 
highest radionuclide concentrations, and its index I exceeds by almost 3 times the 
reference limit. This fact does not suggest that the material is banned from all uses 
in building products. In the appropriate proportions, it could constitute one ingredient 
of a final product which still meets the radiological requirements. For instance, a 
mixture of the natural gypsum and the II-type PG in weight proportions of 2:1 would 
satisfy the I < 1.0 limit. The II-type PG could be employed as the only material in 
application if the dose criterion 1 mSv/year is ensured. 

Table 9. Values of the activity concentrations of main radionuclides (Bq/kg) and of 
I index for different employed materials 

Material 226Ra 228Ra 228Th 40K 210Pb I 
Natural gypsum 3.8 ± 0.3 3.2 ± 0.4 2.7 ± 0.6 128 ± 10 3.7 ± 1 0.07 

I-type PG 200 ± 10 50.9 ± 2.6 47.4 ± 3.1 23.1 ± 6.3 237 ± 16 0.93 
II-type PG 532 ± 50 191 ± 10 155 ± 10 25.3 ± 4.9 623 ± 22 2.74 
III-type PG 49.1 ± 2.3 125 ± 10 116 ± 10 19.2 ± 3.5 38.4 ± 6.1 0.80 

 
Hence, it can be stated that, when considering jointly the impurity 

neutralisation, the physical-mechanical properties and the radiological assessment of 
all the investigated PG types, the III-type PG is the most suitable one to be employed 
as a binding material of load-bearing building products. The other PG types present 
important drawbacks: the PG of type I exhibited slow hydration and poor physical 
and mechanical properties, whereas the radionuclide activity concentration in the PG 
of type II strongly exceeded the reference safety limit. 
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3.1.3. Partial conclusions 

Comparative analysis of three PG types from different origins (for comparison 
purposes, the natural gypsum was also included) has been performed to evaluate the 
suitability of each PG to be used as a binding material in structural building elements. 
To do so, several aspects were considered: the content of soluble and acidic 
impurities, the physical and mechanical properties and the radiological risks. The 
best performing PG, from all points of view, appeared to be type III PG. Several 
conclusions arise from this first stage of the investigation: 
1. Neutralisation of P2O5 and F-. The content of soluble acidic P2O5 is higher in 

the case of Type I and Type II PGs than the PG of type III, which is the cleanest 
material. For all the PG types, an amount of 1.5 wt% Ca(OH)2 additive is 
sufficient to completely neutralise soluble P2O5 and F- into non-soluble 
compounds. 

2. Hydration process. The natural gypsum hydrates much more quickly than PG. 
When comparing the PG types among themselves, the hydration of the I-type PG 
is much slower and less intensive than in the case of the other investigated 
materials. The determining factor seems to be the microstructure of HH crystals. 
The II-type and III-type PG crystals are more volumetric and, therefore, they 
hydrate more easily. Being so, the approximate durations of the hydration process 
are 2 h for the natural gypsum, 14 days for the I-type PG and 7 days for the PG 
of types II and III. 

3. Physical and mechanical properties. The ρ value of the hardened specimens 
was influenced by LOI, the nature of the material (the microstructure of the 
crystal lattice), and the processing method (casting vs. press-forming). The CS150 
values strongly correlated with the ρ values. The strongest specimens produced 
though casting were manufactured with the PG of type III, with a strength of 
CS150 = 29 MPa, i.e., 2.5 times stronger than the specimens produced with the 
natural gypsum. In general, the method of press-forming improved the CS of the 
specimens by 1.6–2.1 times, thereby reaching even as high a value of 
CS150 as 44.5 MPa. 

4. Radiological assessment. The natural gypsum exhibited the lowest value of I = 
0.07. The PG of types I and III presented I values of 0.93 and 0.80 which are 
below the reference limit of I ≤ 1.0, hence, evidently, they can be applied in 
building materials without restrictions. The PG of type II presents the value 
I=2.74, which exceed the reference limit. They could be used as an ingredient of 
a composite material (in the adequate proportions while ensuring that I ≤ 1.0) or 
directly in applications where the human exposure to the gamma dose would not 
exceed 1 mSv/year as, for instance, in outdoor structures (bridges, roads, etc.) or 
in small amounts (tiles, boards, etc.). 
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3.2. Investigation of press-forming processing to produce structural PG 
products 

In the 1st stage of the experiment, the dependences of the physical-mechanical 
properties of the specimens on numerous factors, such as the nature of the employed 
HH-PG (the microstructure and chemical composition), the size of the specimens 
(ScF) and the processing method (either casting or press-forming) were 
comprehensively analysed. Being so, the purpose of this 2nd stage involves focusing 
on the press-forming as a suitable processing method serving the objective to 
produce high performance PG specimens, while investigating the optimal processing 
parameters in our pursuit to manufacture the PG specimens with the best physical 
and mechanical properties. From the first approach towards the topic, as performed 
in the 1st stage of the experiment, the press-forming processing improved the CS 
values of the specimens by 1.6–2.1 times when the specimens were relatively small 
(26.8x26.8 mm cylinders, see Fig. 28), and by 2 times when they were bigger 
(80x80 mm and 100x100 mm cylinders, see Fig. 26), with respect to the specimens 
produced by casting. Therefore, at the current stage, cylindrical specimens of 
‘bigger’ sizes (80x80 mm) were manufactured and tested. 

However, the main drawback of the press-forming method is the fact that it 
allows a much lesser value of the w/s ratio than the casting method, since a higher 
w/s value would result in leaching during the press-forming and so would damage 
the microstructure of the specimen. This ‘shortage’ of water determines the lower 
LOI values of the press-formed specimens with respect to those of the casted ones. 
In order to ‘amend’ this issue, Zhou et al. [94] proposed curing the green specimens 
through the so-called ‘two-Step Hydration Process’, in which, green PG specimens 
were immersed in water for 30 min after the first day of curing. A more precise 
description of this method is given in Section 1.5.3 (see Fig. 3). At the current stage, 
for comparative purposes, some of the investigated specimens were cured according 
to this method (with immersion), while other specimens were not (i.e., immersion 
was not applied). 

A simplified scheme of the investigations performed during this 2nd stage of 
the research is given in Fig. 31. 
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Fig. 31. Graphical explanation of the 2nd stage of investigation 

3.2.1. Experimental procedures 

For the current experiment, only one type of HH-PG was employed. This 
material was produced from phosphate rocks from SA (ca. 80 wt%) and from Kirov 
or Kovdor mines (ca. 20 wt%). Hence, the chemical composition and the 
microstructure are expected to be similar to the PG of type II, as described in Table 2 
and Table 3, which is mostly produced from the raw material from SA. The PG of 
type II exhibited a high radionuclide activity concentration index I = 2.74 ˃ 1.0 (see 
Table 9); therefore, its usage in building materials would be allowed only in a 
restricted way. However, at this stage, the matter of study is the press-forming 
processing method, so that the obtained results should also be valid for other 
radiologically protective PG types, such as the PG of type III, whose behaviour under 
press-forming is similar to that of the PG of type II (see Fig. 28). 

First, the dry mixture was prepared by adding 1.5 wt% Ca(OH)2 to HH-PG. As 
depicted in the first stage of the experiment, such an amount of Ca(OH)2 is sufficient 
to neutralise the harmful soluble-acidic phosphate and fluoride impurities in the PG 
of type II (see Fig. 24b). Once the dry mixture had been prepared, the different pastes 
were blended by adding the required amounts of water. The theoretical w/s ratio to 
hydrate completely the HH gypsum powder is 0.17. However, the specific nature of 
PG, the included amount of hydrated lime, the press-forming process, and the curing 
conditions may cause modifications of this value. Hence, the pastes were produced 
with different w/s ratios: 0.07, 0.11, 0.15, 0.19, and 0.23. Subsequently, the press-
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forming of the different pastes was performed. Several PFPs were employed: from 
10 to 30 MPa, with an interval of 5 MPa. The used metallic press-form had a 
cylindrical geometry, with the internal dimensions of 80x80 mm (see Fig. 4), so that 
the produced green specimens would present the same geometry and size. 

The produced green specimens immediately underwent the curing process. 
Two alternative curing methods were applied which are further referred to as 
‘without immersion’ and ‘with immersion’.  

a) Method without immersion. This method follows the requirements of the 
Standard EN 13279-2 [3], according to which, the produced green 
specimens must be cured for 7 days under conditions of 60% humidity and 
20 °C temperature. Since press-forming allows a low water content (with 
respect to the specimens produced by casting), this type of curing is 
expected to produce poorly hydrated specimens. 

b) Method with immersion. This method is employed to ‘correct’ the 
expected hydration shortage by following the ‘two-step hydration process’ 
as proposed by Zhou et al. [94]. After the press-forming, the green 
specimens are stored under the conditions described when defining the 
previous curing method. In this way, the first hydration of the gypsum 
crystals happens. However, 1 day after the start of the curing, the specimens 
are immersed in water for 45 min. This immersion produces a second stage 
of hydration of the PG crystals which had remained in the HH phase due to 
the lack of water. Therefore, better hydration of these specimens is 
expected. After the immersion, the specimens are stored again under EN 
13279 – 2 Standard conditions till the 7 days of curing have been 
completed. 

Once the curing had been completed, the hardened PG specimens were dried 
at 40 °C temperature till the constant mass was achieved. This process lasted 
approximately 10 days. Then, the CS test was performed. In addition, the LOI values 
of the different specimens were determined. 

Finally, different amounts of Ca(OH)2 additive were included to investigate 
the neutralisation of the water-soluble impurities of the press-formed specimens. To 
do so, the pH and the P2O5 and F- contents were obtained. The sequence of the main 
experimental procedures is illustrated in Fig. 32. 
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Fig. 32. Flowchart of the experimental processes of the 2nd stage of study 

3.2.2. Experimental results 

The suitability of the press-formed PG specimens as structural building 
products was checked by analysing the neutralisation of the acidic impurities, and 
the dependences of the physical and mechanical properties of the specimens on the 
processing parameters was determined. 

Neutralisation of acidic soluble impurities with Ca(OH)2 

First of all, the neutralisation of acidic soluble P2O5 and F- impurities by the 
addition of Ca(OH)2 was checked. It must be clarified that, although in the 1st stage 
of the study, a similar investigation on the neutralisation of PG acidic impurities by 
Ca(OH)2 was performed (see Section 3.1.2), in the current case, an additional 
investigation was necessary because of the slightly different nature of the employed 
PG, so that the required amount of Ca(OH)2 additive may be adjusted. Hence, the 
pH dependence on the amount of the added Ca(OH)2 is given in Fig. 33a. It can be 
observed that the addition of 0.5 wt% of Ca(OH)2 reduced the acidity of PG, but it 
was still not sufficient to achieve neutral pH. When 1.5 wt% of Ca(OH)2 was 
included, an alkaline pH was determined, thus indicating the full neutralisation of 
the acidic P2O5 and F- soluble compounds in PG. 
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Fig. 33. Neutralisation of soluble acidic impurities: pH values (a) and soluble phosphate 
and fluoride contents (b), depending on the included Ca(OH)2 amounts

Additionally, the soluble P2O5 and F- contents in the PG specimens were 
measured, and the results are presented in Fig. 33b. The given results highlight even 
more the high efficiency of Ca(OH)2 in neutralising the phosphate and fluoride 
compounds: when 1.5 wt% of Ca(OH)2 was included, the soluble P2O5 and F-

contents were reduced by 40 and 7.4 times, respectively. Because of the obtained 
results, at this 2nd stage of the investigation, 1.5 wt% of Ca(OH)2 was added in all 
the mixtures so that to produce the specimens for the remaining stages of the 
investigation. 

Influence of the parameters of press-forming processing on the physical-
mechanical properties of the specimens

Fig. 34. Cause-effect relations between the investigated properties of the specimens

The optimal parameters of the processing method (w/s ratio, PFP, and the 
curing method) were investigated so that to produce specimens with high LOI, ρ and 
CS values, i.e., suitable to be employed in structural building products. A schematic 
view of the cause-effect dependences among these parameters is given in Fig. 34.
The results are presented and discussed further in this thesis.

Specimen 
processing

• w/s ratio
• Press-forming 
pressure (PFP)

• Curing method

Physical 
properties

• Density (ρ)
• Loss on ignition 
(LOI)

Mechanical 
properties

• Compressive 
strength (CS)

a b



 92 

Employed w/s ratios: 

 
Fig. 35. Influence of PFP on ρ of the hardened specimens cured without immersion (a) 

and with immersion (b), produced with different w/s ratios 

First, the dependences of the ρ value of the specimens on the processing 
parameters, i.e., the applied PFP (horizontal axes), the w/s ratio (tendency lines) and 
the curing method are given in Fig. 35. The results of the specimens cured without 
immersion are given in Fig. 35a, while those of the specimens cured with immersion 
are given in Fig. 35b. In both graphs of Fig. 35, when the PFP values increase from 
10 to 25MPa, the ρ values correspondingly increase. The further increase of PFP 
(30 MPa) generally do not improve the ρ value of the specimens, which mostly 
remain constant, or even decrease. This behaviour is attributed to the leaching 
observed when the pressure of 30 MPa is applied. If the PFP value is excessively 
high, the water content would try to ‘escape’ from the material, thereby weakening 
the microstructure of the specimens. However, there are some exceptions where the 
30 MPa pressure does improve the ρ value, especially in the case of the specimens 
with a w/s ratio of 0.23, processed without immersion. 

The effect of the w/s ratio on the ρ of the specimens is extremely interesting 
and depends on the curing type. When no immersion is applied during curing (see 
Fig. 35a), the w/s ratio makes an important influence on the ρ value. While the w/s 
ratio increases from 0.07 to 0.19, the ρ value also increases. When w/s = 0.23 is 
employed, in most cases, the ρ values decrease, since the excess of water produces 
leaching during the press-forming. However, there are some exceptions, since the 
maximum ρ = 1184 kg/m3 is exhibited by specimens produced with PFP = 30 MPa 
and w/s = 0.23 (considering the specimens cured without immersion). When curing 
with immersion is applied (see Fig. 35b), prominently different tendencies are 

a b 
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observed: the differences between the various w/s lines almost disappear. In other 
words, the ρ values of the specimens become independent from their w/s ratio. The 
immersion process ‘corrects’ the water content differences between the specimens 
produced with different w/s ratios. By using this type of curing, the densest 
specimens are obtained (ρ = 1924 kg/m3), which are produced with PFP = 30 MPa 
and w/s = 19. 

However, in both graphs of Fig. 35, it can be observed that the tendencies of 
the different w/s ratios are not very clear, and only general comments on the relation 
between ρ and the w/s can be given. When considering the general results, it seems 
that PFP is a more decisive factor than w/s in determining the ρ value of the 
specimens. 

Employed PFPs: 

 
Fig. 36. Influence of the w/s ratio on LOI of hardened specimens cured without 

immersion (a) and with immersion (b) and processed under different PFPs 

In the same way, the dependences of LOI on the processing parameters are 
presented in Fig. 36: the w/s ratios (horizontal axes), the PFP (tendency lines) and 
the curing method (graphs a or b). The influence of PFP on the LOI values is not 
very significant for both curing methods, since in both graphs the lines which 
indicate the different PFPs are very similar to each other. The w/s ratio and the curing 
method are much more determinant. When curing without immersion is applied (see 
Fig. 36a), the LOI values correspondingly increase with higher w/s ratios, although, 
with w/s values, when exceeding 0.19, most of the LOI values stabilise. This 
behaviour was expected, since it is logical to predict that the higher water content in 
the mixture determines higher LOI values. However, when curing with immersion is 
applied (see Fig. 36b), the tendencies change, and LOI becomes independent from 

a b 
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the w/s ratio. The curing with immersion process efficaciously corrects the hydration 
shortage when low w/s ratios are applied. Hence, if the immersion process is applied, 
lower amounts of water can be included in the mixture. The maximum LOI was 19%, 
as depicted in the specimens produced with w/s = 0.19%, PFP = 20 MPa, and the 
curing method ‘with immersion’. 

From Fig. 35 and Fig. 36 graphs, the main dependences of the physical and 
hydration properties of the specimens on the processing parameters are identified: 
the ρ value of the specimens depend both on PFP and on the w/s ratio, whereas the 
LOI values mainly depend on the w/s ratio. If curing with immersion is applied, both 
the ρ and the LOI values become independent from the w/s ratio. 

 
Fig. 37. Dependences of the CS150 of representative specimens: on the PFP of specimens 
produced with w/s = 0.15 (a) and on the w/s ratio of specimens processed under a PFP of 

25 MPa (b) 

The dependences of CS150 on the processing parameters are given in Fig. 37. It 
must be reminded that the CS150 values given in Fig. 37 (as well as in Fig. 38) 
correspond to the CS test performed with cylindrical 80x80 mm specimens which 
are not of the standard size. Thus, the standard CS150 values are calculated by 
multiplying the measured CS values by ScF = 0.93 (see Table 8). In Fig. 37, only the 
results of the representative specimens are presented. The dependence of CS150 on 
PFP (see Fig. 37a) is given from the specimens with a fixed w/s ratio of 0.15. 
Meanwhile, the dependence of CS150 on w/s (see Fig. 37b) is presented from the 
specimens produced under a PFP of 25 MPa. In Fig. 37a, it is shown that the 
enhancement of PFP produces higher CS150 values until reaching a certain optimal 
PFP value (25 MPa when the specimens were cured without immersion, and 20 MPa 
when the specimens were cured with immersion); the maximum CS150 values are 
obtained at 46.5 MPa. If this optimal value is exceeded, PFP damages the 
microstructure of the specimens, and the CS150 values start decreasing. With regard 
to the effect of the w/s ratio on CS150 (see Fig. 37b), it can be perceived that, with 
low w/s ratios, the specimens cured with immersion are stronger than those cured 
without immersion. However, when w/s ≥ 0.19, CS150 becomes independent form the 

a b 
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curing method. Being so, the maximum CS150 value of 45.1 MPa (see Fig. 37b) is 
achieved when curing with immersion is applied to the specimens produced with 
w/s = 0.15. In the case of the specimens being produced without immersion, the 
optimal w/s was 0.19, which is the respective CS150 value of 36.5 MPa. A further 
increase of the water content produces a decrease of the CS values (due to leaching). 

The tendencies observed in Fig. 37 reveal that, in general, the CS150 values of 
the specimens cured with immersion are higher than those cured without immersion, 
unless very precise parameters of w/s and PFP are employed (PFP = 25 MPa in 
Fig. 37a, and w/s = 0.19 in Fig. 37b); in this case, the CS150 values can be similar or 
even higher than those of the specimens cured with immersion. In this sense, curing 
with immersion allows wider ranges of the processing parameters while maintaining 
high CS150 values. 

Considering jointly the hydration and the strength properties of the specimens, 
the recommended processing parameters are w/s = 0.19, PFP = 20 MPa and curing 
with immersion, with which the manufactured specimens exhibited high LOI values 
(19.1%) and a suitable CS150 value of 35.3 MPa which is comparable to the typical 
strength of cement. 

Fig. 38. Linear correlation between ρ and CS (a) and between LOI and CS (b) with the 
correspondent correlation coefficients r and their interpretation (underlined) 

As expressed by the cause-effect relationships given in Fig. 34, the processing 
parameters determine the ρ and the LOI values of the specimens, which, at the same 
time, determine the CS. Hence, the dependences of CS on the processing parameters, 
as analysed in Fig. 37, are only indirect. Hence, the ‘direct’ CS dependences on the 
ρ and on the LOI values must be addressed, and, therefore, they are given in Fig. 38. 
In both cases, according to the least square method, the best fitting functions were 
identified to be the linear ones. The formulas of these linear approximations are 
given in the graph plot, together with the correlation coefficient r. According to the 
obtained r values, the correlation between the ρ and CS values (see Fig. 38a) is 
‘strong’, while the dependence between the LOI and the CS values is ‘moderate’, as 
indicated by the interpretation of r explained by Taylor [149]. Being so, the ρ of the 

a b 
CS = 0.0942  ρ –136.48 
r2 = 0.74 
r = 0.86 – strong  

CS = 274.18  LOI – 12.743 
r2 = 0.47 
r = 0.68 - moderate 
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specimens is more determinant than that of LOI regarding the CS values of the 
specimens.

Fig. 39. Microscopic images of PG specimens manufactured under PFPs of 10 MPa (a) 
and 25 MPa (b) (both cured with immersion); scale: x1000

The microstructure of the PG specimens gives important clues to understand 
the effects of the different processing methods, since the important changes start at 
the microscopic level. The microstructures of the specimens produced under a PFP
of 10 and 25 MPa are given in Fig. 39a and Fig. 39b, respectively. The specimen 
produced under the lower pressure presents a loose microstructure with numerous 
pores and caves, whereas the microstructure of the specimen produced under 25 MPa 
is denser and massive, hence, a higher CS value is expected. The press-forming 
process is an effective way to process the PG so that to produce strong and suitable 
structural building products.

3.2.3. Partial conclusions

At this 2nd stage, the optimal processing parameters to manufacture press-
formed structural building products made of PG were investigated and identified. 
The main results are summarised as follows:
1. Neutralisation of the acidic-soluble impurities. As well as in the 1st stage of the 

investigation, the addition of 1.5 wt% of Ca(OH)2 to the HH-PG mixture was
proven to be sufficient to effectively neutralise the acidic-soluble P2O5 and F-

impurities. The soluble P2O5 and F- contents were reduced by 40 and 7.4 times, 
respectively.

2. Hydration degree of the specimens. The main drawback of the press-forming 
processing of PG is related with the low amount of w/s allowed in the mixtures. 
The results showed that the LOI values strongly depend on the w/s ratio of the 
mixtures. However, when immersion is applied during the curing period, the 
hydration ‘shortage’ is corrected, and the LOI of the specimens becomes
independent from the w/s ratio. The maximum LOI value was 19.1%, as 
determined for the specimens produced with w/s = 0.19, PFP = 20 MPa and 
cured with immersion.

3. Mechanical properties. The CS of the specimens was proven to be mostly 
dependent on the ρ value (strong linear correlation), and, to a lesser extent, on the 

a b
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LOI value (moderate correlation). In general, the ρ value of the specimens was 
improved by applying the PFP of 25 MPa. The strongest specimens, which 
exhibited a CS150 = 46.5 MPa, were obtained when PFP = 25 MPa and w/s = 0.15 
was applied, and curing was without immersion. However, these specimens 
presented a poorly hydrated crystal phase (LOI = 15.1%). 

4. Recommended processing parameters. Considering jointly the hydration and 
the strength properties of the specimens, the recommended processing parameters 
are those described in conclusion No. 2 (with w/s = 0.19, PFP = 20 MPa and 
curing with immersion), which not only produced well hydrated specimens, but 
also with the suitable CS150 value of 35.3 MPa, which is comparable to the typical 
strength values of cement. 
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3.3. Adsorption of acidic-soluble impurities of PG by zeolitic waste additive 
(ZW) 

Zeolites are microporous materials of alumosilicate nature which are suitable 
to be employed as sorbents and catalysts in industrial processes. As explained in 
Section 1.5.1, these materials have been employed in some studies to adsorb the 
acidic soluble P2O5 and F- compounds in PG, thereby mitigating their harmful 
effects. The adsorption mechanism through which zeolites adsorb phosphate 
compounds was explained by Sabadash et al. [152] whose study showed that this 
sorption takes place due to ion exchange and chemical sorption processes. Hence, 
the goal of the 3rd stage of the research is to investigate the effectivity of the ZW 
additive in reducing the acidic-soluble impurities in the PG specimens, and to 
investigate its influence on other properties of press-formed specimens, such as the 
hydration degree and CS. 

To do so, specimens were produced by using the HH-PG of type III, which is 
extensively described in Section 2.2.1. This type of PG was selected since, according 
to the results of the 1st stage of the experiment (see Section 3.1), it was the best 
performing material from all points of view: it exhibited the lowest content of acidic 
impurities and of radioactivity, the best hydration process and the highest CS values. 
The employed ZW is synthetic waste from the petrochemical industry. Its 
microstructure, particle size and chemical composition are given in detail in 
Section 2.2.2. Graphical explanation of the 3rd stage of the investigation is given in 
Fig. 40. 

Fig. 40. Graphical explanation of the 3rd stage of investigation  

3.3.1. Experimental procedures 

The different dry mixtures were prepared by modifying the ZW content in HH-
PG: 0.0 (control), 1.0, 2.5, 5.0, 7.5 and 10.0 wt%. Subsequently, water was included 
to produce the paste at a proportion of w/s = 0.16. Immediately after blending, the 
paste was press-formed by employing the smallest press-form (see Fig. 4), so that 
green cylindric specimens of 26.8x26.8 mm dimensions were manufactured. 
Different PFPs were applied during the press-forming process: 15, 20, 25 and 
30 MPa. 
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The green specimens were cured for 7 days by the method ‘with immersion’, 
as used in the 2nd stage of the investigation (as explained in Section 3.2.1). Since the 
specimens are smaller than those of the 2nd stage, the specimens were immersed in 
water for a shorter period of 5 min. Once the curing period had been completed, the 
specimens underwent drying at 40 °C till constant mass was achieved. Then, the CS 
test was performed. 

Additional investigations were performed. The adsorption of the phosphate 
soluble impurities by ZW was analysed by measuring the pH value and the soluble 
P2O5 content in the PG specimens. The microstructure of the specimens was 
investigated through SEM microscopy, whereas the crystal phase (which indicates 
the quality of hydration) was determined by XRD spectroscopy. A simplified 
description of the experimental processes of the 3rd stage of the investigation is given 
in Fig. 41. 

 
Fig. 41. Flowchart of the experimental processes of the 3rd stage of study 

3.3.2. Experimental results 

As mentioned above, the main goal of the 3rd stage is to investigate the 
effectivity of the adsorption of soluble acidic impurities and to study the influence 
of ZW on other properties of the press-formed PG specimens, such as the hydration 
degree, the ρ the CS values. Hence, the corresponding results are further presented 
and discussed. 

1. Preparing the 
mixture with ZW

content between 0 and 
10 wt% and w/s = 0.16

2. Press-forming under 
different PFP:

15, 20, 25, 30 MPa

3. Curing process for 7 
days (with 5 min 

immersion after 1 day) 
and drying to constant 

mass (40°C)

4. CS test

5. Investigation of the 
adsorption of impurities 

by ZW (pH test and 
phosphate content 

test)

6. Investigation of the 
degree of hydration of 

specimens by XRD 
analysis

7. Investigation of the 
microstructure of the 
specimens by SEM 

analysis
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Effectivity of adsorption of acidic-soluble impurities by ZW 

The chemical composition of the III-type PG (see Table 2 and Table 3) reveals 
the presence of a certain content of soluble P2O5, whereas F- was not depicted. 
Therefore, the main compounds which cause the acidity in this type of PG are the 
soluble phosphate ones. In order to reduce the presence of these harmful compounds 
in PG, different amounts of ZW sorbent were included in the specimens. The results 
of pH and the soluble P2O5 content are given in Fig. 42. 

 

 
Fig. 42. Results of pH (left vertical axis) and soluble P2O5 content (right vertical axis) in 

PG specimens with different amounts of ZW additive  

Before describing the pH results of Fig. 42, it must be pointed out that both 
initial materials are acidic: the pH values of the III-type PG and of ZW are 3.63 and 
4.35, correspondingly (see Table 6). Therefore, the pH value of the PG specimens 
(including both materials) is likely to remain acidic. In Fig. 42, it can be observed 
that the pH values of the specimens gradually increase from 3.56 to 5.49 when the 
ZW content is enhanced from 0 to 7.5 wt%. With a higher than 7.5 wt% ZW content, 
the pH value does not change any more. The results of the soluble phosphate content 
closely correspond with the pH tendencies: with ZW content is in between 0 and 
7.5 wt%, the soluble P2O5 content gradually decreases from 0.30 wt% to 0.04 wt%, 
and then it stabilises. Hence, the addition of ZW was proven to be an efficacious way 
to adsorb the harmful soluble P2O5, thereby reducing its content in the PG by 3–7.5 
times. It must be noted that the specimens produced with the ZW additive resulted 
in being less acidic than both initial materials. 

Impact of ZW additive content on the degree of hydration of PG crystals 

The crystal phase of the gypsum crystal of the specimens gives valuable 
information about their adequacy to be used in structural building products. If the 
specimens are well hydrated, it means that they are composed mainly of DH crystals 
(CaSO4∙H2O), and that their crystal lattice is stronger and more compact. Besides, 
the problems of undesirable volume expansion due to additional hydration during 
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the exploitation period of the PG products would be avoided. For these reasons, the 
presence of HH or anhydrite crystals, which are a sign of insufficient hydration, is 
not desirable in hardened specimens. Therefore, the influence of ZW in the hydration 
quality of the specimens is further analysed. 

Fig. 43. XRD crystal composition of the specimens produced with different amounts of 
ZW additive 

The crystal phases of the representative specimens including different amounts 
of the ZW additive were investigated by XRD analysis (see Fig. 43). The results 
reveal that, with higher contents of ZW (based on faujasite minerals), the HH and 
anhydrite peaks gradually decrease. In fact, these peaks almost disappear when the 
ZW content reaches 10 wt%. Thus, the ZW additive clearly improves the hydration 
of PG specimens. 

Table 10. Quantitative crystal composition of PG specimens (by XRD Rietveld 
refinement)  

Compound 
Composition of PG specimens prepared with different amounts of 

ZW 
0% ZW 2.5% ZW 10% ZW 

DH gypsum 78.1% 83.6% 95.0% 
HH gypsum 19.6% 14.2% 2.8% 
Anhydrite 2.3% 2.2% 1.4% 

Other compounds - - 0.8% 
 
The quantitative analysis of the crystal phases was performed by the Rietveld 

refinement of the XRD patterns of Fig. 43, and the results are given in Table 10. The 
results demonstrate that the addition of the ZW additive strongly improves the 
hydration of the PG specimens. This improvement seems to be related to the porosity 
of ZW. During the blending of the mixtures and the immersion process, the ZW 
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particles absorb some water. Then, during the curing of the specimens, the gypsum 
crystals hydrate till the free water content has been employed. When the water has 
been fully consumed, no further hydration takes place. However, at this moment, 
ZW ‘gives back’ the absorbed water to the gypsum crystals, so that they could 
continue hydrating. In this way, ZW improves the hydration of the PG specimens. 
This mechanism of ‘giving back’ the water content was applied in other studies for 
other purposes such as, e.g., to maintain the microclimate in indoor spaces [153]. 
Nevertheless, the usage of this mechanism of zeolite to improve the hydration of 
gypsum crystals is novel. Moreover, the improvement of the hydration process by 
ZW may also be related to some extent to the adsorption of P2O5 impurities which 
hinder the crystallisation of the gypsum crystals. 

Influence of the content of ZW additive and of PFP on the physical and 
mechanical properties of PG specimens 

The ZW content makes a remarkable influence on the neutralisation of the 
acidic impurities and the hydration degree of the gypsum crystal matrix. Therefore, 
the ρ and CS values of the specimens are also affected. 

 

 
Specimens processed under different PFPs: 

 
Fig. 44. Dependence of ρ (a) and CS150 (b) of the specimens on ZW content and PFP 

a 

b 
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Fig. 44 presents the influence of both the ZW content and PFP on the ρ (see 
Fig. 44a) and CS150 (see Fig. 44b) values of the press-formed PG specimens. It must 
be taken into consideration that the CS150 values given in Fig. 44 correspond to the 
CS test performed with cylindrical 26.8x26.8 mm specimens which are not of the 
standard size. Therefore, the CS150 values (as given in Fig. 44) were calculated by 
multiplying the measured values by ScF = 0.80 (see Table 8). The influences of the 
ZW content and PFP on ρ are clear and predictable: with a higher content of the ZW 
additive, which is a lighter material than PG (see their specific gravity values in 
Table 6), the ρ values of the specimens gradually decrease, while, with higher PFP 
pressures, ρ correspondingly increases. Meanwhile, the CS150 tendencies (see 
Fig. 44b) are more confusing. In general, the CS150 values of the specimens are 
closely related to the ρ tendencies: CS150 increases with a lower ZW content and with 
higher PFPs, ultimately reaching a maximum value of CS150 = 48 MPa. Despite 
these clear tendencies, it is observed that at, a higher ZW content, which differs 
depending on PFP, the CS150 values stop decreasing and even experience a peak. 
That peak happens at ZW contents of 5% (for the specimens processed under 
PFP = 30 MPa) and 7.5% (for the specimens with PFPs of 15, 20 and 25 MPa). This 
peak is very notorious for the specimens produced with PFPs of 25 and 30 MPa, 
with which, CS150 reaches values of 45 MPa and 46 MPa, respectively, while, for the 
rest, it is less noticeable. The explanation of this behaviour may be related to the fact 
that, as observed in Fig. 38, CS150 not only depends on ρ, but also on the hydration 
degree which is better in the specimens with a higher ZW content. 

When considering comprehensively all the investigated properties, the 
recommended specimens are those manufactured with 7.5 wt% ZW additive and 
with PFP = 25 MPa, since they exhibit a high degree of hydration, satisfactory 
mechanical properties of CS150 = 45 MPa and a reduction of the soluble P2O5 content 
by 7.5 times. 
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Fig. 45. SEM microscopic images of specimens with different amounts of ZW additive: 
0 wt% (a), 2.5 wt% (b) and 10 wt% (c and d); scale x2000 (the scale of image d is 

x1500)

The microstructures of some of the investigated specimens are given in Fig. 45. 
The image of Fig. 45a corresponds to a specimen without the ZW additive and 
presents the densest and most compact DH crystal matrix, so that a high CS value is 
expected. The specimen presented in Fig. 45b contains a relatively small amount of 
ZW (2.5 wt%), and the observed ZW particle seems to be well-bound with the 
surrounding DH gypsum crystals. Hence, this specimen is expected to be strong. 
Finally, Fig. 45c and d present, at different scales, views of the microstructure of 
specimens with a higher ZW content (10 wt%). In this case, the ZW particles are 
close to each other, and the bond with the surrounding DH crystals seems to be 
weaker than in the previous case. These observations coincide with the CS150 results 
given in Fig. 44.

a b

c d
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3.3.3. Partial conclusions 

During the 3rd stage of the experiment, the ZW additive proved to be a suitable 
‘teammate’ for HH-PG to create non-hazardous, well-hydrated and strong PG 
specimens. The conclusions of the investigation are further summarised. 
1. Adsorption of soluble phosphate impurities. The ZW additive effectively 

reduced the amount of acidic soluble P2O5 compounds in the PG specimens. The 
addition of 2.5–7.5 wt% gradually reduced the presence of these impurities by 3–
7.5 times, and, with further addition of ZW, the soluble P2O5 content remained 
stable. 

2. Improvement of the hydration of the specimens. The XRD patterns revealed 
that the addition of ZW proportionally improved the hydration degree of the 
specimens. The maximum hydration degree was achieved when 10 wt% of ZW 
was added, with which, the specimens reached a DH crystal content of 95.0 wt%. 
The improvement of hydration is attributed to the ZW mechanism of ‘giving 
back’ the absorbed water content to the gypsum crystals and to the neutralisation 
of acidic-soluble compounds. 

3. Influence on the mechanical properties. Since ZW is lighter than PG, the ρ 
value of the specimens was observed to be inversely proportional to the ZW 
content, and directly proportional to PFP. In the 2nd stage of the investigation (see 
Section 3.2.3, conclusion No. 3), it was observed that the CS150 of the specimens 
mostly depended on ρ. In the 3rd stage, the CS150 tendencies also follow the ρ 
behaviour. However, at a certain ZW content (5 wt% or 7.5 wt%, depending on 
PFP), a peak of CS150 values is observed. This is explained by the fact that the 
degree of hydration, and not only the ρ value, influences the CS of the specimens. 
Being so, the maximum CS150 of 48 MPa was exhibited by the specimens 
produced with a ZW content of 1.0 wt% and PFP = 25 MPa. However, the degree 
of hydration of these specimens was poor. 

4. Recommended composition. Considering jointly the reduction of the soluble 
P2O5 content, the hydration degree and CS150, the specimens manufactured with 
the addition of 7.5 wt% of ZW and PFP = 25 MPa are the best performing ones 
since they exhibit a satisfactory degree of hydration, a high mechanical strength 
of CS150 = 45 MPa, and a reduction of the soluble P2O5 content by 7.5 times (in 
comparison to the control specimens). 

5. Ecological aspect. It must be noted that the ‘partnership’ among the waste ZW 
and FG is desirable not only because of the satisfactory physical and mechanical 
properties of the specimens, but also due to the fact that their entire composition 
is constituted of industrial waste products. 
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3.4. Improvement of water-resistance of PG specimens by adding waste 
metallurgical sludge (MS) 

The main limitation of the gypsum-based binding materials stems from their 
low resistance to the effect of moisture. If a gypsum-based product gets in contact 
with water, it dissolves and loses to an important extent its mechanical strength. 
Since the purpose of the current research is to utilise PG as the binding material to 
produce PG load-bearing building products, the humidity-induced ‘softening’ is 
highly undesirable. The possibility to improve the water resistance of PG would 
allow its utilisation in outdoor conditions, thereby increasing its applicability. The 
different strategies employed to improve the water resistance of the gypsum-based 
products were described in Section 1.5.4, and there are mainly three of them: the 
addition of polymers and organic additives, the activation of pozzolanic additives, 
and the addition of metallic dust. The final strategy is the one adopted at the current 
stage of the research, where waste metallurgical sludge (MS), produced in the ship-
repairing industry, is employed as a modifier of PG. This sludge is produced when 
the metallic parts of ships are cut by CNC plasma. A more extensive description of 
MS is given in Section 2.2.3. Hence, the novelty of the current research is the source 
of MS and the fact that it is utilised as a modifier of PG (and not of gypsum). In fact, 
in the 4th stage of the investigation, it was proven that MS and PG cooperate in a 
synergic way, since MS not only improves the water-resistance of the PG specimens, 
but also neutralises their acidic soluble P2O5 content.  

A similar material of the same ship-repairing yard was employed by Grinys et 
al. [154] in concrete as a substitute of the fine aggregate. The metallurgical material 
enhanced the formation of C-S-H compounds, so that the concrete specimens 
exhibited higher ρ and CS values. Besides, there is abundant research on the usage 
of other types of waste sludge in the building materials, especially the sludge coming 
from drinking water treatment plants [155, 156]. However, in the ongoing 
investigation, MS comes from a different source, and its influence on the properties 
of PG is investigated. Besides, in order to evaluate the efficiency of this MS additive, 
some additional specimens with pozzolan additives were produced, which is the 
commonly employed solution to increase the water-resistance of gypsum (see 
Section 1.5.4). In this way, a comparison among the methods (either with MS or with 
pozzolans) could be established. The summarised graphical explanation of this 
investigation stage is given in Fig. 46. 
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Fig. 46. Graphical explanation of the 4th stage of investigation 

3.4.1. Experimental procedures 

The HH-PG employed for this stage of the investigation if that of type III, since 
it is the best performing and less hazardous type of PG from all points of view. First, 
the different pastes were produced. HH-PG was mixed with different amounts of 
MS: 0.0 (control), 0.1, 0.2, 0.3, 0.4 and 0.5 wt%. Then, dry mixtures were blended 
with water (w/s = 0.35), and the different pastes were poured into different silicone 
moulds. Hence, 9 units of 20 mm-sided cubic specimens were casted with each paste. 
The specimens were cured for 14 days at room temperature and 100% humidity 
conditions so that to ensure optimum hydration. Besides, for comparison purposes, 
a group of specimens was produced with the pozzolanic recipe: 75% HH, 20% PC 
and 5% FA. These pozzolanic specimens were cured under the same conditions as 
the other specimens, but for 28 days (which is the time required to cure the PC). 
Once the curing period had expired, the specimens were dried at 40 °C temperature, 
till the constant mass value was achieved.  

At this point, the CS test was performed with 3 dry specimens of each different 
mixture. The rest of the specimens were immersed in water. After 30 days of 
immersion, again, 3 specimens of each group were taken from water, and they 
underwent the CS test. Finally, the CS test was applied to the 3 remaining specimens 
of each group after 90 days of immersion. 

Eventually, the microstructure of some representative specimens was analysed. 
Besides, the crystal phase of the specimens was investigated by conducting LOI and 
XRD analyses. Finally, the neutralisation of acidic-soluble phosphates was studied 
by measuring the pH value and the soluble P2O5 content. A graphical view of the 
sequence of the experimental procedures is given in Fig. 47. 
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Fig. 47. Flowchart of the experimental processes of the 4th stage of study 

3.4.2. Experimental results 

MS is aimed to reduce the softening of the PG specimens in case of contact 
with moisture. Besides, the interesting side-effects that this modifier makes on the 
other properties of the PG specimens (neutralisation of acidic soluble impurities, 
hydration degree, ρ and CS150) are addressed. 

Effectivity of MS in neutralising acidic-soluble impurities 

Since the main employed material during this stage is the III-type HH-PG, the 
only acidic-soluble impurity in its composition is P2O5 (according to Table 3, 
fluorine is not present). The iron oxide of MS composition (see Fig. 16) is expected 
to react with the soluble phosphate compounds, thereby producing scarcely soluble 
iron phosphate compounds. Some examples of these processes are given in Eqs. (8) 
and (9), as described by Vaičiukynienė et al. [7] and Sviklas et al. [157], 
respectively. 

Fe2O3+2H3PO4 → 2FePO4↓+3H2O (8) 

Fe2O3+ H2SO4 +Ca(H2PO4)2 → 2FePO4↓+CaSO4+3H2O (9) 

Therefore, the efficiency of neutralisation is further studied by performing the 
pH measurements and by analysing the soluble phosphate content. The 
corresponding results are given in Fig. 48. 

1. Preparing the 
mixtures with MS 

contents between 0.0 
and 0.5 wt% and 

w/s=0.35

2. Casting of the 2cm -
sided cubic specimens 
(some specimens were 

casted with the 
pozzolanic recipe)

3. Hydration 
temperature analysis of 

the different pastes

4. Curing (conditions of 
room temp. and 100% 
humidity) for 2 weeks 
and drying at 40°C to 

constant mass

5. CS test of some of 
the specimens and 

immersion in water of 
the rest

6. CS test for the 
immersed specimens: 
either 30 days or 90 
days after immersion
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microstructure (SEM) 
and hydration degree 
(LOI and XRD) of the 

specimens
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soluble phosphates 
(pH and soluble P2O5
content measuremts)
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Fig. 48. Investigation of neutralisation of soluble P2O5 content in PG specimens by 

different amounts of MS additive (see pH values in the left vertical axis, and soluble 
P2O5 content in the right vertical axis) 

The results of Fig. 48 reveal that the neutralisation of soluble phosphate 
compounds by MS is highly effective. Pure MS is a slightly acidic material (almost 
neutral), and its addition in small amounts to the strongly acidic HH-PG gradually 
increases the pH of the specimens from 3.41 to 4.49. Hence, the specimens’ pH 
remains acidic. However, the changes regarding the soluble P2O5 content are more 
abrupt. There is a clear inversely proportional tendency between the included MS 
amount and the soluble P2O5 content: when the MS amount is enhanced from 0 to 
0.5 wt%, the P2O5 content decreases from 0.3 wt% to 0.02 wt%, i.e., it was reduced 
by 15 times.  

Table 11. Comparative impact of different additives on soluble P2O5 content of PG 
specimens 

Additive 
Additive 
amount 
(wt%) 

Soluble P2O5 
reduction 
(times) 

Ratio P2O5 reduction / 
additive amount 

(times / wt%) 
Reference 

Ca(OH)2 1.5 40 26.6 Fig. 33 
ZW 7.5 7.5 1.0 Fig. 42 
MS 0.5 15 30.0 Fig. 48 

 
The most striking aspect of these tendencies is the high impact of such a 

relatively small amount of MS on the soluble acidic phosphate content in the 
specimens. The comparative effect of the different additives during the whole 
investigation on the soluble P2O5 content is summarised in Table 11. It should be 
noted that the effect of MS (expressed as the ratio between the reduction of soluble 
phosphates and the included amount of the additive) is much higher than that of the 
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ZW additive and even slightly higher than that of Ca(OH)2. The effective 
neutralisation of the acidic impurities by MS also influences other properties of the 
PG specimens, such as the hydration process and the physical-mechanical properties 
of the specimens, which are considered in the following subsections. 

Influence of MS modifier on the hydration of PG specimens 

The hydration degree is an important property, on which, the suitability of the 
PG specimens to be employed in building products depends. The investigated 
hydration tendencies of the different PG specimens are presented in Fig. 49. The 
results of the hydration temperature analysis performed in the early hours after 
blending the pastes are presented in Fig. 49a. Meanwhile, the LOI values of the 
specimens cured for 2 weeks are given in Fig. 49b. 

Fig. 49. Investigation of the hydration temperature of pastes with different amounts of 
MS (a) and LOI of specimens after curing (b)  

The results of Fig. 49a reveal that MS hinders the early hydration process of 
the pastes, since the temperature peaks get lower when the included amount of MS 
is higher. This tendency is understandable since MS does not hydrate, and its 
presence requires a correspondingly lower amount of HH-PG, which is the binding 
material. Even so, MS does not act as a retarder for HH-PG hydration, and all the 
hydration peaks occur approximately at the same time, about 2–3 h after blending. 

Fig. 49b presents the situation of the specimens once their hydration process 
has been completed. Although, for all the specimens, the LOI values are relatively 
satisfactory (>19%), the results reveal a slight decrease of the hydration rate when 
MS is included in amounts of 0.1–0.3 wt%, when the LOI values decrease to 19.20%, 
with respect to the control specimens (without MS) which exhibit LOI = 20.18%. 
However, when higher MS amounts are included (0.4 and 0.5 wt%), the LOI values 

a b 
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gradually increase and ultimately reach the excellent value of 20.37%, even 
becoming higher than that of the control specimens and approaching the maximum 
theoretical LOI value of DH gypsum (20.85 wt%). Hence, with higher amounts of 
MS, an excellent degree of hydration is achieved. 

Fig. 50. XRD patterns of specimens produced with different contents of MS modifier  

Moreover, a systematic study of the XRD patterns of PG specimens produced 
with different amounts of MS (see Fig. 50) confirms the tendencies observed from 
the LOI results (Fig. 49b). The control specimens exhibit a pattern with almost 
exclusively DH peaks. With MS contents of 0.1–0.3 wt%, the HH peaks become 
noticeable, thereby indicating poorer hydration. With higher MS contents (0.4 and 
0.5 wt%), the HH peaks gradually disappear, thus indicating the excellent hydration 
degree of these specimens. However, the observed long-term hydration tendencies 
revealed in Fig. 49b and Fig. 50 (which perfectly match each other) do not coincide 
with the tendencies of the early hydration stages observed in Fig. 49a, where the 
higher MS content proportionally hindered the hydration process of HH-PG. This 
fact means that the first stages of hydration do not determine completely the final 
hydration degree of the specimens, and that a longer curing process (taking 2 weeks) 
can ‘fix’ the initial hydration shortage. 

The high hydration degree exhibited by the specimens with 0.4 and 0.5 wt% 
of MS may be related to the neutralisation of soluble acidic phosphate impurities, as 
previously analysed (see Fig. 48). These impurities hinder the hydration process of 
HH-PG crystals. Therefore, their effective neutralisation by such amounts of MS 
seems to be the cause of the improved LOI values of the corresponding specimens. 



 112 

Improvement of water-resistance of the specimens by MS additive 

The described tendencies regarding the neutralisation of soluble phosphate 
impurities and the hydration behaviour may also influence the mechanical properties 
and the water-resistance of PG specimens which are further considered. 

 

 
Fig. 51. CS values of dry specimens (CS150(dry)) and of specimens after immersion of 

either 30 days (CS150(30)) or 90 days (CS150(90)), manufactured either with different MS 
amounts (columns marked with percentages) or with the pozzolanic recipe: 75% PG, 

20% PC and 5% FA (columns marked with ‘PC&FA’) 

The CS150 values of the dry specimens (CS150(dry)) and of the specimens 
immersed for both 30 and 90 days (CS150(30) and CS150(90), respectively) are given in 
the column diagram of Fig. 51. Since the tested specimens are 2 cm-sided cubes, the 
standard CS150 values given in Fig. 51 are calculated by applying ScF = 0.56 (see 
Table 8) to the depicted CS values. The values of CS150(dry) follow the tendencies of 
the soluble phosphate content and LOI observed in Fig. 48 and Fig. 49b, 
respectively. The CS150(dry) value of the control specimens is 27.0 MPa, but the 
addition of 0.1–0.3 wt% of MS considerably reduces these values, thus reaching a 
minimum of 19.1 MPa. With the addition of 0.4 and 0.5 wt% of MS, the CS150(dry) 
values increase again, finally reaching (with 0.4 wt% MS) the value of 26.4 MPa. 

When immersion is applied, a sharp decrease of the CS150 values is observed. 
The CS150(30) and CS150(90) values are far lower than the CS150(dry) ones. Besides, 
systematic analysis of CS150(30) and CS150(90) values shows that the immersed 
specimens follow the opposite strength tendencies than those of the dry specimens. 
The lowest values are those of the control specimens yielding CS150(30) = 6.4 MPa. 
With small amounts of MS (from 0.1 to 0.3 wt%), the CS150(30) values increase to 
reach, approximately, 10.1 MPa. A further increase of MS (0.4 and 0.5 wt%) 
produces a gradual decrease of CS150(30). The values of CS150(90) are like those of 
CS150(30), but slightly smaller (by average, CS150(30) = 0.92∙CS150(90)). 

What regards the PC&FA specimens (produced with the ‘pozzolanic recipe’), 
they exhibit CS150(dry) = 24.5 MPa, i.e., a slightly inferior value to the maximum 
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CS150(dry) obtained from the specimens with MS, but, at the same time, they present 
slightly superior CS150(30) and CS150(90) values (11.6 and 12.6 MPa, respectively) in 
comparison to those of the specimens with the MS modifier. Besides, in this case, 
the CS150(90) value of the specimens is higher than the CS150(30) value in contrast to the 
observed tendencies of the specimens with MS. This behaviour is explained by the 
pozzolanic activation process which takes place during immersion. In contact with 
water, PC activates FA, which acquires binding properties. In this way, the FA alkali-
activation increases the CS values during the immersion period and explains the fact 
that CS150(30) < CS150(90). 

The water-resistance behaviour of the specimens can be described by the 
softening factor (SF) which is determined by the ratio between the CS values of the 
immersed and the dry specimens, as given in Eq. (10). 

 
(10) 

The different tendencies for SF values are presented in Fig. 52. When no MS 
is included (for control specimens), the water resistance is rather poor (SF30 = 0.24). 
However, with 0.1–0.3 wt% MS, the SF values are enhanced by 2 times, thus even 
reaching SF30 = 0.53 with 0.3 wt% MS content. This is a higher value than that of 
the PC&FA specimens. Besides, a further increase of MS produces a gradual 
decrease of SF. Again, the SF90 of the specimens with MS is always slightly smaller 
than the SF30 values, whereas, in the case of the PC&FA specimens, the opposite 
happens due to FA alkali-activation. 

 
Fig. 52. SF values of the specimens after immersion of either 30 days (SF30) or 90 days 

(SF90), manufactured either with different MS amounts (columns marked with 
percentages) or with the pozzolanic recipe: 75% PG, 20% PC and 5% FA (columns 

marked with ‘PC&FA’) 

As mentioned above, the observed water-resistance tendencies of the different 
specimens with the MS additive are essentially the opposite to the observed 
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tendencies of the soluble P2O5 content, LOI and CS150(dry). Hence, some inevitable 
questions arise: Which is the reason of this tendency? What is the decisive factor 
determining the water-resistance of the specimens? In other words, what is the 
mechanism of the water-resistance improving process?

In the study of Pervyshin et al. [121] the authors explained the improvement 
of the water-resistance of gypsum specimens when a metallurgical dust modifier was 
included. This modifier encouraged the formation of an amorphous phase of C-S-H 
which acted as a coating of the CaSO4∙2H2O crystals and protected then from 
dissolving in water. A more extensive description of the investigation is given in 
Section 1.5.4. In order to check whether this mechanism also occurs in the current 
investigation, analysis of the microstructure of some representative dry and 
immersed specimens was conducted, and the corresponding SEM images are given 
in Fig. 53.

Fig. 53. Microscopic images of representative specimens: dry specimens with 0.0 wt% 
(a) and 0.4 wt% (b) of MS, and similar specimens after immersion of 90 days (c and d, 

for the respective amounts of MS)

The microstructures of the dry specimens without MS and with 0.4 wt% MS 
are given in Fig. 53a and b, respectively. In these images, DH crystals can be clearly 
depicted, together with numerous smaller particles. In Fig. 53b, some amorphous 
compounds can also be noticed. Meanwhile, the microstructures of the 
corresponding specimens after 90 days of immersion are given in Fig. 53c and d. In 
the case of the specimen without MS (see Fig. 53c), it can be seen that the smaller 
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compounds disappeared (probably dissolved in water), and only DH crystals 
remained. On the other hand, in the specimen with MS (see Fig. 53d), amorphous 
compounds are still observed. Hence, the formation of this C-S-H amorphous phase, 
as depicted by Pervyshin et al. [121] seems to be also the cause of the improvement 
of the water-resistance behaviour of the specimens which we observe in our research. 

Table 12. Summary table of the results of the investigation on the influence of MS 
additive on the properties of PG specimens: soluble phosphate content, LOI, CS150 
and SF 

Parameter MS content in the 
optimal specimen 

Value of the optimal 
specimen, nopt 

Value of the 
control specimen, 

n0 
nopt / n0 

Soluble 
P2O5 

content 
0.5 wt% 0.02% 0.30% 0.07 

LOI 0.5 wt% 20.37% 20.18% 1.01 
CS150(dry) 0.4 wt% 26.4 MPa 27.0 MPa 0.98 

SF30 0.3 wt% 0.53 0.24 2.20 
SF90 0.3 wt% 0.50 0.23 2.17 
 
The results of the 4th stage of the study are summarised in Table 12, in which, 

the optimum properties of the specimens (nopt) with MS are compared with those of 
the control specimens (n0) (without additive). In this way, the effect of MS on the 
soluble-acidic impurity neutralisation, the hydration degree, the mechanical strength 
and the water resistance of PG specimens can be perceived more clearly. 

3.4.3. Partial conclusions 

The addition of the waste MS modifier is not only a highly efficacious way to 
improve the water-resistance of PG specimens, but also to reduce their soluble P2O5 
impurity content, to improve their degree of hydration and their mechanical strength, 
while also delivering a fully ecological solution.  
1. Neutralisation of soluble-acidic P2O5 and degree of hydration. The addition 

of relatively small amounts of MS to PG specimens remarkably reduced the 
soluble P2O5 content: with 0.5 wt% MS, it decreased by 15 times. This is a higher 
impact than that of Ca(OH)2 and of ZW as determined in the previous stages of 
the investigation. Besides, the neutralisation of these impurities produced an 
improvement of the LOI value of the specimens, especially with 0.4 and 0.5 wt% 
MS. 

2. Improvement of the water-resistance of specimens. The addition of 0.1–
0.3 wt% of MS improved the SF of the specimens by 2 times with respect to the 
control specimens. A further addition of MS (0.4 or 0.5 wt%) produced a decrease 
of SF. 

3. Simplicity and ecological aspect. The SF values of the specimens produced with 
MS are comparable (and even slightly higher) to that of the PC&FA specimens 
(with pozzolanic activation), which is the usual way to enhance the water-
resistance of gypsum. Besides, the required amount of MS is much smaller than 
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the additive amount in the PC&FA specimens, thereby indicating that the MS 
solution is simpler and requires less resources. Finally, it must be pointed out that 
the proposed solution is fully ecological, since only industrial by-products (PG 
and MS) constitute the manufactured specimens. 
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3.5. Improvement of the thermal and acoustic insulation of load bearing PG 
specimens by including waste wood fibre additive (WF) 

So far, during the previous stages of our investigation, the protectivity of the 
material (radioactivity and neutralisation of soluble-acidic compounds), the 
processing methods (casting and press-forming), and the properties of the specimens 
(such as the microstructure, the degree of hydration, the CS value and water 
resistance) have been evaluated with the goal of determining the aptness of the PG 
binding material to be employed in load-bearing building materials. However, if PG 
products are intended to be employed as bricks or blocks for load-bearing walls, 
there are other properties which are also of great importance, especially the thermal 
and acoustic insulation, as described in Section 1.5.5. Being so, the goal of the 
current stage is to improve the thermal and acoustic insulation properties of the load-
bearing PG specimens.  

In order to increase the insulating properties of the specimens, a wood fibre 
obtained as a waste product from used particle walls (WF) was included. Moreover, 
for comparison purposes, some specimens were produced with a different fibre 
obtained from natural wood (NF). The detailed description and properties of both 
WF and NF are provided in Section 2.2.4. Aside from the effect of the fibre on the 
thermal and acoustic properties of the specimens, its influence on the hydration 
degree and the mechanical strength was evaluated. 

Besides, certain amounts of the ZW additive were included in the specimens, 
since the soluble-acidic impurity content had to be reduced, in line with the task 
which ZW is able to perform efficiently, as concluded during the 3rd stage of the 
study (see Section 3.3). Being so, the joint effect of ZW and the wood fibre is 
investigated. 

The summarised graphical explanation of this stage of investigation is given in 
Fig. 54. 

 
Fig. 54. Graphical explanation of the 5th stage of investigation 

3.5.1. Experimental procedures 

In a similar way to the previous stages of the investigation (3rd and 4th), the 
selected material for the experiments of the current 5th stage was the HH-PG of type 
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III whose properties are described in Section 2.2.1. Being so, four different types of 
pastes were prepared with different types and amounts of additives: either WF or NF 
fibre and with or without the ZW additive. The ingredients of the pastes of each 
group are described in Table 13.

Table 13. Composition of the different employed pastes, including different 
amounts of WF (or NF) and ZW additives

Group name III-type HH-
PG, wt%

Fibre, wt%
(type of fibre) ZW, wt% w/s

Control 1 100 0 0 0.35
Control 2 95.0 0 5.0 0.35
Group 1 99.5–95.0 0.5–5.0 (WF) 0 0.37–0.58
Group 2 94.5–90.0 0.5–5.0 (WF) 5.0 0.37–0.58
Group 3 99.5–95.0 0.5–5.0 (NF) 0 0.37–0.67
Group 4 94.5–90.0 0.5–5.0 (NF) 5.0 0.37–0.67

As observed in Table 13, several mixtures were produced in each group by 
varying the fibre content: 0.5, 1, 2, 3, 4 and 5 wt%. Hence, each group contained 6 
different mixtures. Besides, two control mixtures were manufactured without the 
fibre: the first one was made entirely of HH-PG, and the second group was with 
5 wt% of ZW. In this way, 26 different pastes were created.

Once the dry mixtures had been created, they were blended with water. For 
each case, depending on the type and amount of the fibre, a ‘personalised’ w/s ratio 
was applied in order to produce a paste with normal consistency. The pastes with the 
NF additive required a higher w/s ratio than those with WF. The enhancement of the 
fibre content also required a corresponding increase of the w/s ratio.

After blending with water, the pastes were poured into silicone moulds for 
casting. In this way, 9 units of 20 mm-sided cubic specimens were produced with 
each paste. The preparation of the pastes and the casting process are illustrated in 
Fig. 55. Immediately after casting the pastes, they were cured for 7 days under
conditions of 100% humidity at room temperature. Once the curing period had been
completed, the specimens were dried to constant mass at 40 °C temperature.
Eventually, the CS test was performed.

Fig. 55. Images of steps for the paste preparation: preparing separate components in the 
required amounts (1), blending (2) and casting (3)

Some additional specimens with standard prismatic geometries 
(40x40x160 mm) were produced for the FS standard test (see Section 2.1.6). 
Besides, other specimens were produced with panel geometries of 300x300x50 mm

1 32
PG
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and of 250x250x18 mm for the measurements of thermal and acoustic insulation 
properties (respectively) which were performed according to the methodologies 
explained in Section 2.1.5. These prismatic and panel specimens were manufactured 
with 4 different pastes: control paste 1 and several pastes of group 2 with different 
amounts of fibre: with 0.5, 3 and 5 wt% of WF. The curing and drying processes of 
these specimens were performed in the same way as the small cubic specimens.
Fig. 56 presents some images of the different manufactured specimens.

Fig. 56. Images of the manufactured specimens for different tests: 2 cm-sided cubes for 
CS test (a), the 4x4x16 cm prisms for FS test (already tested) (b) and 30x30x5 cm panels 

for measurements of λ (c)

Finally, the microstructure and the crystal phase of some representative 
specimens were analysed by conducting SEM and XRD analyses (respectively). A 
schematic view of the experimental processes is given in Fig. 57.

Fig. 57. Flowchart of experimental processes of the 5th stage of the study

3.5.2. Experimental results

The main goal of the current stage of the experiment involves assessing the 
effect of the wood fibre on the thermal and acoustic insulation properties of the load-
bearing PG specimens produced through casting. Moreover, the influence of the fibre 
(either WF or NF) and of the presence of the ZW additive on the hydration and 
mechanical properties of the specimens was also evaluated. The purpose of the ZW
additive is to reduce the presence of harmful acidic-soluble P2O5 compounds in PG, 
as extensively described in the 3rd stage of the experiment (see Section 3.3.2).

1. Preparing the 
different pastes. 
Ingredients: PG, 
zeolite, fibre and 

water

2. Casting of the 
specimens: cubes, 
prisms and panels

3. Curing process for 
7 days and drying to 

constant mass (40°C)

4. CS test of cubic 
specimens and FS

test of prismatic ones

5. SEM and XRD 
analyses

6. Analysis of the 
thermal (λ) and 
acoustic (SPL) 

insulation  properties 
of panel specimens
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Evaluation of the influence of wood fibre on the hydration degree and 
mechanical properties of PG specimens 

First, the effect of the fibre and ZW presence on the hydration degree of the 
specimens was evaluated. To do so, in this case, the LOI analysis is not a suitable 
method, since relatively high amounts of additives are included in the mixtures, 
hence, their presence would alter the LOI results, which refer only to the gypsum 
crystals. Being so, the hydration degree was investigated by analysing the crystal 
phase of the specimens by applying the XRD method. 

Fig. 58. XRD patterns of PG specimens with different fibre contents and types 

The XRD patterns given in Fig. 58 correspond to representative specimens 
produced with each paste group, including the control ones (see Table 13). The 
representative specimens were selected for XRD analysis regarding the optimal 
mechanical properties of each group (see Fig. 59). Being so, the specimens with 
0.5 wt% of WF were selected as representative for groups 1 and 2, while the 
specimens with 1 wt% of NF were selected for groups 3 and 4. All the XRD patterns 
of Fig. 58 are essentially identical. In all the patterns, the majority of the peaks 
belong to DH crystals, while only two small HH peaks are observed. Hence, the 
hydration degree of all the specimens seems to be excellent in all cases, and they are 
independent from the type and amount of fibre and from the presence of the ZW 
additive. 



 121 

 
Fig. 59. Dependence of ρ (a) and CS150 (b) values of specimens on their content and type 

of fibre, and on their content of ZW additive 

The dependences of the ρ and the CS150 values of PG specimens on the type 
and amount of fibre and on the presence or absence of the ZW additive (according 
to the groups of specimens, see Table 13) are given in Fig. 59. It must be considered 
that the results given in this figure correspond to 20 cm-sided cubic specimens, so 
that the corresponding standard CS150 values given in Fig. 59b are obtained by 
applying the factor ScF = 0.56 (see Table 8) to the values measured during the CS 
test. In general terms, in Fig. 59, it is observed that the higher fibre content reduces 
the ρ value and, subsequently, the CS150 value of the specimens. Meanwhile, the 
dependence on the type of the fibre is more complex. When low contents of the fibre 
are included (from 0 to 1%), the values of ρ and CS150 do not depend clearly on the 
type of the fibre: with 0.5 wt% of fibre, the CS150 of the specimens with WF (without 
ZW) are higher than those of the NF specimens, while when the fibre content is 
1 wt%, the opposite happens. However, with the higher fibre contents (from 2 wt% 
to 5 wt%), the dependence on the type of the fibre becomes clearer: the specimens 
with WF are denoted by higher ρ and CS150 than those with NF. Moreover, the 
influence of ZW also depends on the type of the employed fibre. The specimens 
produced with WF feature, in general, lower ρ and CS150 values when ZW is 
included. On the other hand, the specimens produced with NF present higher ρ values 

a 

b 
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when ZW is included, and their CS150 values are not clearly altered by the presence 
or absence of the ZW additive. Hence, it can be stated that, from the ‘mechanical 
properties’ point of view, WF and ZW are not good teammates, in contrast to the 
positive joint effect of NF and ZW. Moreover, the best mechanical properties are 
exhibited by those specimens produced with WF and without the ZW additive; a 
maximum value of CS150 = 25.1MPa is reached when 0.5 wt% WF is included, 
which is even slightly higher than the CS150 value of the control specimens. On the 
other hand, when higher amounts of WF are included (4 or 5 wt%), very soft 
specimens are manufactured (CS150 ˂ 10 MPa) which are not suitable for load-
bearing purposes. 

Fig. 60. Results of ρ (a) and the mechanical properties (b) of PG specimens with 
different amounts of WF 

Once the hydration and CS150 dependences on the type and amount of fibre and 
on the presence of the ZW additive had been investigated (see Fig. 58 and Fig. 59), 
further analyses focus on the specimens produced with WF and with ZW (with the 
pastes of group 2). Hence, the standard prisms of 40x40x160 mm geometry, 
manufactured with 5% ZW and various amounts of the WF additive were 
investigated by the FS test, and the ρ and strength results are presented in Fig. 60a 
and b, respectively. The observed tendencies are similar to those observed in Fig. 59: 
the FS value reaches its maximum with 0.5 wt% WF. Somehow, 0.5 wt% WF is the 
optimal amount, which produces suitable reinforcement for PG, thereby increasing 
its mechanical properties. Eventually, with higher WF contents, the FS of the 
specimens gradually decreases, and this tendency is clearly determined by the ρ 
value.  

a b 
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Fig. 61. Microscopic images of PG specimens with wood fibre, enhanced by x100 (a) 
and x500 (b)

The microstructural analysis of the specimens can help to understand the 
tendencies of the mechanical properties. In the SEM images of Fig. 61, at different 
scales, the good bond between the fibres and the PG crystal matrix can be noticed. 
This ‘reinforcing effect’ may explain that, when the optimal small amount of the 
fibre is included (0.5% of WF or 1 wt% of NF), the specimens exhibit high strength 
values (see the results of Fig. 59 and Fig. 60b). However, when higher amounts of 
the fibre are included, the decrease of the specimens’ ρ value produces a 
corresponding decrease of CS and FS, so that the ‘reinforcing’ of the fibre effect 
stops to be positive.

Influence of waste wood fibre (WF) on the thermal and acoustic insulation 
properties of PG specimens

As previously explained, the main goal of this experiment involves studying 
the influence of the wood fibre additive on the thermal and acoustic insulation 
properties of PG specimens in order to make them more suitable to be employed as 
load-bearing building products for walls.

Fig. 62. Dependence of λ on the content of WF in PG specimens

a b
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Analysis of the dependence of the thermal conductivity of the specimens on 
the amount of WF is given in Fig. 62. The results clearly show that the increase of 
the amount of WF produces a corresponding decrease of the λ value from 
0.45 W/mK (of the control specimens) to 0.33 W/mK (of the specimens with 5 wt% 
WF), i.e., the λ value is reduced by 27%. The λ dependence on the WF content fits 
accurately with the linear equation given in Fig. 62, with a very strong correlation of 
r = 0.98 [149]. It must be pointed out that the λ values of the manufactured specimens 
remain much higher than those of the insulation materials, such as rock wool or 
polystyrene (whose λ is typically in the range of 0.02–0.05 W/mK), but still it is a 
remarkable improvement when the values are compared with those of the control 
specimens. 

 

Fig. 63. Dependence of the sound pressure level (SPL) of natural noise on the amount of 
WF in PG screen (a) and the SPL frequency spectrum (noise filtered with standard 

frequency octaves) of PG screens with different WF contents (b) 

a 

b 
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The results of the investigation of acoustic insulation propertiesof the PG 
panels with different amounts of PG are given in Fig. 63, when constant noise 
emission is applied. The first graph, Fig. 63a, represents the dependence of A-
weighed natural sound pressure levels (SPL) on the WF content of PG panels. It can 
be observed that the depicted SPL without the PG screen was 75 dBA. When the 
emitted noise was screened with the PG panel without WF content, the SPL value 
was reduced to 65 dBA. The panels with the fibre further reduced the SPL slightly, 
ultimately reaching 61.5 dBA when the maximum WF content was included 
(5 wt%). Besides, the measured SPL values for the sound filtered with the standard 
frequency (f) octaves are given in Fig. 63b. The results show that the different PG 
panels reduced the SPL levels in a similar way for all the f ranges. Since the human 
hearing is more sensitive to the sounds of mid or higher f (from 1500 to 8000 Hz), it 
can be stated that the panels with 5 wt% of WF showed the best noise insulation 
performance. Yet, it must be said that the acoustic insulation effect of WF in the 
specimens is not very significant since WF only reduced the SPL levels by 5% more 
than the control PG panels (without WF). 

The specimens produced with the highest WF content (5 wt%), although 
exhibiting the best thermal and acoustic insulation properties, also suffered from 
poor mechanical strength (CS150 = 9.3 MPa). Hence, the author rather recommends 
a composition with a lower WF content, 3 wt%, which produced stronger specimens 
(CS150 = 13.5 MPa) and still improved the thermal insulation properties 
(λ = 0.33 W/mK) with respect to those of the control specimens. This composition, 
with the improved thermal insulation properties and still satisfactory mechanical 
strength, is suitable to be employed in load-bearing walls. The acoustic insulation 
properties of PG panels are not significantly improved by the WF content in any 
case. 

Table 14. Mechanical, thermal and acoustic properties of the recommended 
composition of specimens with WF additive 

Recommended 
composition Parameter 

Value of the 
recommended 
specimen, nrec 

Value of the 
control specimen, 

n0 
nrec / n0 

93 wt% PG 
5 wt% ZW 
3 wt% WF 

CS150 13.5 MPa 18.2 MPa 0.74 
FS 7.1 MPa 7.2 MPa 1.03 
λ 0.39 W/mK 0.45 W/mK 0.87 

SPL 64.5 dB(A) 65 dB(A) 0.99 
 
The properties of the recommended specimens nrec are given in Table 14, 

where they are also compared with those of the control specimens (n0).  

3.5.3. Partial conclusions 

The addition of WF improved the thermal and acoustic properties of the PG 
specimens and also influenced their physical-mechanical properties. The main 
conclusions are further summarised. 
1. Mechanical strength. WF improved the mechanical strength of the specimens 

more effectively than NF did. The optimal strength value was determined when 
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a certain small content of the fibre was included (0.5 wt% of WF or 1 wt% of NF) 
due to the ‘reinforcement’ effect. A further increase of the fibre content produced 
a decrease of the ρ value and a corresponding weakening of the specimens. The 
ZW additive, employed to adsorb the soluble-acidic impurities, reduced the CS150 
value of the specimens when used together with WF, but did not affect it when 
used with NF. 

2. Thermal and acoustic insulation. The addition of WF gradually reduced the λ 
value of the PG specimens. A very strong linear inverse correlation between the 
content of WF and the λ value was determined. Hence, the λ value was reduced 
even by 27% when the maximum amount of WF (5 wt%) was included. 
Meanwhile, the acoustic insulation properties of PG panels were not significantly 
altered by the WF additive content. 

3. Recommended composition. The WF additive in higher amounts (4 or 5 wt%) 
reduced the λ value in an important way. However, at the same time, the CS150 
value was also reduced (˂ 10MPa), thus making those specimens unsuitable for 
load-bearing purposes. Therefore, a ‘compromise’ must be achieved. An amount 
of 3 wt% of WF seems to be the solution, since the λ value is reduced by 13% (in 
comparison to the specimens without WF), and the CS150 value still remains 
relatively high (13.5 MPa). Therefore, the WF content of 3 wt% is recommended 
as a ‘compromise’ solution. 
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4. MAIN RESULTS AND CONCLUSIONS 

The goal of the performed research focused on evaluating the suitability of PG 
to be utilised as a binding material of structural building products. If the suitability 
is proved, the global ecological problem of phosphate fertilisers could be palliated, 
and, at the same time, a more economical and environmentally-friendly alternative 
to PC-based binding materials would appear in the building sector of the industry. 
Therefore, during the investigation, the influences of the nature of HH-PG, of the 
processing method and of the included additives (hydrated lime, ZW, MS, WF) on 
the radiological protectivity, the neutralisation of acidic-soluble impurities, the 
hydration degree and the physical-mechanical properties (such as ρ, CS, FS, SF after 
immersion and λ) have been systematically investigated and assessed. The main 
general conclusions are further presented; they indicate that, if a suitable HH-PG is 
employed, an effective processing method is applied, and the right additives are 
included in the mixture, the above mentioned properties of the manufactured 
specimens satisfy the requirements of getting employed in structural building 
products, such as bricks or blocks. 

1. Radiological assessment. The radionuclide activity concentration of PG was 
found to be strongly dependent on the nature of the original phosphate rock from 
which it was manufactured. The PG of types I and III (mostly of igneous origin), 
presented values of I = 0.93 and I = 0.8 (respectively), i.e., below the 
recommended safety limit for building materials (I ≤ 1.0) by the European 
Council. On the other hand, the II  type PG, of sedimentary origin, exhibited 
I = 2.74, thus strongly surpassing the safety levels, which indicates that this type 
of PG can only be employed in restricted applications.  

2. Neutralisation of soluble-acidic F- and P2O5 impurities. Both Ca(OH)2 and MS 
additives effectively reduced the content of harmful soluble impurities in PG 
specimens by binding them into non-soluble compounds. In the case of the ZW 
additive, acid-soluble impurities were reduced by an adsorption mechanism based 
on ion exchange and chemical sorption processes. Considering the ratio between 
the times by which the P2O5 content was lowered and the corresponding amount 
of the included additive, MS presented the most effective performance with a 
value of 30.0 times/wt%, for 26.6 and 1.0 times/wt% presented by Ca(OH)2 and 
ZW, respectively. 

3. Factors determining the hydration degree of PG specimens 

a) The microstructure of HH-PG crystals. The crystals of the I-type PG 
which presented flat and sharp geometries exhibited a slow hydration 
process reaching full hydration after 14 days of curing (at 100% humidity 
conditions). Most likely, the flat geometries of the crystals hindered the 
approaching of water to the crystal surfaces during the curing period. 
Meanwhile, the more volumetric crystal shapes of the HH-PG of types II 
and III allowed better approaching of water to the crystal surfaces, and 
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therefore the specimens could hydrate faster. These specimens reached full 
hydration in 7 days of curing.  

b) Method of processing. The specimens produced through casting presented 
much higher LOI values than those produced by press-forming whose LOI 
values were fairly poor. Even though, by means of immersing the 
specimens in water for a certain time during the curing period, the hydration 
‘shortage’ was efficaciously corrected, and the LOI values of the press-
formed specimens became independent from the w/s ratio.  

c) Additives. The Ca(OH)2 additive hindered the hydration of the specimens 
by virtue of strongly acting as a retarder of the DH crystallisation reaction. 
Meanwhile, the addition of ZW remarkably improved the ‘poor’ hydration 
of the press-formed specimens, thus enhancing their DH crystal phase 
content from 78.1 to 95% when the ZW content was enhanced from 0 to 
10 wt%. This improvement occurred due to a mechanism of ‘giving back’ 
to the PG crystals an amount of water which had been absorbed by the ZW 
additive during the blending of the mixture, thereby producing additional 
late hydration of the crystal lattice. 

4. Factors determining the mechanical strength of PG specimens 

a) The nature of HH-PG. The flat and sharp crystals of the I-type PG 
produced hardened specimens with loose and porous consistency and a 
weak mechanical strength (CS150 = 8 MPa). Meanwhile, the prismatic and 
massive shapes of the III-type HH-PG crystals determined a much more 
compact and less-porous DH crystal matrix of the hardened specimens, 
which, correspondingly, exhibited the highest CS values reaching 
CS150 = 29MPa for the specimens produced through casting, surpassing 
even by 2.5 times the CS value of the specimens produced with the natural 
gypsum. Considering the low radionuclide concentration level, the low 
content of soluble-acidic impurities and the high CS values, the HH-PG of 
type III proved to be the best performing binding material among the 
investigated PG types. 

b) The processing method. In all the cases, except for the I-type PG, the 
press-forming improved by 1.6–2.1 times the CS150 values of the specimens 
with respect to the specimens produced through casting. The optimal 
parameters of the press-forming processing were identified. Although the 
highest strength value of CS150 = 46.5 MPa was obtained from specimens 
processed with PFP = 25 MPa, w/s = 0.15 and curing without immersion, 
these specimens were not recommended due to their poor hydration degree 
(LOI = 15.1%). Hence, in the author’s opinion, the optimal specimens were 
found to be produced with w/s = 0.19, PFP = 20 MPa and curing with 
immersion, by virtue of exhibiting good hydration (LOI =19.1%) and a 
satisfactory strength (CS150 = 35.3 MPa). The CS values of these press-
formed specimens remained high and are even comparable to those of the 
typical concrete. 
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5. Improvement of water-resistance. When MS was included in amounts of 0.1–
0.3 wt%, SF was enhanced by 2 times. With a further increase of the MS content 
(0.4 and 0.5 wt%), the SF decreased. The mechanism of the increasing of water-
resistance was found to be based on the formation of a non-soluble amorphous 
phase of C-S-H compounds (encouraged by MS particles) which protect PG 
crystals form dissolving in water. The improvement of the waterproofing 
properties of PG specimens by adding a small amount of MS is recommended as 
a simple, economical and ecological technological process in comparison to the 
other applied methods. 

6. Thermal and acoustic insulation properties. An inverse lineal correlation 
between the amount of the WF additive and the λ value was detected. Being so, 
when the WF content was included in amounts of 5 wt%, the specimens presented 
a value of λ = 0.33 W/mK (26% lower than that of the specimens without the 
fibre). However, this amount of WF resulted so high that ended up weakening the 
strength of the specimens, reaching CS150 values lower than 10 MPa. Hence, a 
lower amount of WF should be included. The author recommends the usage of 
WF in amounts of 3 wt%, with which, the λ value was satisfactory 
(λ = 0.39 W/mK, 13% lower than that of the specimens without the fibre), and 
CS150 remained over 10 MPa. The reduction of coefficient λ is an important step 
to encourage the utilisation of PG in such products as bricks or blocks for building 
walls. 
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SANTRAUKA 

Įvadas 

Fosfogipsas (PG) – pagrindinis šalutinis produktas, gaunamas fosfatinių trąšų 
gamybos metu. Visame pasaulyje šios trąšos yra esminės bei nepakeičiamos 
žemdirbystės veikloje [1, 2].  

Kaip šalutinis efektas susidaro didžiuliai PG kiekiai. Prognozuojama, jog 
einamuoju dešimtmečiu globali PG gamyba pasieks 200–250 milijonų tonų per 
metus [1]. Tačiau didžioji dalis šios atliekos nėra perdirbama, o tik sandėliuojama 
didžiuliuose kalnuose arba pilama į gėlo vandens telkinius ir į jūrą, taip sukeliant 
nemenką neigiamą poveikį aplinkinėms ekosistemoms. Problema yra ta, kad PG 
sudėtyje pasitaiko nepageidaujamų priemaišų, tokių kaip 226Ra ir kiti radionuklidai, 
tirpūs bei rūgštūs P2O5 bei F- junginiai ir potencialiai pavojingi sunkieji metalai. 

Vienintelis tinkamas sprendimas glūdi PG perdirbime. Dėl to yra nemažai 
mokslinių tyrimų, kuriuose yra nagrinėjamas PG pritaikomumas – ypač 
žemdirbystės, grunto stabilizavimo, kelio pagrindo stiprinimo bei statybinių 
medžiagų srityse [1]. Kadangi PG pasižymi puikiomis rišamosiomis savybėmis, jis 
yra patrauklus sprendimas statybinių medžiagų pramonei. Be to, PG kaip rišamosios 
medžiagos panaudojimas turi ir kitą svarbų privalumą. Pagrindinė rišamoji medžiaga 
statybinėse medžiagose jau ilgą laiką buvo ir yra portlandcementis (PC). Tačiau PC 
gamybos metu į atmosferą išmetama nemažai šiltnamio efektą sukeliančių dujų CO2. 
Dėl šios priežasties ekologiškų rišamųjų medžiagų ieškojimas, kaip alternatyva 
nedraugiškam aplinkai portlandcemenčiui, yra viena iš prioritetinių tyrimų sričių 
medžiagų moksle. Šis kontekstas sukuria geras galimybes gipsinėms rišamosioms 
medžiagoms. Dėl to PG rišamosios medžiagos statybiniuose produktuose 
panaudojimas gali turėti du esminius ekologinius privalumus: sumažinti PG 
sandėliavimo sukeltas aplinkosaugines problemas ir būti efektyvi ekologiška 
rišamoji medžiaga. 

Tačiau PG panaudojimą statybinėse medžiagose riboja įvairūs veiksniai. Visų 
pirma, minėtos kenksmingos PG sudėties priemaišos (ypač radionuklidai) sukelia 
neigiamų padarinių aplinkai bei žmogaus sveikatai, todėl šis pritaikymas susidūrė su 
svarbiais teisiniais apribojimais ir netgi draudimais. Antra, reikia atsižvelgti į tai, kad 
gipsas yra orinė, o PC – hidraulinė rišamoji medžiaga. Skirtingai nuo PC, gipsas (ir 
PG) suminkštėja veikiamas drėgnos aplinkos, todėl negali būti naudojamas pastato 
išorinėms reikmėms, pritaikomas tik vidiniams pastato elementams. Mokslininkai 
bando surasti būdų, kaip sumažinti šituos PG rišamosios medžiagos trūkumus: ne tik 
kenksmingų priemaišų kiekis turi būti ženkliai neutralizuojamas, bet ir PG produktų 
fizikinės-mechaninės savybės turi būti pageriamos ir didinamas atsparumas 
vandeniui. Tik tokiu būdu PG rišamoji medžiaga gali tapti konkurencingu sprendimu 
statybinių medžiagų sektoriuje. 

Tačiau, nepaisant gausių šios tematikos tyrimų, perdirbamas PG kiekis išlieka 
nereikšmingas, lyginant su visa produkcija, ir kenksmingos atliekos kalnai sparčiai 
auga. Didelė problemos dalis ta, kad atliekami moksliniai PG rišamosios medžiagos 
panaudojimo srityje tyrimai labiau fokusuojasi į siaurus aspektus (tobulinti vieną ar 
kitą PG savybę, nagrinėti tirpių rūgščių priemaišų neutralizavimą, įvertinti 
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radioaktyvumo riziką ir panašiai), bet labai retai atsižvelgia į problemą visapusiškai. 
Norint įvertinti PG naudojimo statybinėse medžiagose tinkamumą, reikia plačiau 
įvertinti kliūtis bei galimybes, ištiriant PG kilmę, mikrostruktūrą, cheminę bei 
mineralinę sudėtį, priemaišų kiekį, radioaktyvumą, apdirbimo būdą bei priedų 
panaudojimą, kartu ir šių savybių įtaką fizikinėms-mechaninėms savybėms bei 
atsparumą vandeniui. Dėl minėtų priežasčių šio mokslinio darbo tikslas yra pateikti 
visapusišką analizę, kurios metu PG rišamosios medžiagos panaudojimo galimybės 
būtų plačiai ištirtos. 

Pagrindinis šio mokslinio darbo tikslas pagerinti pagrindines PG savybes, 
sudarančias sąlygas jo, kaip rišamosios medžiagos, pritaikomumui konstrukciniuose 
elementuose, naudojant liejimo bei presavimo formavimo būdus bei įterpiant įvairius 
pramonės atliekų priedus. 

Darbo uždaviniai 

1. Ištirti skirtingos kilmės (magminės arba nuosėdinės) PG radioaktyvumo lygį ir 
įvertinti kiekvieno PG tipo tinkamumą statybinėse medžiagose. 

2. Sumažinti kenksmingų tirpių ir rūgščių P2O5 ir F- junginių kiekį PG sudėtyje, 
įterpiant tinkamus priedus, kurie išplės PG panaudojimą įvairiose srityse. 

3. Padidinti PG bandinių mechaninių savybių vertes, taikant presavimo metodą ir 
taip pat įvertinant pradinio pushidračio PG (HH-PG) mikrostruktūrą bei naudotus 
priedus. 

4. Pagerinti PG gaminių atsparumą vandeniui, tinkamai modifikuojant pradinio 
mišinio sudėtį. 

5. Pagaminti PG produktus su pagerintomis šilumos bei triukšmo izoliacinėmis 
savybėmis. 

Mokslinis naujumas 

 Nustatyta PG kilmės, mikrostruktūros, sudėties bei formavimo įtaka fizikinėms-
mechaninėms savybėms, atsparumo vandens poveikiui bei radioaktyvumo 
lygiui. 

 Pasiūlytas PG gaminių formavimo presuojant metodas, lemiantis ženklų PG 
bandinių mechaninių savybių pagerinimą. 

 Nustatyta hidratuotų kalkių, ceolito atliekos (ZW), atliekinio metalurgijos šlamo 
(MS) bei atliekinio medžio plaušo (WF) priedų įtaka PG rišamosios medžiagos 
fizikinėms, mechaninėms bei cheminėms savybėms. 

Praktinė vertė 

1. PG bandiniai, pasižymintys dideliu mechaniniu stiprumu, pakankamu 
hidratacijos laipsniu bei padidintomis termoizoliacinėmis savybėmis, suteikia 
naujų galimybių PG panaudoti statybinių medžiagų srityje kaip konstrukcinius 
elementus (plytos, blokeliai ir pan.). 

2. Padidintas atsparumas vandeniui praplečia PG gaminių panaudojimo galimybes. 
3. Radioaktyvumo tyrimų rezultatai bei tirpių rūgščių junginių mažinimo metodai 

suteikia vertingos informacijos apie PG panaudojimo statybinėse medžiagose 
saugumą bei rizikas. 
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4. PG panaudojimas statybiniuose produktuose sumažins šios medžiagos sankaupų 
sukeltas ekologines problemas. 

Ginamieji disertacijos teiginiai 

1. HH-PG kristalų mikrostruktūra lemia bandinių hidratacijos laipsnį bei stiprumą. 
2. PG bandiniai, pagaminti presavimo būdu, pasižymi 1,6–2,1 didesniu stiprumu nei 

bandiniai, pagaminti liejimo būdu. 
3. Nedidelis kiekis ZW priedo iki 7,5 kartų mažina nepageidaujamas tirpaus P2O5 

priemaišas. 
4. MS priedas 2 kartus padidina PG bandinių atsparumą vandeniui. 

Darbo aprobavimas ir publikavimas 

Šio mokslinio darbo atliktų tyrimų rezultatai buvo pateikti 3-uose 
moksliniuose straipsniuose, publikuotuose moksliniuose žurnaluose, kurie yra 
Clarivate Analytics Web of Science duomenų bazėje, su cituojamumo rodikliu, ir 
priklauso Q1 bei Q2 kvartiliams. Kai kurie iš tyrimų buvo taip pat pristatyti trijose 
tarptautinėse mokslinėse konferencijose: GreenChem-18 (Madridas, Ispanija), 19th 
ICMB (Brno, Čekija) ir 2nd Vitrogeowastes (Baeza, Ispanija). 

1. Medžiagos ir tyrimo metodai 

Šiame tyrime buvo naudojamos skirtingos pradinės medžiagos bei priedai, 
kurie turėjo būti ištirti tinkamais metodais. Sukietėję bandiniai taip pat buvo 
testuojami įvairiais reikalingais būdais. Eksperimentiniai tyrimų metodai bei 
pradinės medžiagos yra aprašytos šiame skyriuje. 

1.1. Eksperimentinių tyrimų metodai 

Visų pirma, pradinės medžiagos yra ištirtos bei charakterizuojamos atliekant 
tinkamus analizės metodus. PG bei priedų mikrostruktūra buvo ištirta 
skenuojamosios elektroninės mikroskopijos (SEM) metodu, naudojant elektroninį 
mikroskopą Hitachi S-3400N Type II [132]. Pačiame mikroskope yra įstatytas 
rentgeno spindulių energijos dispersijos spektrometrijos (EDS) detektorius 
Bruker Quad 5040, kuriuo buvo nustatytas cheminių elementų pasiskirstymas 
tiriamosiose medžiagose. Pradinių medžiagų elementinė sudėtis buvo ištirta 
rentgeno spindulių fluorescencinės analizės (XRF) būdu naudojant Bruker X-ray 
S8 Tiger WD spektrometrą. Be to, pradinių medžiagų (bei sukietėjusių bandinių) 
kristaliniai junginiai buvo ištirti rentgeno spindulių difrakcinės analizės (XRD) 
metodu, naudojant DRON - 6 difraktometrą su Bragg-Bretano geometrija. XRD 
rezultatų individualios fazės buvo identifikuojamos naudojant Oxford Cryosystems 
Crystallographica Search-Match programinę įrangą, besiremiančią PDF-2 duomenų 
bazės duomenimis [133]. Tam tikrais atvejais programinė įranga Panalytical 
HighScore+ 3 buvo taip pat naudojama. XRD tyrimų rezultatų kiekybinė analizė 
buvo atliekama Rietveld metodu, naudojant General Structure Analysis System 
programinę įrangą [134]. PG radionuklidų veiklos koncentracija yra nustatoma gama 
spinduliuotės spektroskopiniu būdu, naudojant BEGe, broad-energy puslaidininkinį 
detektorių su Canberra-Packard GENIE 2K v.3.4 programine įranga. Dalelių dydžio 
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pasiskirstymo analizė buvo atliekama lazerinio pagrindo prietaisu Cilas 1090 [138], 
dirbančiu sausos dispersijos režimu.  

Kitame etape PG mišinių bei sukietėjusių bandinių savybės yra nustatomos 
tinkamais metodais. Hidratacijos temperatūra yra nustatyta su 8 kanalų USB TC-
08 Data Logger prietaisu ir K tipo termoporomis [140]. Bandinių hidratacijos 
kokybė buvo nustatyta remiantis kaitinimo nuostolių (LOI) nustatymo metodu, 
kaitinant medžiagą ≥ 400 °C temperatūroje ir skaičiuojant santykinį skirtumą tarp 
galutinės bei pradinės bandinio masės. Sukietėjusių bandinių mechaninės savybės 
yra nustatomos atliekant stiprumų gniuždant (CS) bei lenkiant (FS) testavimo 
metodus pagal Europoje galiojančio standarto EN 13279-2 [3] nurodymus, 
naudojant kompiuterizuotą presą ToniTechnik 2020.0600/132/02 [143]. PG bandinių 
atsparumas vandeniui yra įvertinamas nustatant suminkštėjimo koeficientą (SF) po 
30 arba 90 parų mirkimo vandenyje periodo. Mechaninių savybių bei atsparumo 
vandeniui rezultatai buvo pagrindžiami bandinių mikrostruktūros SEM 
mikroskopijos būdu. Tirpių bei rūgščių P2O5 bei F- junginių mažinimas yra 
įvertinamas dviem vienas kitą papildančiais būdais: atliekant pH tyrimus su AD8000 
Professional Multi-Parameter pH-ORP-Conductivity-TDS-TEMPBench Meter 
prietaisu [139] ir matuojant šių junginių kiekį vandeniniame tirpale su Hanna HI713 
Checker HC ® - Phosphate LR [135] bei Hanna HI729 Checker HC ® - 
Fluoride LR [136] kolorimetrais. Galiausiai, PG bandinių termoizoliacinės savybės 
buvo nagrinėjamos matuojant šilumos laidumą (λ) su šilumos sklidimo matavimo 
prietaisu ir taikant parengtos būsenos karštosios dėžės priartėjimą bei paruošiant 
bandinius pagal Europoje galiojančio standarto EN 12667 [142] nurodymus. 

1.2. Pradinės medžiagos 

Šiam tyrimui atlikti buvo naudojami trys skirtingi HH-PG, vienas natūralus 
HH gipsas bei keletas priedų. Jų aprašymas pateikiamas toliau. 

Skirtingos kilmės pushidratis fosfogipsas 

PG atlieka susidaro fosforo rūgšties gamybos metu, apdorojant fosfatines 
uolienas vadinamojo „šlapio proceso“ metu. Šiame tyrime buvo nagrinėjami trys 
skirtingos kilmės PG tipai, pagaminti Lietuvoje, fosfatinių trąšų gamykloje. PG 
susidaro naudojant tokias žaliavas: fosforitą iš Pietų Afrikos Respublikos (PAR) arba 
Maroko kasyklų ir apatitą iš Rusijos Kirovo bei Kovdoro kasyklų. Fosforitas 
priskiriamas nuosėdinėms fosfatinėms uolienoms, o apatitas – magminėms 
fosfatinėms uolienoms. Kiekvienas nagrinėjamas PG buvo gaminamas iš vienos 
žaliavos arba dozuojant skirtingas minėtas žaliavas. Gamykloje, „šlapio proceso“ 
metu, PG yra gaunamas HH kristalinės fazės ir, iškart po gamybos, turi šiltų drėgnų 
miltų konsistenciją. Šių HH-PG kilmė, prigimtis bei savybės (paties gamintojo 
pamatuotos gamybos linijose, dar medžiagai esant šiltai) yra pateiktos 1 lentelėje. 
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1 lentelė. Drėgno HH-PG savybės gamybos linijose 

PG žymėjimas I tipas II tipas III tipas 
Fosfatinių uolienų kasyklų 

kilmės  Kirovas–Marokas PAR–Marokas Kovdoras 

Fosfatinių uolienų 
dozavimas  

81 % Kirovas 
19 % Marokas 

50 % PAR 
50 % Marokas 100 % Kovdoras 

Fosfatinių uolienų prigimtis  Apatitas (Kirovas) 
Fosforitas (Marokas) Fosforitas Apatitas 

PG drėgnis  
(nesurišto vandens kiekis) 31,8 % 22,0 % 18,5 % 

PG suminis (tirpus ir 
netirpus) P2O5 kiekis 0,86 % 0,86 % 1,13 % 

PG tirpus P2O5 kiekis 0,40 % 0,43 % 0,29 % 
 
1 lentelėje pateikiami duomenys suteikia vertingos informacijos apie 

kiekvieno HH-PG prigimtį bei esamą P2O5 junginių kiekį. Nors III tipo PG pasižymi 
didžiausiu suminiu P2O5 junginių kiekiu, tačiau tuo pačiu metu jame tirpių P2O5 
junginių kiekis du kartus yra mažesnis nei kituose HH-PG tipuose. Kadangi 
problemiškesni yra tirpieji junginiai, šiuo požiūriu III tipo HH-PG turi mažiausiai 
minėtų priemaišų. Be to, reikia paminėti, jog 1 lentelėje pateikiama „drėgnio“ vertės 
nurodo šlapių HH-PG miltų laisvo (nesurišto) vandens kiekį. Todėl šio drėgnio 
nereikia painioti su chemiškai surišto vandens kiekiu, esančiu HH kristaluose. Taigi, 
kaip matoma 1 lentelėje, laisvo vandens kiekis medžiagoje yra ženklus ir, esant 
drėgnoms sąlygoms, HH kristalinė fazė nėra stabili, greitai besihidratuodama ir 
virsdama dihidračiu gipsu (DH), kuris nėra rišamoji medžiaga. Norint gauti rišamąją 
medžiagą (HH-PG), iš gamybos paimtas šlapias HH-PG iš karto buvo išdžiovintas 
100 °C temperatūroje, kol drėgnis buvo pašalinamas. Taip paruošti tyrimams sausi 
HH-PG milteliai buvo sandėliuojami sandariose talpose. 

Kartu su aptartais HH-PG buvo tiriamas ir vienas komercinis natūralus HH 
gipsas kaip kontrolinė medžiaga. Visų šių HH medžiagų XRF cheminės sudėtys yra 
pateikiamos 2 lentelėje. 
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2 lentelė. Natūralaus (komercinio) HH gipso bei trijų HH-PG XRF cheminės 
sudėtys (sv %) 

Jung. Natūr. I-PG II-PG III-PG  Jung. Natūr. I-PG II-PG III-PG 

SO3 44,30 47,77 48,49 49,50  K2O 0,77 0,07 0,05 0,04 

CaO 38,23 38,42 39,32 38,78  ZrO2 0,003 - - 0,005 

SiO2 5,26 0,83 2,14 2,94  ZnO - - - 0,004 

P2O5 0,29 1,15 1,08 1,30  TiO2 0,07 0,06 0,02 - 

SrO 0,18 1,88 0,27 0,41  Y2O3 - 0,03 0,03 - 

CeO2 - 0,35 0,21 0,19  CuO - 0,008 - - 

Al2O3 1,77 0,20 0,09 0,16  Nb2O5 - 0,002 0,002 - 

MgO 3,17 0,11 0,11 0,15  MnO 0,008 - - - 

Nd2O3 - 0,08 0,10 0,07  F* - 1,85 1,42 - 

Fe2O3 0,52 0,08 0,01 0,06  H2O** 6,2 6,9 6,7 6,4 

La2O3 - 0,21 - 0,05  Sum. 100 100 100 100 
*Pastaba: F kiekis buvo nustatytas EDS metodu. 
**Pastaba: H2O kiekis buvo nustatytas LOI metodu. 

 
Analizuojamų medžiagų XRF cheminės sudėtys (2 lentelė) atskleidė, kad, 

neskaitant CaSO4 specifinių cheminių elementų (SO3 bei CaO), pagrindiniai aptikti 
junginiai yra SiO2, P2O5, SrO ir F. Verta paminėti, kad SiO2 kiekis natūraliame HH 
gipse yra ženkliai didesnis nei visuose HH-PG tipuose, kita vertus, P2O5 kiekiai rodo 
priešingą tendenciją. Fluoras buvo aptinkamas nedideliais kiekiais I bei II tipų HH-
PG, o natūraliame gipse bei III tipo PG jo iš viso nėra. Taip pat verta atkreipti dėmesį 
į tai, kad Al2O3, MgO, Fe2O3 bei K2O nustatyti kiekiai yra daug didesni natūraliame 
gipse nei visuose PG tipuose. Be to, visuose PG tipuose buvo aptikti nedideli kiekiai 
kai kurių retųjų žemės elementų (REE): Ce, Nd, La bei Y. Natūraliame gipse šitų 
elementų nebuvo aptikta. Galiausiai, nė vienoje medžiagoje nebuvo aptikta sunkiųjų 
metalų, JAV aplinkosaugos agentūros (US EPA) klasifikuojamų kaip potencialiai 
pavojingi (As, Ba, Cd, Cr, Pb, Hg, Se, Ag), kurie dažnai būna aptinkami PG sudėtyje. 

2 lentelėje pateikiamos visų HH medžiagų surišto H2O kiekiai (LOI), kurių 
vertės yra 6,2–6,9 intervale. Tai patvirtina pushidratinė (HH) visų medžiagų 
prigimtis, turint omenyje, kad teorinė HH gipso LOI vertė yra 6,2 %, o DH gipso – 
21,85 % [137] 

Rūgščių tirpių P2O5 bei F- junginių kiekis, esantis PG sudėtyje, lemia visų I, II 
bei III tipų mažas pH vertes: 2,88, 2,87 bei 3,63 atitinkamai. Iš tikrųjų, III tipo HH-
PG pasižymi mažiausiai rūgščiu pH (lyginant su kitais PG), nes, kaip matoma iš 1 
bei 2 lentelių, jame yra mažiausiai tirpių P2O5 bei F- junginių. Tuo tarpu natūralaus 
gipso atveju pH yra beveik neutralus (pH = 6,16), nes jame šių junginių kiekis 
nereikšmingas. 
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1 pav. Skirtingų HH medžiagų dalelių SEM mikroskopiniai vaizdai: natūralaus 
gipso (a), I tipo PG (b), II tipo PG (c), III tipo PG (d). Didinimas: 1500 kartų

Natūralaus HH medžiagų miltelių mikroskopiniai vaizdai yra pateikiami 
1 paveiksle. Juose pastebimi reikšmingi skirtumai tarp skirtingų medžiagų kristalų. 
Visų pirma, 1a paveiksle matoma, kad natūralaus gipso kristalai pasižymi skirtingais 
dydžiais bei netaisyklingomis formomis dėl to, kad šie milteliai buvo gaunami HH 
gipsą sumalant. Be to, HH natūralaus gipso kristalai yra atskiri vienas nuo kito, tuo 
išsiskirdami nuo HH-PG kristalų, kurie yra susijungę didesniais konglomeratais. 
I tipo HH-PH kristalai (žr. 1b pav.) yra plokšti bei aštrūs ir jų storis bei ilgis gali 
pasiekti, atitinkamai, 5 bei 15 μm. II tipo HH-PG kristalai (žr. 1c pav.) yra panašūs 
į I tipo, bet storesni (iki 10 μm) ir su apvalesniais kontūrais. Tuo tarpu III tipo HH 
PG kristalai (žr. 1d pav.) yra daug masyvesni ir pasižymi taisyklingesne šešiakampio 
skerspjūvio prizmės geometrija, su 10–30 μm ilgiais ir 2/1 ilgio/diametro santykiu.

Natūralaus HH gipso ir I, II bei III HH-PG santykiniai tankiai yra atitinkamai 
2,47, 2,70, 2,74 ir 2,67, dalelių vidutinis diametras yra 50,23 μm, 49,32 μm, 
65,75 μm bei 85,14 μm. Kaip anksčiau minėta, natūralaus gipso dalelės yra 
suformuotos iš atskirų kristalų, o HH-PG dalelės – iš kristalų konglomeratų, dėl to 
jų dydžių negalima lyginti. 

a

dc

b
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PG priedai – gamybos atliekos: ceolito atlieka (ZW), metalurgijos šlamas (MS) 
bei medžio atliekos plaušas (WF) 

Šiame tyrime buvo naudoti tam tikri PG mišinių priedai, kurių tikslas – 
pagerinti bandinių aplinkosaugines, fizikines, mechanines bei atsparumo vandeniui 
savybes: ceolito atlieka (ZW), metalurgijos šlamas (MS) bei medžio plaušo atlieka 
(WF). Kai kuriais atvejais taip pat buvo naudotas Ca(OH)2 priedas tirpiems F- bei 
P2O5 junginiams neutralizuoti. 

Ceolitai yra alumosilikatinės prigimties porėtos medžiagos, dažnai 
naudojamos kaip katalizatoriai bei sorbentai pramoniniuose procesuose. Jie gali būti 
natūralūs arba sintetiniai. Šiam tyrime naudojamas sintetinis ceolitas ZW, kuris buvo 
gautas iš naftos perdirbimo įmonės. Jis naudotas kaip sorbentas takiojo katalizinio 
krekingo procese, kurio metu šis ceolitas užsiteršė naftos produktais, mechaniškai 
degradavo ir tapo atlieka. Ši medžiaga sudaryta iš balkšvos spalvos miltelių ir jos 
cheminė sudėtis yra pateikiama 3 lentelėje. Joje vyrauja alumosilikatinis junginys ir 
didelė įvairovė kitų elementų oksidų junginiuose: retieji žemės elementai (La, Ce), 
nemetalai (S, P), pereinamieji metalai (Ti, Fe, V), šarminiai bei šarminiai žemės 
metalai (Na, K, Mg, Ca) ir kiti. Naudojama vandeninė WZ suspensija yra rūgšti 
(pH = 4,35). ZW mikrostruktūroje vyrauja dalelės su sferine geometrija bei 
mikroporėtais paviršiais, jos pateiktos 2a paveiksle. Dalelių santykinis tankis – 2,33, 
o vidutinis diametras yra 23,3 μm.  

3 lentelė. ZW atliekos cheminė sudėtis pagal XRF (sv %) 

Al2O3 SiO2 La2O3 SO3 TiO2 Fe2O3 MgO Na2O CeO2 V2O5 CaO P2O5 

50,7 36,4 1,67 1,14 0,932 0,647 0,634 0,332 0,268 0,117 0,077 0,075 

K2O WO3 ZrO2 NiO Ga2O3 PbO CuO ZnO SrO Nb2O5 CoO  

0,042 0,017 0,013 0,011 0,005 0,005 0,004 0,004 0,003 0,002 0,002  
 
Metalurgijos šlamo atlieka (MS) yra gaunama iš laivų pjovimo cecho 

UAB Metalgama, esančio Klaipėdos mieste. Joje laivų metalinės dalys (kurios 
įprastai priklauso S355 konstrukcinio plieno klasei) yra pjaunamos CNC plazmos 
technologija specialiose vandens voniose. Pjovimo metu išlydytas metalas nusėda 
vonių dugne ir, pakankamam jo kiekis susikaupus, vežamas perdirbti į metalo laužą. 
Minėtame ceche kiekvienais metais susikaupia 25 tonos šios atliekos. Po džiovinimo 
šis MS įgauna juodos spalvos miltelių konsistenciją.  

4 lentelė. MS atliekos elementinė sudėtis pagal XRF (sv %) 

Fe Mn Si Zn Ca P Gd Al Cr Eu Cu Ni 

95,1 2,65 0,87 0,49 0,24 0,17 0,10 0,08 0,08 0,08 0,04 0,02 

Nb V S          

0,02 0,02 0,02          
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MS atliekos cheminė sudėtis pateikta 4 lentelėje ir yra panaši į S355 plieno 
sudėtį, kuris yra priskiriamas anglies-mangano plieno tipui. Joje pastebima, kad Fe 
yra pagrindinis vyraujantis cheminis elementas. Be to, taip pat rasta pereinamųjų 
metalų (Mn, Zn), nemetalų (Si, P) ir šarminių žemės metalų (Ca). Kiti elementai 
sudaro mažus kiekius: kai kurių pereinamųjų bei kitų metalų (Al, Cr, Cu, Ni, Nb, V) 
ir kai kurių retųjų žemių (Gd, Eu). Minėtina tai, kad C kiekis nebuvo nustatytas, nes 
XRF analizės metodas tam yra netinkamas. Tačiau, pagal tipinę S355 plieno sudėtį, 
tikimas 0,16–0,18 sv % anglies kiekio. MS dalelių mikrostruktūra yra pateikta 2b 
paveikslo SEM nuotraukoje, kurioje pastebimos šių dalelių ovalios arba sferinės 
formos. MS dalelių santykinis tankis yra 7,04 (tris kartus sunkesnės už HH-PG 
daleles), o vidutinis diametras – 23 μm.

2 pav. ZW (a) bei MS (b) atliekų SEM mikroskopiniai vaizdai. Didinimas: 3000 ir 900 
kartų (atitinkamai)

Taip pat buvo naudojamas atliekinis medžio plaušas (WF), gaunamas iš 
naudotų medžio drožlių plokščių. Palyginimui buvo naudojamas natūralios 
medienos plaušas (NF). Šių plaušų (arba fibrų) pridėjimo prie PG pagrindinis 
tikslas – pagerinti PG bandinių šilumos bei garso izoliacines savybes. WF bei NF 
mikroskopiniai vaizdai yra pateikti 3 paveiksle. Remiantis šiomis mikroskopinėmis 
nuotraukomis, nepastebima esminių morfologinių skirtumų tarp vieno ir kito tipų 
fibrų, t. y. jos yra panašios.

a b
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3 pav. Medžio plaušų NF (a) bei WF (b) SEM mikroskopiniai vaizdai. Didinimas: 500 
kartų

Fibrų dalelių dydžio analizė buvo atliekama sijojimo būdu. Reikia paminėti, 
jog šis metodas yra tinkamesnis miltelių konsistencijos medžiagoms nei fibroms, nes 
pastarųjų atveju gauti rezultatai nėra nei fibrų diametras, nei ilgis, o tik bendras fibrų 
dydžio parametras. Tačiau ši analizė leidžia palyginti tarpusavyje abi WF bei NF 
medžiagas. Abiem atvejais daugumos fibrų dydis yra tarp 2 bei 4 mm (> 40 %). 
Tačiau, apibendrinant, NF fibros yra neženkliai didesnės už WF. 

Visų aprašytų medžiagų pagrindinės savybės yra pateikiamos suvestinėje
5 lentelėje.

a b
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5 lentelė. Pradinių medžiagų pagrindinių savybių suvestinė  

Medžiaga pH 
Dalelių vid. 
diametras 

(μm) 

Santykinis 
tankis Mikrostruktūra Spalva 

Natūralus 
HH 6,16 50,23 2,47 Atskiri netaisyklingų 

formų kristalai  Pilka 

I tipo HH-
PG 2,88 49,32 2,70 Plokščių bei aštrių 

kristalų konglomeratai  Pilka 

II tipo 
HH-PG 2,87 65,75 2,74 

Sąlyginiai plokščių bei 
aptakių kraštų kristalų 
konglomeratai 

Balkšva 

III tipo 
HH-PG 3,63 85,14 2,67 

Masyvių šešiakampės 
prizmės geometrijos 
kristalų konglomeratai 

Balta 

ZW 4,35 23,26 2,33 Apvalios formos 
kristalai Balkšva 

MS 6,05 47,9 7,04 Apvalios bei ovalios 
formos kristalai Juoda 

Ca(OH)2 12,79 5,57* 1,97 - Balta 

WF - 2000 – 
4000** - Ilgos fibros  Tamsiai 

ruda 

NF - 2000 – 
4000** - Ilgos fibros  Šviesiai 

ruda 
*Pastaba: Ca(OH)2 dalelių diametras nebuvo tiesiogiai matuojamas, bet interpoliuojamas iš 
Bleino savitojo paviršiaus vertės, lyginant ją su kitų ištirtų medžiagų savitojo paviršiaus 
vertėmis. 
**Pastaba: medžio plaušo (WF bei NF) „diametro“ pozicijoje pateikiamas apibendrintas šių 
fibrų dydis (nebūtinai tai yra diametras), gautas sietų analizės būdu. 

2. Tyrimo rezultatai ir jų aptarimas 

Šioje dalyje apie PG kaip konstrukcinių elementų rišamosios medžiagos 
tinkamumą buvo vykdomi 5 tyrimo etapai, kurių pagrindiniai rezultatai yra toliau 
pristatomi.  

2.1. Skirtingos kilmės PG rišamosios medžiagos naudojimo konstrukciniuose 
produktuose tinkamumo vertinimas 

Šiame tyrimo etape, visapusiškai buvo ištirti bei palyginti 3 skirtingos kilmės 
PG. Kaip kontrolinė medžiaga į tyrimą taip pat buvo įtrauktas vienas natūralus HH 
gipsas. Buvo ištirta kristalų mikrostruktūra, tirpių-rūgščių priemaišų kiekiai, 
bandinių apdorojimo metodai ir jų įtaka hidratacijos procesui, radioaktyvumo lygiui 
bei sukietėjusių bandinių fizikinėms-mechaninėms savybėms.  

Visų pirma, buvo nustatyta bandinių dydžio įtaka CS vertėms. Liejimo būdu 
buvo suformuoti 20 mm, 70 mm bei 100 mm kraštinių kubiniai bandiniai. Presavimo 
būdu buvo suformuoti 26,8x26,8 mm, 80x80 mm bei 100x100 mm cilindriniai 
bandiniai pagal turimas preso formas. Pagal Europos standartą EN 206-1 [148], 
standartiniai bandiniai betono CS testavimui yra 150 mm kraštinių kubai arba 
150x150 mm cilindrai. Standartinių bandinių stiprumas gniuždant bus toliau 



 141 

žymimas tekste trumpiniu CS150. Norint testuoti mažesnius bandinius, skalės 
koeficientas ScF turi būti taikomas gautai eksperimentinei CS vertei, kad būtų 
skaičiuojama atitinkama CS150 vertė (CS150 = ScF∙CS). Bandant 100 mm kraštinių 
kubelius arba 100x100 mm cilindrus, Lietuvos standartas LST 1974 [147] nurodo 
ScF = 1,00 bei ScF = 0,93 atitinkamas vertes. Turint šią informaciją, visų tirtų 
dydžių bandiniams buvo nustatyti atitinkami ScF koeficientai, kurie yra pateikti 
6 lentelėje.  

6 lentelė. Skirtingo dydžio bandinių koeficiento ScF vertės. Paryškintuoju šriftu 
pateiktos vertės, paimtos iš Lietuvos standarto LST 1974 [147] 

Bandinio tipas 
Kubinių/cilindrinių bandinių dydis 

(mm) 
20 / 26,8 70 / 80 100 / 100 

Liejimo būdu pagaminti kubiniai bandiniai 0,56 0,92 1,00 
Presavimo būdu pagaminti cilindriniai 

bandiniai 0,80 0,93 0,93 

 
Paskui PG 2 cm kraštinių kubeliai buvo suformuoti liejimo būdu, naudojant 

kiekvieną HH-PG tipą bei natūralų HH gipsą ir pakankamą vandens kiekį normalaus 
tirštumo tešlai gauti. Suformuoti bandiniai buvo kietinti 100 % drėgmės aplinkoje, 
taikant skirtingas kietėjimo trukmes: nuo 2 val. iki 28 parų. Praėjus atitinkamam 
kietinimo laikotarpiui, buvo išmatuoti visų bandinių LOI, ρ bei CS.  
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4 pav. Liejimo būdu suformuotų bandinių LOI (a), ρ (b) bei CS150 (c) rezultatai, esant 
skirtingoms kietėjimo trukmėms. Pastaba: I tipo PG bandinio ρ stulpelis po 2 val. 

kietėjimo yra pažymėtas punktyriniu kontūru dėl bandinio minkštumo ir labai mažo 
stiprumo 

4 paveiksle pateikta bandinių LOI, ρ bei CS150 priklausomybė nuo HH 
medžiagos tipo bei nuo kietėjimo 100 % drėgmės aplinkoje trukmės. Nustatyta, jog 
visų parametrų tendencijos yra glaudžiai susijusios tarpusavyje. Bandinių 
hidratacijos laipsnio (LOI) vertės (4a pav.) didėja kartu su kietėjimo trukme. 
Natūralaus gipso bandinių kietėjimas vyksta greitai, pasiekiant beveik pilną 
hidrataciją vos per 2 val. kietėjimo. Tuo tarpu I tipo bandinių hidratacija vyksta 
lėčiausiai, pasiekiant maksimalią LOI vertę po 14 parų kietėjimo. II bei III tipo PG 
bandiniai kietėja greičiau, pasiekdami maksimalias LOI vertes per 7 paras. 
Hidratacijos greičių skirtumai tarp visų medžiagų gali būti paaiškinami HH kristaline 
mikrostruktūra (žr. 1 pav.). Natūralus HH gipsas yra sudarytas iš atskirų kristalų 
(žr. 1a pav.), prie kurių paviršių H2O molekulės gali lengvai prisijungti reaguodamos 
su HH molekulėmis nei PG atveju, kur HH kristalai yra sulipę į konglomeratus 

a 

b 

c 
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(žr. 1b, c, d pav.), taip kliudant vandeniui priartėti prie kristalų paviršių. Be to, I-tipo 
HH-PG kristalai yra plokšti ir prisiglaudę vienas prie kito (žr. 1b pav.), o tai dar 
labiau trukdo H2O molekulėms prieiti prie jų paviršių, ir dėl to hidratacija vyksta 
gana lėtai. Tuo tarpu, II bei III tipų HH-PG kristalai yra masyvesni, ir palieka 
didesnių ertmių tarp jų, kurie palengvina hidratacijos procesą, kuris vyksta dvigubai 
greičiau nei I tipo atveju. 

Medžiagų tankio rezultatai (žr. 4b pav.) yra iki tam tikro lygio susiję su LOI 
vertėmis – kuo pilnesnė hidratacija, tuo didesnis ρ. Tačiau akivaizdu, kad ρ taip pat 
priklauso nuo pačios medžiagos prigimties, nes nepaisant to, kad skirtingų PG 
bandinių LOI vertės yra panašios (pvz., po 14 kietėjimo parų), vis tiek I tipo PG 
bandiniai yra daug lengvesni (ρ = 1300 kg/m3) nei II bei III PG bandiniai (ρ = 1463 
bei 1578 kg/m3, atitinkamai). Be to, pastebima, jog CS150 tendencijos (žr. 4c pav.) 
koreliuoja su bandinių ρ vertėmis. Kuo tankesnis, tuo stipresnis bandinys. Didžiausia 
stiprumo verte CS150 = 29 MPa pasižymėjo bandiniai, pagaminti naudojant III tipo 
PG, kietinti per 14 parų. Šis stiprumas yra net 2,6 kartus didesnis nei atitinkamų 
natūralaus gipso bandinių. Mažiausiu stiprumu CS150 = 8 MPa pasižymėjo I tipo PG 
bandiniai. 

Iš 4 paveikslo rezultatų galima daryti išvadą, jog bandinių CS stipriai priklauso 
nuo jų ρ. Tuo pačiu metu bandinių ρ priklauso nuo LOI bei nuo HH-PG prigimties. 

Norint pilnai įvertinti PG naudojimo statybinėse medžiagose tinkamumą, 
reikia ne tik atsižvelgti į hidratacijos bei mechaninio stiprumo savybes, bet ir į 
radioaktyvumą. PG įprastai pasižymi reikšmingu radioaktyvumo lygiu, dėl to yra 
priskiriamas NORM (gamtoje pasitaikanti radioaktyvi medžiaga) kategorijai, o tai 
riboja jo naudojimo galimybes. Norint identifikuoti radioaktyvumo požiūriu saugias 
medžiagas, Europos Sąjungoje yra nustatytas rekomendacinis radionuklidų 
aktyvumo koncentracijos rodiklis I ≤ 1,0 statybinėms medžiagoms [63]. Šio rodiklio 
viršijimas parodo, kad medžiaga turi radiologinių rizikų ir jos naudojimas turi būti 
apribojamas arba net uždraustas. Rodiklis I yra apskaičiuojamas įvertinant 226Ra, 
232Th bei 40K radionuklidų aktyvumo koncentracijas. Radionuklido 232Th aktyvumo 
koncentracija yra atitinkamai apskaičiuota iš 228Ra bei 228Th koncentracijų.  

7 lentelė. Kiekvienoje HH medžiagoje esančių pagrindinių radionuklidų aktyvumo 
koncentracijos (Bq/kg) bei rodiklių I vertės 

HH medžiaga 226Ra 228Ra 228Th 40K 210Pb I 
Natūralus 

gipsas 3,8 ± 0,3 3,2 ± 0,4 2,7 ± 0,6 128 ± 10 3,7 ± 1 0,07 

I PG 200 ± 10 50,9 ± 2,6 47,4 ± 3,1 23,1 ± 6,3 237 ± 16 0,93 
II PG 532 ± 50 191 ± 10 155 ± 10 25,3 ± 4,9 623 ± 22 2,74 
III PG 49,1 ± 2,3 125 ± 10 116 ± 10 19,2 ± 3,5 38,4 ± 6,1 0,80 
 
Nagrinėjamų HH medžiagų radionuklidų aktyvumo koncentracijos bei 

rodiklio I vertės yra pateiktos 7 lentelėje. Matoma, kad visi PG pasižymi daug 
aukštesniu radioaktyvumu nei natūralus gipsas. Pastebima aiški priklausomybė tarp 
skirtingų PG radioaktyvumo lygio ir jų kilmės (žr. 1 lentelę). Magminės kilmės PG 
(t. y. III tipo) pasižymi žemesniu radioaktyvumu nei nuosėdinės kilmės PG (t. y. 
II tipo). O I tipo PG sudarytas iš abiejų tipų uolienų, ir jo rodiklio I vertė yra tarp 
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abiejų anksčiau minėtų verčių. Taigi, II tipo PG daugiau nei 2 kartais viršija ribą, 
todėl gali būti naudojamas statybinėse medžiagose su apribojimais. Tuo tarpu I bei 
III tipų PG tenkina ribą ir gali būti naudojami be apribojimų. 

Atsižvelgiant į hidratacijos laipsnį, mechanines savybes bei radioaktyvumo 
lygį, galima teigti, kad tarp visų ištirtų HH-PG magminės kilmės III tipo yra 
tinkamiausia medžiaga naudojimui statybiniuose produktuose kaip rišamoji 
medžiaga. 

2.2. PG bandinių mechaninių savybių gerinimas taikant presavimo formavimo 
metodą 

Antruoju tyrimo etapu buvo analizuojamas PG mišinio presavimas, kaip būdas 
pagaminti tankesnius ir tuo pačiu metu stipresnius bandinius. Tačiau presavimo 
procesas turi vieną svarbų trūkumą: tam, kad vanduo nepasišalintų dėl slėgio 
veikimo formuojant bandinius, vandens bei HH-PG santykis (w/s) turi būti daug 
mažesnis nei mišiniuose, skirtuose formuoti liejimo būdu. Jeigu formavimo mišinyje 
pasitaikytų per didelis vandens kiekis, presavimo slėgis išstumtų tam tikrą vandens 
kiekį iš medžiagos, ir taip susiformuotų mikrokanalai bei poros, kurie turi įtakos 
bandinio porėtesnei mikrostruktūrai bei kenkia jo mechaninėms savybėms. Dėl to, 
dažniausiai, presuotų bandinių hidratacijos laipsnis būna neaukštas, ir papildomas 
sąlytis su vandeniu arba drėgme gali sukelti nepageidaujamų tūrio pasikeitimų. Tam, 
kad būtų pašalintas šis trūkumas, kai kuriais atvejais buvo taikomas Zhou et al. [94] 
pasiūlytas metodas, t. y., supresuoti bei po 1 paros kietinami pusfabrikačiai buvo 
mirkyti 45 minutes, o paskui kietinimas buvo tęsiamas iki 7 parų laikotarpio. 
Bandinių savybių palyginimui, kiti bandiniai buvo kietinami tokiu pat būdu, bet 
neatliekant merkimo. Taigi, presavimo metodas buvo išsamiai ištirtas, analizuojant 
svarbiausių parametrų, tokių kaip presavimo slėgio (PFP), mišinių w/s santykio bei 
pusfabrikačių kietinimo būdo (be merkimo arba su merkimu) įtaką bandinių 
savybėms: LOI, ρ bei CS. Šio eksperimento metu presavimo būdu buvo pagaminti 
80 x80 mm cilindriniai bandiniai, ir dėl to standartinės CS150 vertės buvo gaunamos 
taikant koeficientą ScF = 0,93 eksperimentiniams CS rezultatams (žr. 6 lentelę). 
Naudotas HH-PG buvo panašus į II tipo PG. Nepaisant to, kad 1-ame tyrimo etape 
buvo nustatyta, jog šio tipo gipsas yra netinkamas naudoti statybinėse medžiagose 
(dėl aukšto radioaktyvumo), gaunami rezultatai apie presavimą gali būti taikomi ir 
tinkamesniam III tipo PG. 
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Mišinių w/s santykiai: 

 
5 pav. Sukietėjusių bandinių, apdorotų taikant kietinimą be merkimo (a) arba su 

merkimu (b), slėgio PFP bei santykio w/s įtaka bandinių tankiui ρ  

Kaip matėme 1-ame tyrimo etape, bandinių ρ daugiausiai lemia mechanines 
savybes. Dėl to 5 paveiksle pateikiama ρ priklausomybė nuo taikyto PFP, esant 
skirtingiems w/s santykiams bei taikant kietinimą be merkimo arba su juo. Visais 
atvejais pastebima tiesioginė priklausomybė tarp PFP bei ρ: didinant PFP, ryškiai 
didėja ir ρ vertės. Tačiau, pasiekus PFP =25 MPa, rezultatai stabilizuojasi, ir 
padidinant toliau PFP iki 30 MPa, ρ vertės nedidėja arba netgi mažėja. Tai rodo, kad 
bandinių mikrostruktūra gali būti žalojama taikant per didelius PFP. Mišinio w/s 
santykis taip pat daro įtaką bandinių ρ vertėms, kai taikomas kietinimas be merkimo 
(žr. 5a pav.). Šiuo atveju ρ vertės didėja, kai w/s kyla nuo 0,07 iki 0,19, o paskui 
tendencijos tampa neaiškios. Kitą vertus, kai bandinių kietinimas su merkimu yra 
taikomas (žr. 5b pav.), bandinių ρ nebepriklauso nuo pritaikyto w/s santykio. Tai 
rodo, kad merkimo procesas „pataiso“ vandens trūkumą hidratacijos procese, 
sukeliant nehidratuotų HH-PG kristalų antrinį kristalizavimą.  

a b 
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Taikyti presavimo slėgiai PFP: 

 
6 pav. Sukietėjusių bandinių, apdorotų taikant kietinimą be merkimo (a) arba su 

merkimu (b), w/s santykio bei presavimo slėgio PFP įtaka bandinių LOI  

Bandinių w/s santykio, PFP kietinimo rūšies įtakos hidratacijos (be arba su 
merkimu) lygiui (LOI) yra pateikiamos 6 paveiksle. Visais atvejais galima pastebėti, 
jog LOI vertės nepriklauso (arba nereikšmingai priklauso) nuo naudoto PFP. Kitą 
vertus, kai merkimas nebuvo taikomas (žr. 6a pav.), bandinių LOI vertės stipriai 
priklausė nuo w/s santykio: kuo didesnis mišinio w/s santykis, tuo aukštesnis 
hidratacijos lygis. Tačiau, kai merkimas buvo taikomas (žr. 6b pav.), bandinių LOI 
tapo nebepriklausomi nuo w/s santykio. Galima daryti išvadą, kad merkimo procesas 
leidžia sumažinti w/s santykį mišinyje, išlaikant tinkamas LOI vertes. 

a b 
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7 pav. Tiesinės koreliacijos analizės tarp ρ bei CS (a) ir tarp LOI bei CS (b) su 
atitinkamais koreliacijos koeficientais r bei jų interpretacija 

Bandinių CS verčių priklausomybė nuo ρ bei nuo LOI yra pateikiama, 
atitinkamai, 7a bei 7b paveiksluose. Tiesinės koreliacijos yra analizuojamos bei 
interpretuojamos pagal gautas atitinkamas koreliacijos koeficiento (r) vertes [149]. 
Priklausomybė ρ – CS pasižymi „stipria“ koreliacija, o LOI – CS priklausomybė – 
vidutine. Kitaip tariant, abu faktoriai: bandinių ρ bei LOI turi įtakos CS vertėms, nors 
didesnę įtaką daro ρ. 

Didžiausias bandinių stiprumas buvo CS150 = 46,5 MPa, kai bandiniai buvo 
formuojami taikant w/s = 0,15, PFP = 25 MPa ir kietinimą be merkimo. Tačiau šis 
variantas yra nerekomenduotinas, nes bandiniai tuo pačiu ir pasižymi žemu 
hidratacijos lygiu (LOI = 15,1 %). Todėl autoriaus rekomenduojamas formavimo 
variantas yra w/s = 0,19, PFP = 20 MPa bei kietinimas su merkimu, nes bandiniai 
pasižymi dideliu (nors ne didžiausiu) stiprumu, CS150 = 35,3 MPa, bei geriausia iš 
visų hidratacija, LOI = 19,1 %. 

2.3. PG tirpių bei rūgščių P2O5 bei F- junginių mažinimas, naudojant ceolito 
atliekos (ZW) priedą  

Ceolitas yra mikroporėta medžiaga (žr. 2a paveikslą), kuri, pagal Sabadash et 
al. tyrimų rezultatus [152], efektyviai suriša tirpius fosfatus adsorbcijos būdu, 
pagrįstu jonų mainų bei cheminės sorbcijos procesais. Todėl trečiame tyrimo etape 
yra nagrinėjama ZW priedo įtaka PG bandinių tirpių fosfatų junginių mažinimui. Be 
to, buvo analizuojamas ZW priedo poveikis bandinių hidratacijos laipsniui bei CS 
vertėms.  

Tam tikslui presavimo būdu buvo suformuoti 26,8x26,8 mm cilindriniai 
bandiniai , naudojant III tipo HH-PG (tinkamiausias iš visų). ZW priedas buvo įdėtas 
į mišinį skirtingais kiekiais. Supresuoti pusfabrikačiai buvo kietinami 100 % 
drėgmės aplinkoje kambario temperatūroje, vėliau po 1 paros kietinimo taikant 
merkimą (kaip aprašyta 2-ame tyrimo etape). Standartinės CS150 vertės buvo 
gaunamos taikant bandinių dydžio koeficientą ScF = 0,80 eksperimentiniams CS 
rezultatams (žr. 6 lentelę). 

a b 
CS = 0,0942  ρ –136,48 
r2 = 0,74 
r = 0,86 – stipri 

CS = 274,18  LOI – 12,743 
r2 = 0,47 
r = 0,68 – vidutinė 
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8 pav. pH bei tirpaus P2O5 kiekio priklausomybė nuo ZW priedo kiekio PG bandinyje 

Tirpių rūgščių junginių kiekio priklausomybė nuo ZW priedo kiekio PG 
bandiniuose buvo nagrinėta pH matavimais bei tirpių P2O5 junginių kiekio 
kolorimetrine analize, kurių rezultatai yra pateikti 8 paveiksle. Tirpių F- junginių 
kiekio matavimai nebuvo atlikti, nes III tipo HH-PG medžiagoje fluoro nebuvo 
aptikta (žr. 2 lentelę). Analizių rezultatai parodo, kad didinant ZW kiekį PG 
bandiniuose nuo 0 iki 7,5 sv %, bandinių pH didėja nuo 3,56 iki 5,49, ir, atitinkamai, 
tirpių P2O5 kiekis mažėja nuo 0,30 sv % iki 0,04 sv %. Tai reiškia, kad kai 7,5 sv % 
ZW buvo įterpta į PG bandinius, tirpių junginių kiekis sumažėjo netgi 7,5 kartais. 
Tolesnis ZW kiekio didinimas neturėjo įtakos nei pH vertėms, nei tirpių fosfatų 
kiekiui, kurių vertės išliko stabilios.  
8 lentelė. PG bandinių kristalinės fazės kiekybinė analizė, atlikta XRD Rietveld metodu  

Junginys PG bandinių kristalinė sudėtis su skirtingais ZW kiekiais  
0 sv % ZW 2,5 sv % ZW 10 sv % ZW 

DH gipsas 78,1 % 83,6 % 95,0 % 
HH gipsas 19,6 % 14,2 % 2,8 % 
Anhidritas 2,3 % 2,2 % 1,4 % 

Kiti junginiai - - 0,8 % 
 
Bandinių su skirtingais ZW priedo kiekiais hidratacijos lygis buvo vertinamas 

atliekant CaSO4 kristalinių fazių kiekybinę analizę, apdorojant XRD matavimus 
Rietveld metodu. Šios analizės rezultatai yra pateikti 8 lentelėje. Aiškiai pastebima, 
jog ZW priedas skatina DH susiformavimą, didinant jų kiekį nuo 78,1 % iki 95,0 %, 
kai ZW kiekis yra, atitinkamai, 0 ir 10 sv %. ZW priedas ženkliai prisideda prie 
didesnės PG bandinių hidratacijos. Atrodo, kad šis reiškinys įvyksta dėl ZW priedo 
„H2O grąžinimo“ mechanizmo. Kai mišinys yra paruošiamas, porėtos ZW dalelės 
sugeria tam tikrą vandens kiekį. Kietėjimo metu, kai supresuotų PG bandinių 
kristalams reikia daugiau vandens hidratacijos procesui, ZW dalelės „grąžina“ 
absorbuotą vandens kiekį PG dalelėms, taip skatindamos papildomą hidrataciją. Šis 
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mechanizmas buvo aptiktas Zhou ir Chen [153], kurie panaudojo ceolitą patalpų 
drėgmės mikroklimatui palaikyti. 

Supresuotų PG bandinių CS priklausomybė nuo ZW kiekio taip pat buvo 
nagrinėta. Bendrai atsižvelgiant į PG bandinių rūgščių bei tirpių junginių mažinimą, 
į hidratacijos pagerinimą bei į mechanines savybes, autoriaus rekomenduojami 
pradinio mišinio apdorojimo parametrai yra tokie: ZW priedo kiekis: 7,5 sv %; 
PFP = 25 MPa. Buvo gautos tokios bandinių optimalios savybės: 7,5 kartais 
mažesnis P2O5 kiekis nei kontrolinių bandinių, aukštas hidratacijos laipsnis bei 
CS150 = 45 MPa. 

2.4. PG bandinių vandens atsparumo padidinimas pridedant metalurgijos 
šlamo atliekos (MS) priedą 

Kaip jau buvo minėta, gipsiniai rišikliai yra ekologiška alternatyva 
populiaresniam PC naudojimui konstrukciniuose statybiniuose elementuose. Tačiau 
gipsas yra orinė rišamoji medžiaga, t. y. kietėja ir yra eksploatuojama sausoje 
aplinkoje. Dėl to drėgnose aplinkose gipsiniai produktai tirpsta ir suminkštėja. Tuo 
tarpu PC yra hidraulinė rišamoji medžiaga ir kietėja vandenyje. Todėl gipsas įprastai 
yra naudojamas kaip statybinė medžiaga pastatų vidaus darbuose: vidaus paviršių 
apdailai bei gipskartonio plokštėms, pertvarkų blokeliams ir panašiai. Norint 
sumažinti šį gipsinių produktų trūkumą ir plėsti jų pritaikymo galimybes lauko 
sąlygomis, jų atsparumas vandeniui turi būti padidintas. Įprastai tai yra daroma 
įmaišant polimerus arba kitus organinius junginius, arba naudojant pucolanines 
medžiagas. Pucolaninė aktyvacija vyksta, kai tam tikri pucolaniniai priedai, tokie 
kaip pelenai (FA), aukštakrosnių šlakas (BFS), silicio dulkės arba ceolitai, yra 
aktyvuojami tam tikru PC kiekiu gipso mišinyje. Tačiau šitie sprendimai yra brangūs 
arba sudėtingi. Dėl to šiame 4-ame tyrimo etape PG bandinių atsparumas vandeniui 
buvo padidintas įterpiant mažą kiekį MS dulkių, panašiai kaip siūlo Pervyshin et 
al. [121].  

Eksperimentas buvo atliekamas formuojant liejimo būdu 20 mm kraštinių 
kubelius, kurie paskui buvo kietinami 100 % drėgmės aplinkoje, kambario 
temperatūroje ir galiausiai išdžiovinti iki pastovios masės. Standartinės CS150 vertės 
buvo gaunamos taikant koeficientą ScF = 0,56 eksperimentiškai gautiems CS 
rezultatams (žr. 6 lentelę). 
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9 pav. pH bei tirpaus P2O5 kiekio priklausomybės nuo MS kiekio PG bandiniuose  

Visų pirma, tirpių bei rūgščių junginių neutralizavimas MS priedu buvo 
nustatytas pH bei tirpių P2O5 junginių matavimais. Šių analizių rezultatai pateikti 
9 paveiksle. MS priedas, kuriame vyrauja geležies oksidas, teoriškai suriša tirpų 
P2O5 į netirpius junginius, pagal reakcijas (1) bei (2), kurias pateikia Vaičiukynienė 
et al. [7] ir Sviklas et al. [157]. 

Fe2O3+2H3PO4 → 2FePO4↓+3H2O (1) 

Fe2O3+ H2SO4 +Ca(H2PO4)2 → 2FePO4↓+CaSO4+3H2O (2) 

9 paveiksle pastebimos ryškios priklausomybės tarp bandinių pH bei tirpaus 
P2O5 turinio ir MS kiekio. Didinant MS priedo kiekį nuo 0 iki 0,5 sv %, bandinių pH 
neženkliai didėja nuo 3,41 iki 4,49, o tirpaus P2O5 kiekis labai stipriai mažėja nuo 
0,30 % iki 0,02 %. Galima pasakyti, jog MS efektas mažinant tirpaus P2O5 kiekį yra 
labai ženklus, turint omenyje, kad su beveik nereikšmingu MS priedo kiekiu 
(0,5 sv %) šių junginių kiekis sumažėjo apie 15 kartų. 

MS priedo efektyvumą mažinant tirpaus P2O5 kiekį galima lyginti su kitais, 
panaudotais priedais šiame tyrime: Ca(OH)2 bei ZW. Suskaičiavus santykį tarp tirpių 
P2O5 junginių kiekio mažinimo (kartais) bei naudotų priedo kiekio (sv %), galima 
teigti, kad efektyviausiai pasirodė MS (30 kart. / sv %), o paskui Ca(OH)2 
(26,6 kart. / sv %). Mažiausiai efektyvus pasirodė ZW priedas (1,0 kart. / sv %). 
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10 pav. Mirkytų PG bandinių minkštėjimo koeficiento SF priklausomybė nuo MS 

kiekio, esant 30 parų (SF30) arba 90 parų (SF90) mirkymo periodui. Papildomai 
pateikiami su pucolaniniu priedu pagamintų bandinių atitinkami rezultatai (stulpeliai 

„PC&FA“) 

Vandens atsparumo matavimams bandiniai su MS priedu buvo atskiriami į tris 
grupes. Pirmajai grupei buvo atliktas CS testas iš karto po džiovinimo. Antra grupė 
po džiovinimo buvo įmirkyta į vandenį ir palaikyta jame 30 parų. Praėjus šiam 
laikotarpiui, šlapiems bandiniams buvo atliekamas CS testas. Trečiajai bandinių 
grupei procedūros tokios pačios kaip antrai grupei, bet su ilgesne merkimo trukme – 
90 parų. Bandinių stiprumo mažėjimas dėl sąlyčio su vandeniu yra išreiškiamas 
minkštėjimo koeficientu (SF), kuris skaičiuojamas kaip atitinkamos sudėties šlapių 
bei sausų bandinių stiprumų santykis. Bandinių su skirtingais MS priedo kiekiais SF 
rezultatai yra pateikti 10 paveiksle. Priklausomai nuo bandinių merkimo periodo 
trukmės (30 arba 90 parų) minkštėjimo koeficientai pažymėti, atitinkamai, SF30 bei 
SF90. Gauti rezultatai parodė, jog lyginant su kontroliniais bandiniais (be priedo), 
MS priedas ženklai pagerina SF vertes, ypač kai MS kiekis yra nuo 0,1 iki 0,3 sv %, 
kuomet SF vertės padidėja dvigubai. Didžiausios SF vertės yra pasiektos su 0,3 sv % 
MS. Toliau didinant MS kiekį, SF koeficientai vėl mažėja. Grafike taip pat galima 
pastebėti, kad visais bandinių su MS priedu atvejais SF30 > SF90. Kitaip tariant, 
ilgesnis merkimas papildomai minkština bandinius. 

Palyginimui buvo suformuoti bei išbandyti kai kurie bandiniai su pucolaniniu 
priedu, naudojant 20 sv % PC ir 5 sv % FA į PG mišinį. Šitų bandinių rezultatai 
pateikti 10 paveiksle „PC&FA“ žymėjimu. Šiuo atveju, gautos SF vertės yra labai 
panašios į bandinių su MS priedu geriausias SF vertes. Tačiau pagrindinis skirtumas 
yra tai, jog „PC&FA“ bandiniuose SF30 < SF90. Tai reiškia, kad pucolanų aktyvacijos 
mechanizmas „kietina“ bandinius ilgesnio merkimo laikotarpio eigoje. 

Pastebėta, jog atsparumo vandeniui pagerinimas naudojant MS priedą vyksta 
dėl to, kad MS dalelės skatina C-S-H amorfinių junginių susiformavimą aplink PG 
kristalus, kurie apsaugo juos nuo tirpimo vandens aplinkoje. 
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Apibendrinant šio, 4-ojo tyrimo etapo, rezultatus, galima teigti, jog mažas MS 
priedo kiekio naudojimas yra efektyvus būdas mažinti tirpių rūgščių junginių kiekį 
PG bandiniuose ir, tuo pačiu, padidinti jų atsparumą vandeniui net du kartus, 
palyginti su bandiniais, neturinčiais MS priedo. Be to, MS priedo naudojimas yra 
daug paprastesnis bei reikalauja mažesnių priedo kiekių nei įprastai taikomas 
pucolaninės aktyvacijos mechanizmas. 

2.5. PG gaminių termoizoliacinių savybių gerinimas naudojant medžio 
atliekos (WF) priedą 

Norint pritaikyti PG statybiniuose produktuose, ne tik reikia pagerinti jų 
mechanines arba hidratacijos savybes, arba mažinti kenksmingų junginių (tirpių 
fosfatų bei fluoridų) kiekį. Kai statybinė medžiaga yra naudojama pastato pertvarose 
(pvz., konstrukciniuose blokeliuose arba plytose), taip pat yra svarbūs jų fizikiniai 
ypatumai, tokie kaip šilumos bei triukšmo izoliaciniai parametrai. Dėl to 5-ame 
tyrimo etape, 0–5 sv % atliekinio WF plaušo priedas buvo naudotas bandiniuose 
tam, kad pagerintų šias fizikines PG bandinių charakteristikas. Kartu su šituo priedu 
buvo naudota ir 5 wt % ZW priedo, tam kad būtų surišti kenksmingi tirpūs jungiai, 
kaip tirta 3-ame tyrimo etape. Rezultatų palyginimui, kai kuriuose bandiniuose NF 
plaušas buvo įterptas vietoj WF plaušo. 

Minėtos savybės buvo tiriamos liejimo būdu formuojant skirtingo dydžio 
bandinius. CS buvo nustatytas su 2 cm kraštinių kubeliais, šilumos laidumo 
koeficientas (λ) buvo matuojamas naudojant 300x300x50 mm PG plokštes, o garso 
slėgio lygis (SPL) buvo nustatytas slopinant skleistą garsą 245x245x18 mm PG 
ekranais. Visais atvejais buvo naudotas III tipo HH-PG. 

Paminėtina tai, kad CS testams (rezultatų palyginimui) buvo formuojami 
keturių serijų bandiniai, besiskiriantys naudotais priedais (WF arba NF) ir ZW priedo 
buvimu arba nebuvimu: bandinių serija Nr. 1 – naudojamas WF priedas, be ZW 
priedo; bandinių serija Nr. 2 – naudojamas WF priedas bei 5 sv % ZW priedo; 
bandinių serija Nr. 3 – naudojamas NF priedas, be ZW priedo; bandinių serija 
Nr. 4 – naudojamas NF priedas bei 5 sv % ZW priedo. Kiti tyrimai (šiluminių bei 
akustinių savybių testai) buvo atlikti su serijos Nr. 2 bandiniais.  
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11 pav. PG bandinių CS150 priklausomybė nuo medžio plaušo priedo kiekio bei rūšies 

(WF arba NF) ir nuo ZW priedo buvimo arba nebuvimo 

Visų keturių bandinių serijų CS rezultatai yra pateikti 11 paveiksle. Pastebima 
ryški CS priklausomybė nuo plaušo kiekio – kuo didesnis WF arba NF kiekis, tuo 
silpnesni bandiniai. ZW priedas pablogina bandinių stiprumą, kai naudojamas kartu 
su WF priedu, tačiau nedaro reikšmingos įtakos jį naudojant kartu su NF priedu. 
Nepaisant to, bandiniai su WF CS150 vertės dauguma atvejų yra didesni nei bandinių 
su NF vertės. 

12 pav. PG bandinių šilumos laidumo λ (a) bei garso slėgio lygio SPL (b) priklausomybė 
nuo WF priedo kiekio  

Serijos Nr. 1 fizikinių bandinių savybės, λ bei SPL, yra pateiktos 12a bei 
12b paveiksluose, atitinkamai. Matoma, kad bandinių termoizoliacinės savybės 
pagerėja (λ vertės mažėja) didinant WF kiekį. Palyginus su kontroliniais bandiniais, 
λ mažėja 13 %, naudojant 3 sv % WF, ir net 27 %, kai WF kiekis buvo padidintas iki 
5 sv %. Atsižvelgiant į triukšmo izoliacijos efektą (žr. 12b paveikslą), galima 
pastebėti panašias, nors mažiau ryškias tendencijas: didinant WF kiekį PG 
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bandiniuose, mažėja skleidžiamas triukšmo lygis SPL. Lyginant su kontroliniais 
bandiniai (be WF priedo), kai WF priedo kiekis bandiniuose yra 3 wt %, SPL mažėja 
0,8 %, o kai WF kiekis yra 5 wt %, SPL mažėja net 5,4 %. Todėl galima daryti 
išvadą, kad WF priedo naudojimas šiek tiek pagerina šilumos bei triukšmo 
izoliacines savybes, ypač kai priedo kiekis yra didesnis. 

9 lentelė. Rekomenduojamos sudėties bandinių mechaninės, šiluminės bei 
akustinės savybės 

Rekomenduojama 
bandinių sudėtis Parametras 

Rekomenduojamo 
bandinio parametro 

vertės, nrec 

Kontrolinio 
bandinio 

parametrų 
vertės, n0 

nrec / n0 

93 sv % PG 
5 sv % ZW 
3 sv % WF 

CS150 13,5 MPa 18,2 MPa 0,74 
λ 0,39 W/mK 0,45 W/mK 0,87 

SPL 64,5 dBA 65,0 dBA 0,99 
 
Šilumos laidumo analizė parodė, jog esant didžiausiam (5 sv %) WF priedo 

kiekiui, bandiniai pasižymi geriausiomis termoizoliacinėmis savybėmis 
(žr. 12a pav.). Tačiau 11 paveiksle matoma, jog šių bandinių CS vertės yra mažos 
(CS150 < 10 MPa). Todėl, autoriaus manymu, rekomenduojama bandinių sudėtis yra 
su 3 sv % WF priedo, kuomet termoizoliacinis pagerinimas yra dar reikšmingas 
(λ = 0,39 W/mK, t. y. 13 % mažesnis už kontrolinių bandinių), o CS vertės yra 
didesnės (CS150 < 10 MPa). Šios rekomenduojamos sudėties bandinių savybės nrec 
bei (palyginimui) kontrolinių bandinių savybės n0 yra pateiktos 9 lentelėje. 

3. Pagrindiniai rezultatai bei išvados 

Šio mokslinio tyrimo metu pagrindinis tikslas buvo įvertinti PG rišamosios 
medžiagos naudojimo statybiniuose gaminiuose tinkamumą. Jeigu tai pasitvirtintų, 
PG sandėliavimo kalnų sukeltos aplinkosauginės problemos, lydinčios fosfatinių 
trąšų gamybos procesą, galėtų būti reikšmingai sumažintos. Be to, PG rišamoji 
medžiaga galėtų būti pigesnė bei ekologiška alternatyva dažniau naudojamam PC. 
Dėl šių priežasčių darbe buvo išsamiai išnagrinėta HH-PG prigimties, apdorojimo 
metodo, įterptų priedų (hidratuotų kalkių, ZW, MS bei WF) įtaka radioaktyvumo 
lygiui, tirpių rūgščių P2O5 bei F- mažinimui, hidratacijos laipsniui ir fizikinėms-
mechaninėms savybėms (tokioms kaip ρ, CS, FS, SF po merkimo ir λ). Pagrindinės 
darbo išvados, kurios yra toliau pateikiamos, leidžia pagrįstai teigti, jog naudojant 
tinkamą HH-PG tipą, efektyvų apdorojimo metodą bei parenkant tinkamus priedus, 
PG bandinių parametrai tenkina konstrukcinių elementų reikalavimus ir PG gali būti 
naudojamas laikančių sienų plytoms arba blokeliams gaminti. 

1. Radiologinis vertinimas. Radionuklidų aktyvumo koncentracija stipriai 
priklausė nuo žaliavinės fosfatinės uolienos, iš kurios PG buvo gautas. Iš 
magminių uolienų pagamintas PG (I bei III PG tipai) pasižymėjo nedideliu 
radioaktyvumu (I = 0,93 bei 0,8, atitinkamai) bei tenkino Europos Sąjungoje 
rekomenduojamas radioaktyvumo ribas (I ≤ 1,0). Tuo tarpu II tipo PG, gautas iš 
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nuosėdinių uolienų (I = 2,74), stipriai viršijo ribinę vertę ir jo naudojimas 
statybinėse medžiagose turi būti ribojamas. 

2. Rūgščių tirpių P2O5 bei F- junginių neutralizavimas. Ca(OH)2 arba MS priedų 
įterpimas PG mišinyje veiksmingai sumažino tirpių P2O5 bei F- kiekius, surišant 
juos į netirpius junginius. ZW atveju, tirpių junginių mažinimas vyko adsorbcijos 
būdu, kuris grindžiamas jonų mainų bei cheminės adsorbcijos mechanizmais. 
Tirpių fosfatų junginių turinį PG bandiniuose efektyviausiai mažino MS priedas 
(30 kart./sv %), o paskui Ca(OH)2 priedas (26,6 kart./sv %). Mažiausiai efektyvus 
pasirodė ZW priedas (1,0 kart./sv %). 

3. PG bandinių hidratacijos laipsniui įtaką darantys veiksniai. 

a) HH-PG kristalų formos bei geometrijos. I tipo HH-PG, kurio kristalai 
buvo plokšti bei aštriabriauniai, pasižymėjo lėtu hidratacijos procesu, 
pasiekiant maksimalią vertę tik po 14 kietėjimo parų 100 % drėgmės 
aplinkoje. Tikėtina, kad plokščios kristalų formos apsunkino vandens 
patekimą prie jų paviršių. Tuo tarpu II bei III HH-PG tipai pasižymėjo 
apvalesniais bei masyvesniais kristalais, ir dėl to vandeniui nebuvo 
kliudoma patekti prie jų paviršių. Šie bandiniai visiškai hidratavosi per 7 
paras. 

b) Bandinių formavimo metodai (liejimas arba presavimas). Lietų 
bandinių hidratacijos laipsnis (LOI vertės) buvo didesnis nei presuotų 
bandinių, kurie be „papildomo apdorojimo“ pasižymėjo žema hidratacija. 
Tačiau buvo nustatyta, kad trumpai įmerkiant presuotus pusfabrikačius į 
vandenį praėjus parai nuo presavimo, sukietėjusių bandinių LOI vertės tapo 
pakankamos ir nebepriklausančios nuo pradinio vandens kiekio.  

c) Priedai. Ca(OH)2 priedas stipriai lėtino PG hidratacijos procesą. Tuo tarpu 
ZW reikšmingai paskatino presuotų bandinių hidrataciją: DH kristalinė fazė 
padidėjo nuo 78,1 % iki 95 % (didinant ZW priedo kiekį nuo 0 iki 10 sv %, 
atitinkamai). Šis teigiamas efektas buvo priskiriamas ZW adsorbuoto 
vandens kiekio grąžinimo PG kristalams mechanizmui.  

4. PG bandinių mechaninėms savybėms įtaką darantys veiksniai.  

a) HH-PG prigimtis. I tipo HH-PG plokščios geometrijos kristalai lėmė 
bandinių porėtą mikrostruktūrą ir mažiausias iš visų stiprumo vertes 
(CS150 =8 MPa). Kita vertus, masyvūs šešiakampių prizmių geometrija 
pasižymintys III tipo HH-PG kristalai lėmė tai, kad sukietėjusių bandinių 
mikrostruktūra buvo daug tankesnė (beveik be tuštumų) ir kad šių bandinių 
stiprumas būtų didžiausias iš visų tirtų (CS150 =29 MPa) viršijant net 2,5 
kartais natūralaus gipso bandinių stiprumo vertes. Lyginant su kitais PG 
tipais, III tipo PG pasižymėjo mažiausiu tirpių P2O5 bei F- junginių kiekiu 
bei radioaktyvumu, greičiausia hidratacija bei didžiausia CS verte. Todėl 
visais atžvilgiais III tipo PG yra tinkamiausia rišamoji medžiaga iš visų tirtų 
tipų. 
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b) Presavimo formavimo metodas. Visų PG tipų (išskyrus I tipo) presavimo 
būdu formuoti bandiniai pasižymėjo 1,6–2,1 kartų didesniais stiprumais nei 
atitinkami liejimo būdu suformuoti bandiniai. Stipriausi bandiniai pasiekė 
net CS150 = 46,5 MPa (apdorojimo parametrai: PFP = 25 MPa, w/s = 0,15 
bei netaikant merkimo kietėjimo metu). Tačiau šie bandiniai 
nerekomenduojami dėl mažo hidratacijos laipsnio (LOI = 15,1 %). 
Autoriaus požiūriu, optimalūs bandiniai pasižymėjo mažesniu stiprumu 
CS150 = 35,3 MPa ir pakankamu hidratacijos laipsniu LOI =19,1 % 
(apdorojimo parametrai: w/s = 0,19, PFP = 20 MPa bei kietėjimas taikant 
bandinių papildomą merkimą į vandenį). Šių bandinių stiprumas yra tos 
pačios eilės kaip įprasto betono. 

5. Atsparumas vandeniui. Įterpiant 0,1–0,3 sv % MS į PG bandinių sudėtį, 
atsparumas vandeniui (įvertintas minkštėjimo koeficientu SF) buvo padidintas 
2 kartus, palyginus su kontroliniais bandiniais. Naudojant didesnius MS kiekius 
(0,4 arba 0,5 sv %), koeficientas SF mažėjo. Be to, buvo nustatyta, kad atsparumo 
vandeniui didinimo mechanizmas yra pagrįstas netirpių amorfinių C-S-H 
junginių susiformavimu (dėl MS priedo įtakos), kurie apsaugojo PG kristalus nuo 
tirpimo vandenyje. Galima teigti, kad PG bandinių vandens atsparumo didinimas 
įterpiant atliekinį MS yra paprastas, ekonomiškas bei ekologiškas technologinis 
procesas, lyginant su kitais taikomais metodais. 

6. Šilumos bei garso izoliacinės savybės. Nustatyta atvirkštinė tiesinė koreliacija 
tarp įterpto WF kiekio PG bandinių sudėtyje bei šilumos laidumo koeficiento λ. 
Esant didžiausiam WF kiekiui (5 sv %), bandiniai atitinkamai turėjo mažiausią 
vertę, λ = 0,33 W/mK, t. y., 26 % mažesnę už kontrolinių bandinių (be WF). 
Tačiau šis variantas buvo nerekomenduojamas dėl mažo bandinių stiprumo 
(CS150 < 10 MPa). Dėl šios priežasties, autorius rekomendavo naudoti 
kompromisinį variantą tarp stiprumo bei šilumos izoliacijos savybių: 
rekomenduojamas WF kiekis yra 3 sv %, su kuriuo λ = 0,39 W/mK (13 % 
mažesnis už kontrolinių bandinių), o stiprumas CS150 > 10 MPa. Koeficiento λ 
mažinimas, kartu su dar tenkinančiu stiprumu, suteikia PG gaminiams geresnius 
parametrus naudoti kaip plytas arba blokelius pertvarose. 
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