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1. Introduction

Granular phosphorous slags are by-products (man-
made) obtained in the production of phosphorus by the 
method of sublimation in electrothermal furnaces. Their 
granulation is carried out at a temperature of about 

1,450 °С by draining the fiery liquid slags into a pool of 
water.

Phosphorus and its compounds (phosphorus fertilizers) 
are mainly obtained from phosphorite (calcium salt of phos-
phoric acid Са3(РО4)2 or 3СаОР2О5), the richest deposits of 
which in Kazakhstan are located in the Karatau Mountains. 
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The paper discusses 
various ways of activating 
phosphorus slags by introducing 
additives for the development of 
phosphorus slag binders (PSB), 
replacing cement. Considering 
that pseudowollastonite is the 
main mineral of phosphorus 
slags and without activating 
components does not possess 
the binding properties necessary 
for the production of building 
materials based on them, we used 
compositions of small amounts 
of sodium hydroxide with alkali 
metal salts, the anions of which 
form poorly soluble compounds 
with calcium. When choosing 
activating components, scarce 
alkaline additives were replaced by 
waste from chemical plants, which 
allows a passing solution of their 
practical use and environmental 
problems.

The strength at a sodium 
hydroxide content of 1–4 % after 
curing of slag samples of various 
batches was in the range of 50.0–
70.0 MPa. Samples of binders of 
normal hardening at the age of 
28 days with a sodium hydroxide 
content of 0.5; 1.0, 2 and 4 % had 
the strength of 20.3; 35.4; 45.6; 
55.8 MPa, respectively. The effect 
of the combined presence of alkali 
and salt is especially noticeable for 
small amounts of sodium hydroxide. 
Binders containing a composition 
of cement with salts under normal 
conditions and after curing 
showed a slightly lower strength 
than in an alkaline medium. With a 
constant cement content (4 %), the 
strength indicators increase with 
an increase in the proportion of 
the salt additive, reaching at 4 % 
its maximum value. The effect of 
the nature of activators on pH was 
determined. The data obtained 
indicate the advantages of using 
PSB and various industrial wastes 
with a low content of alkaline 
compounds in the production
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The authors [7] propose additives – APEG-type PCE and 
HPEG-type PCE, which can effectively improve the fluidity 
of the slag. The work is devoted to the selection of additives to 
reduce the increased viscosity, due to the activation of NaOH 
with a high concentration. From an economic point of view, the 
recommendations by the authors on the parallel introduction of 
two types of additives, in terms of functionality, that reduce the 
effectiveness of one of them are unprofitable.

The paper [8] publishes data on the technical charac-
teristics of phosphorus slags: composition, activity, safety 
levels, utilization, as well as the results of testing hybrid 
cements, activated with alkali, containing phosphorus slag 
in the binder: 

1) C, Portland cement clinker; 
2) PS, phosphorus slag;  
3) G, gypsum; CG, calcined gypsum; 
4) NS, sodium sulfate; 
5) CAS, calcined alumina. 
It was noted that they showed improved stability com-

pared to Portland cement samples when exposed to sulfate 
solutions. The addition of phosphorus slag also reduced the 
tendency for harmful alkali reaction with the unit. The 
work [8] shows the safe use of alkaline activators in metal ag-
gregates used in the production of concrete mixtures based 
on phosphorus slag.

The work [9] experimentally studied the effect of 5–7 % 
alkali addition and sodium silicate modulus in the activator 
solution on workability, compressive strength and shrinkage 
during drying of slag concrete. In the test results, in most 
mixtures, due to an increase in the modulus of sodium sili-
cate and the concentration of an alkaline solution: sediment, 
compressive strength and shrinkage rate during drying of 
the samples were increased, but it is necessary to note a re-
duction in the setting time, which leads to disruption of the 
technological process.

The objectives of the study [10] were to obtain a bind-
er based on phosphorus slag and to study the suitability 
of polymetallic ore tailings containing calcium carbonate 
and sodium barium compounds, and their combination as 
activators, by studying the effect of the type and dosage of 
activators on compressive strength. This work shows the 
promise of expanding the area of using waste with an alka-
line reaction for the activation of phosphorus slag.

In [11], a statistical experimental design was applied to 
predict and optimize the compressive strength of alkali-ac-
tivated phosphorus slag at different ages (3, 7, and 28 days). 
For this, samples of a binder were prepared with differ-
ent molar ratios SiO2/Na2O (S/N), Na2O/Al2O3 (Na/Al)  
and H2O/Al2O3 (H/Al) as alkaline activators. The opti-
mal chemical composition of the activator for obtaining 
maximum compressive strength was achieved as 0.39, 1.34 
and 30 for molar ratios S/N, Na/Al and H/Al, respectively, 
with compressive strength of 30, 65 and 100 MPa through 
3, 7 and 28 days of curing. As can be seen from the given 
strength data, the use of alkaline activators is highly effec-
tive even without heat treatment. The use of pure chemical 
compounds with a high content of alkaline activators is 
justified only for laboratory research and is excluded in a 
market economy.

The study [12] is devoted to the technical properties 
of alkali-activated slags (AAS) obtained by mixing an ac-
tivator consisting of sodium silicate and sodium hydroxide 
at room temperature. AAS pastes were prepared using a 
mixture of activators with five different silicate modules 1, 

In electric furnaces at a temperature of about 1,450 °С, the 
following reaction takes place in the corresponding mixtures 
of phosphorite (3СаОР۠2О5), sand (SiO2) and carbon (C):

Са3(РО4)2+3SiO2+5С→3СаО۠SiO2+2Р^+5СО.	 (1)

The chemical composition of phosphorus slags is charac-
terized by constancy. The binding properties of monominer-
als and glasses in the composition of phosphorus slag were 
studied by [1, 2]. The products of the hydration of α-CaO 
SIO2 with Са(ОН)2 are fibrous calcium hydrosilicates of the 
type CSN (1) and high-base calcium hydrosilicate-a-hydrate 
С2S [1–3]. It was found that pseudowollastonite, which is 
the main mineral of phosphorus slags without activating 
components does not have astringent properties, but in the 
presence of calcium hydroxide it acquires them and is able to 
harden independently. 

Three methods have been developed for the purification of 
granular slags from harmful impurities of phosphine and hy-
drogen fluoride: liquid-phase, thermal and mechanochemical. 
The most common is the mechanochemical method of clean-
ing. Mechanochemical purification of granular phosphorous 
slags is based on the reactions of phosphine oxidation and 
neutralization of hydrogen fluoride by introducing oxidizing 
and neutralizing additives into the slags during their drying 
and grinding [4].

The production technology of phosphorus slag binders 
is based on theoretical assumptions about the destruction of 
silicon- and calcium-oxygen polyhedral groups of slag under 
the influence of various activating components [2, 3].

The activating components of the slag binder, depending 
on their nature and the mechanism of action on the harden-
ing system, are divided into six groups [5]:

1. Caustic alkalis (RОН).
2. Unsilicate salts of weak acids (R2СО3, R2SО3, R2S, RF).
3. Silicate salts (R2O [0,5–4,0] ۠ SiO2).
4. Aluminate salts (R2OА12O3).
5. Aluminosilicate salts (R2OА12O3SiO2).
6. Non-silicate salts of strong acids (RС1, R2SO4) [2–5].
Therefore, studies devoted to the activation process of an 

inert phosphorus slag using a composition of small amounts 
of sodium hydroxide with alkali metal salts, the anions of 
which form poorly soluble compounds with calcium, are of 
scientific significance.

2. Literature review and problem statement

In [6], studies are devoted to the experimental assess-
ment of the effect of activators on the strength properties of 
slag concretes during their hardening under conditions of 
steaming and autoclaving. As activators, sulfates and chlo-
rides of alkali and alkaline earth metals Na2SO4, K2SO4, 
MgSO4, mirabilite, as well as chlorides of alkali and alkaline 
earth metals MgCl2, CaCl2, carnalite, natural bischofite are 
used. It is shown that with the introduction of chlorides to 
activate the slag in an amount of 1 % of the slag weight and 
hardening of concrete under conditions of elevated tem-
peratures and steam pressure, high-strength concretes with 
strength from 58 to 80 MPa are obtained. It is important to 
note that salts containing MgCl2, CaCl2 chlorides, carnalite, 
natural bischofite have a negative effect on corrosion resis-
tance and require additional introduction of inhibitors, the 
results of which are not presented by the authors.
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1.2, 1.4, 1.6, and 1.8 and 3 different Na2O contents: 6 %, 8 %, 
and 10 %. The authors obtained good workability, with a 
silicate modulus of 1 and a Na2O content of 8 % at room tem-
perature, high compressive strength of 55 MPa and higher, 
which is explained by the increased total alkali content. It is 
shown [12] that for all AAS pastes, a fast setting from 9 to 
36 minutes, an increase in drying shrinkage with an increase 
in the silicate modulus are not applicable to the production 
process.

The paper [13] examines the effect of curing parameters 
such as pre-cure time, cure time and temperature on the 
compressive strength of a phosphorus slag cement mortar 
activated with two different compound activators, includ-
ing NaOH+Na2CO3 and Na2CO3+Ca(OH)2, as well as the 
microstructure, morphology of solidified solutions. It is im-
portant to note that the use of high-temperature curing (au-
toclave t=175 °С) or a combined mode of low-temperature 
and high-temperature leading to a threefold increase in 
compressive strength compared to curing conditions in the 
environment is inexpedient in terms of energy costs and eco-
nomically unavailable for large-scale construction. 

In [14], the effect of phosphorus slag from 10 % to 
50 % (by weight) on the setting time and water demand of 
cement pastes of normal consistency, fluidity, resistance to 
carbonization and compressive strength of cement slurries 
was investigated. The compressive strength of the cement 
slurry was also reduced by the phosphorus slag from 10 % 
to 50 %, and based on the compressive strength of the ce-
ment slurry, it was concluded that the activity of the phos-
phorus slag was low, which is confirmed by its structural 
feature [1].

Considering that phosphorus slags are 
extremely valuable raw materials used as 
the main component or mineral additive 
in the production of clinker-free (slag-al-
kali) binders, slag Portland cement and 
Portland cement, the papers [15, 16] 
consider all known structural and phys-
ical and mechanical characteristics of 
granular phosphorus slags, including 
phase, as well as effective ways to neu-
tralize them from harmful gases (PH3, H2S, HF, etc.) by 
reviewing the known theoretical and experimental studies.

As the results of the above studies show, in order to ob-
tain active binders and improve the physical and mechanical 
properties of granular phosphorus slags, taking into account 
their inertness, alkaline additives (in the form of pure chem-
ical compounds) are mainly proposed, obtained separately 
or more often by mixing alkaline activators from sodium sil-
icate and sodium hydroxide with a total content of Na2O in 
the mixture of 10 % and more, which provide high strength 
indicators and lead to increased viscosity, which affects the 
reduction of the setting time and excludes the introduction 
of a production technological process. 

It is important to note that the use of high-temperature 
curing (autoclave t=175 °С) or a combined mode of low-tem-
perature and high-temperature leading to a threefold increase 
in compressive strength compared to curing conditions in the 
environment is inexpedient in terms of energy costs and eco-
nomically unavailable for large-scale construction. It is known 
that salts containing MgCl2, CaCl2 chlorides, carnalite, natural 
bischofite negatively affect corrosion resistance and require 
additional introduction of inhibitors.

3. The aim and objectives of the study

The aim of the study is the development of highly active 
phosphorus slag binders of hydrothermal and normal hard-
ening at low consumption of deficient alkaline additives [16]. 

To achieve the aim, the following objectives were set:
– selection of the composition of small amounts of so-

dium hydroxide with pure alkali metal salts, the anions of 
which form poorly soluble compounds with calcium;

– selection of a composition of small amounts of sodium 
hydroxide with waste containing compounds corresponding 
in composition to model salts of alkali metals, the anions of 
which form poorly soluble compounds with calcium;

– study of the effect of sodium hydroxide, salts, depend-
ing on their nature, concentration on strength under normal 
conditions;

– study of the effect of cement, salts, depending on their 
nature, concentration on strength under normal conditions.

4. Materials and methods of research

As binders, phosphorus slag binders (non-annealed 
binders) obtained by grinding granulated electrothermo-
phosphorus slag (Taraz, “United Phosphorus”, Republic 
of Kazakhstan), with activating components, neutralizing 
additives or without them, depending on the field of applica-
tion, were used. In the second case, the activation of the slag 
occurs in the concrete mixture by activating components 
supplied to the concrete mixer in a dissolved state with 
mixing water (for example, salt) or in a solid state through a 
dispenser (cement) (Table 1).

Cement of the Kant cement plant (Kant, Kyrgyz Republic), 
sodium hydroxide, and salts were used as activators. The salts 
used were sulfate, sulfite, carbonate, phosphate, and sodium 
oxalate, potassium fluoride, and a synthetic soda-sulfate mix-
ture (SSM) containing 30 % soda and 70 % sodium sulfate. The 
salts used by us are able to activate phosphorus slag in autoclave 
conditions, allowing us to obtain binders with the strength in 
the test in the range of 60–90 MPa [4]. But when steaming 
and under normal conditions, only salts that hydrolyze in an 
aqueous medium to form an alkali, such as phosphates and car-
bonates of alkali metals, have an activating ability.

The samples were formed with the dimensions of 
4×4×16 cm from ground slag with a specific surface area of 
300–350 m2/kg, closed with a solution of alkali and salt at 
V/V=0.21–0.22. Compaction of the mixtures was carried 
out on a standard vibration platform for 650 s, steaming – 
at 95 °С according to the regime of 2+7+2 h. Samples that 
hardened under normal conditions were stored under water 
in hermetically sealed baths. The strength test of the binders 
was carried out according to GOST 310.4-81 “Cements. 
Methods of bending and compression strength determina-
tion” [17] (Table 2).

Table 1

Chemical composition of phosphorous slag (no phosphine)

Material
Chemical composition, wt. %

SiO2 Al2O3 Fe2O3 CaO MgO SO3 F С1 sum

Electrothermophosphorus 
slag

42.68 0.74 0.17 41.18 4.55 0.4 1.8 – 91.57
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Table 2

Physical and mechanical properties of cement of the Kant 
cement plant

Indicator 
Normative 
document

Actual value

Fineness of grinding 
through the sieve No. 008, %

At least 85 93.16

Normal density, % – 24.75

Setting time, hour-min:

start
not earlier than 

0–45
0–50

end
no later than 

10–00
7–53

Strength at the age of 
28 days, kgf/cm2:

bending At least 8,554 60.8

compression At least 85,392 402.3

As a fine aggregate, feldspar sands of the Nikolaevsky 
and Kapchagay deposits of the Republic of Kazakhstan were 
used (Table 3).

Table 3

Physical and mechanical properties of sand

Properties
Unit of 

mea-
sure

Nikolaevsky quarry 
(Almaty region, 

Republic of  
Kazakhstan)

Kapchagay quarry 
(Almaty region, 

Republic of  
Kazakhstan)

Bulk density kg/m3 1.510 1.515

True density kg/m3 2.67 2.60

Content of 
dust and clay 

particles
wt, % 2.0 2.9

The specific surface area of ground slag and slag binder 
was not less than 300 m2/kg or not more than 5 % of the 
residue on the sieve N 008.

For the study, 2 systems were taken:
1) “slag-sodium hydroxide-salt”;
2) “slag-portland cement-salt”.
In the course of the study, the influ-

ence of cement, sodium hydroxide, and 
salts, depending on their nature and con-
centration, on the strength was studied.

The activity (grade) of the slag binder 
was determined similarly to the activity 
of cement GOST 310.4–81 “Methods of 
bending and compression strength deter-
mination”, based on a mortar mixture con-
sisting of one part of the binder and three 
parts of sand (1:3).

Cinder-alkaline binders consist of 
neoplasms in the form of sodium-calci-
um hydrosilicates or hydroaluminosili-
cates [5]. A method for activating blast 
furnace-slag binders with small amounts 
of alkaline compounds was proposed 
by [17], but was not widely developed. It 
is known [4] that during the hydration 
of slag under autoclave conditions in the 
presence of small amounts of activators, 
calcium hydrosilicates of type CSH(B) 
or tobermorite are formed with the for-

mation of an equally strong cementing bond. In order to 
accelerate the process of transformation of vitreous mono-
basic calcium silicate into hydrated compounds, studies 
on the effect of activators on strength were carried out un-
der normal conditions (18–23 °С after 3, 7, 28 days) and 
under curing conditions at 95 °С according to the 2+7+2 h 
regime. The kinetics of alkaline activation of phosphorus 
slag cement according to the data of compressive strength 
was studied [6].

The temperature of the slag samples from different 
batches was in the range of 50.0–70.0 MPa with an alkali 
content of 1–4 %.

In the presence of 0.5 %, the strength was lower (25–
30 MPa). Samples of binders of normal hardening at the 
age of 28 days with a sodium hydroxide content of 0.5; 1.0; 
2 and 4 % had the strength of 20.3; 35.4; 45.6; 55.8 MPa, 
respectively, at the age of 7 days with the same amounts of 
activator, it was equal to 3.4; 5.5; 9.11 and 13.2 MPa [18].

When assessing the activity of binders by the strength 
of mortar samples on standard sand and freshly obtained 
slag (composition 1:3 at V/V=0.36), it was found that their 
strength in the presence of 1–2 % sodium hydroxide by 
weight of the slag after curing is 20.0–30.0 MPa. Low-al-
kali solutions on PSB are characterized by a slow strength 
gain in the early stages of hardening, especially for mature 
slags [19].

Thus, small amounts of alkalis (1–4 %) allow us to ob-
tain PSB with sufficient activity. The effect of the combined 
presence of alkali and salt is particularly noticeable for small 
amounts of sodium hydroxide.

It was found that in an alkaline environment, sodium 
sulfate dramatically increases the activity of binders under 
curing conditions. For example, with the addition of 1.0 % 
alkali and 1–2 % salt, the strength of the samples was 67.0–
69.0 MPa after curing. At 4 % sodium sulfate, the strength 
of the samples did not increase in comparison with binders 
with a lower salt content (Table 4).

Table 4

Activity of binders in the “slag-sodium hydroxide-salt” system (V/V=0.21–0.22)

Amount of acti�-
vators, wt. %

Bending strength, MPa Compressive strength, MPa

Sodium 
hydroxide

Salt
Normal conditions t=95 °C 

2+7+2 h
Normal conditions t=95 °C, 

2+7+2 h3 days 7 days 28 days 3 days 7 days 28 days
Sodium carbonate

1.0 2.0 3.8 5.0 9.0 8.4 26.0 71.2 90.1 82.0
1.0 1.0 3.6 6.7 7.0 8.5 26.3 72.0 82.3 80.0
1.0 0.5 3.7 5.4 6.3 7.0 19.0 64.0 72.0 98.0

Potassium fluoride
1.0 2.0 4.1 4.2 8.2 6.4 32.0 54.0 80.0 90.4
1.0 1.0 4.0 8.5 6.6 10.3 32.0 54.0 70.0 89.0
1.0 0.5 5.0 7.9 8.1 9.3 36.0 38.0 60.0 98.0

Sodium phosphate
1.0 4.0 3.6 5.6 5.7 10.9 40.0 62.0 68.0 79.1
1.0 2.0 4.7 5.7 4.8 8.1 41.0 66.3 68.0 80.0
1.0 1.0 4.0 4.5 4.6 6.6 36.7 52.5 65.0 80.0
1.0 0.5 3.1 4.0 4.3 6.1 32.0 39.0 57.5 86.5

Sodium sulfate

1.0 4.0 1.5 3.6 6.6 9.5 3.34 15.6 60.5 68.6
1.0 2.0 1.7 1.3 6.1 6.9 5.5 24.0 72.0 69.0
1.0 1.0 2.4 4.0 7.1 10.4 7.4 32.2 57.0 67.0
1.0 0.5 2.2 4.6 6.4 5.9 8.0 23.0 53.0 76.5
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The slag-based binder was characterized by sufficiently 
high strength characteristics under normal conditions.

The strength after 28 days was 53.0–72.0 MPa, 7 days – 
15.0–32.0 MPa. It should be noted that the samples of bind-
ers of this composition with the content of each activator of 
4 % or more after hardening under normal conditions had 
efflorescence.

In the presence of 1 % sodium hydroxide and 0.5–2.0 % 
soda, the activity of PSB increased to 72.0–90.0 MPa.

It was shown above that it is possible to obtain PSB with a 
sufficiently high activity under normal and curing conditions 
in the presence of small amounts of composite additives.

The composition of the composite additives includes 
alkali and sodium sulfate or soda. The first of these salts is 
active mainly under curing conditions, the action of the sec-
ond one is more effective under normal conditions.

Since under normal conditions, the hardening process 
of binders is determined primarily by the content of soda, 
and not sodium sulfate, we made a synthetic soda-sulfate 
mixture (SSM) with a low content (30 %).

In the slag samples, the soda content varies wide-
ly (25–60 %).

Under normal conditions, with an alkali content of 
1–2 % and SSM of 0.5–2 %, the strength of the samples 
reached 28.0–36.0 MPa after 3 days, 38.0–54.0 MPa after 
7 days, and 60.0–80.0 MPa after 28 days.

The lowest strength was noted for the composition with 
the content of each activator 2 %. The simultaneous presence 
of even small amounts (0.5 %) of potassium fluoride and 
sodium hydroxide dramatically increases the strength of 
the samples. After 7 and 28 days, it is 36.0 and 60.0 MPa, 
respectively. When the amount of salt increases to 4 %, 
the strength does not change significantly.

The maximum strength parameters were observed 
at 1 % sodium hydroxide and 0.5–2 % potassium flu-
oride. The binders of the considered composition are 
characterized by high strength of 80.0–90.0 MPa under 
curing conditions, which is obtained at optimal acti-
vator contents (0.5–1 % sodium hydroxide and 1–4 % 
potassium fluoride).

A mixture of sodium hydroxide and sodium phos-
phate was used to activate PSB in curing conditions. 

A composite additive consisting of 1 % sodium hy-
droxide and 0.5–4 % sodium phosphate provides the 
strength of samples at 3 days age in the range of 32.0–
41.0 MPa, at 7 days age – 39.0–66.0 MPa, at 28 days 
age – 57.5–68.0.

The composition of cement with soda turned out to 
be more effective in its effect on the early hardening of 
phosphorus slag binders. In this case, the addition of the 
same amounts of activators made it possible to obtain 
fast-hardening binders with a strength of 35.0–50.0, 
41.0–83.0 and 51.0–78.0 MPa after 3, 7 and 28 days, re-
spectively. With a constant cement content, the strength 
increases with an increase in the amount of soda in the 
range of 1–4 %. The effect of cement with a constant 
content of the salt component is less pronounced.

A similar relationship takes place in the curing condi-
tions. The maximum strength values (72.0–84.0 MPa) 
were observed at the content of 2–4 % cement and soda. 
The strength of the samples based on different slags did 
not differ significantly. The mechanisms of hydration of 
composite binders containing phosphorus slag at differ-
ent temperatures are given in the work [20]. 

Binders containing a composition of cement with a syn-
thetic soda-sulfate mixture showed slightly lower strength 
after curing. With a constant cement content (2–4 %), the 
strength indicators increase with an increase in the pro-
portion of the salt additive, reaching its maximum value at 
4 % (60.0–65.0 MPa).

A similar dependence of strength on the content of ac-
tivators is observed for binders that harden under normal 
conditions.

At the same time, the strength of the samples hardening 
during 3 and 7 days reaches 30.0–45.0 and 60.0 MPa, re-
spectively.

The strength parameters of the samples with the addi-
tion of salt and water after 3 days of storage do not differ 
significantly.

The strength of binders after 28 days, as well as after 
curing, is significantly lower compared to binders contain-
ing soda.

Binders activated with 4 % cement and 1–2 % potassium 
fluoride had a strength of 58.0 and 72.0 MPa, respectively, 
after curing (Table 5), which is 1.8–2.8 times higher than 
the strength of samples with the addition of only the first 
activator.

After 7 and 28 days, it is 25.0–37.0 MPa and 46.0–
70.0 MPa, respectively. When the amount of salt increases 
to 4 %, the strength does not change significantly.

The maximum strength values were observed at 2–4 % 
cement and 2–4 % potassium fluoride.

The binders of the composition under consideration are 
characterized by high strength both under curing and nor-
mal conditions, which, at optimal activator contents (4 % 

Table 5

Activity of binders in the “slag-Portland cement-salt” 	
system (V/V=0.21=0.22)

Amount of activa�-
tors, wt.%

Bending strength, MPa
Compressive 

strength, MPa

Portland 
cement

Salt
Normal 

conditions, days: t=95 °C, 
2+7+2 h

Normal 
conditions, days: t=95 °C, 

2+7+2 h
3 7 28 3 7 28

Sodium carbonate

4.0 4.0 4.3 5.0 9.2 5.5 50.0 83.5 78.0 54.0

4.0 2.0 4.7 5.4 10.2 8.3 47.0 64.0 68.0 76.0

4.0 1.0 3.2 4.8 8.2 7.2 41.0 50.0 58.5 64.0

4.0 0.5 2.9 2.9 7.1 6.8 35.0 41.0 51.0 53.0

Potassium fluoride

4.0 4.0 5.5 6.7 9.0 10.9 37.0 53.0 75.0 80.0

4.0 2.0 3.6 5.7 10.6 9.9 25.0 37.0 70.0 72.0

4.0 1.0 3.0 3.6 5.9 60.1 17.0 25.0 46.0 58.0

4.0 0.5 2.8 3.1 5.7 3.8 13.0 16.0 34.0 36.0

Sodium phosphate

4.0 4.0 3.0 3.8 6.3 7.2 23.0 44.0 60.0 75.0

4.0 2.0 2.9 3.5 6.1 6.3 17.2 43.0 62.0 68.0

4.0 1.0 1.7 3.8 5.7 6.8 14.1 43.5 50.0 54.0

4.0 0.5 1.5 2.0 4.3 5.0 12.0 28.0 38.0 41.0

Sodium sulfate

4.0 4.0 3.4 4.5 7.0 7.3 12.0 23.0 58.0 68.0

4.0 2.0 2.5 4.0 8.0 6.5 9.0 19.0 50.0 56.0

4.0 1.0 2.3 3.5 5.0 7.1 8.0 14.0 38.0 49.0

4.0  0.5 2.0 3.0 4.8 3.8 7.0 12.0 30.0 34.0
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cement and 2–4 % potassium fluoride), reaches 72.0–80.0 MPa 
under curing and 70.0–75.0 MPa under normal conditions, 
respectively.

A composition of cement with sodium phosphate was 
also used to activate the phosphorus slag binders under cur-
ing and normal conditions [21].

The strength characteristics of the binders of the 
“slag-cement-sodium phosphate” system are determined by 
the quantitative ratio of activators.

Small amounts of salt 0.5–1 % do not cause hardening of 
the binders at 2–4 % cement content when stored for 7 days.

After 28 days, these samples had a strength of 16.0–23.0 
and 38.0–50.0 MPa, respectively. A higher phosphate con-
tent (2 %) with 4 % cement addition contributes to a signif-
icant increase in strength up to 62.0 MPa.

In the curing conditions, a similar pattern is observed: 
an increase in the amount of salt from 0.5 to 4 % causes an 
increase in strength from 54.0 to 75.0 MPa with 4 % cement 
addition. The binding compositions “Portland cement-sodium 
sulfate” are characterized by sufficiently high strength indi-
cators and in normal conditions their strength after 28 days 
was 30.0–58.0 MPa. It is important to note a more beneficial 
effect of curing in comparison with normal conditions on 
this system. The strength of the samples after curing was 
34.0–68.0 MPa.

As can be seen from Table 6, the addition of alkali increas-
es the pH, and the alkaline balance of sodium sulfate increases 
to a greater extent than that of sodium carbonate. When add-
ing the compositions (NaOH+salt) to the slag, the pH of the 
silicate system decreases significantly after 48 hours.

Knowing the limits of the existence of various forms of 
orthosilicic acid and its ions according to the ideas [22], the 
content of the following individual forms of orthosilicic acid 
can be determined depending on the pH value in the systems 
under study.

In the slag system – NaOH-Na2CO3-Н2О, the pH ranges 
from 9.7–11.0, therefore, in this system, silicon-oxygen rad-
icals are mainly represented by H4SiO4, −1

3 4H SiO , −2
2 4H SiO .

In the slag system – NaOH-KF-Н2O, the pH is 10.3...12.2, 
orthosilicic acid is represented by −2

2 4H SiO ,  −3
4HSiO .  

In the slag system – NaOH-Na3PO4-Н2O, pH=11.0…12.5, 
and orthosilicic acid will be represented as the follow-
ing radicals: −2

2 4H SiO ,  −3
4HSiO ,  −4

4SiO ,  slag system –
( ) −3

2 4 4NaOH�Na SO pH 11.8...13.0 �HSiO ,  −4
4SiO .  

The strength in the obtained systems varies in the 
series (MPA): СаСО3(70)>CaF2(60)>Са3(РО4)2(50)> 
>CaSO4(30).

The hydration and strength of the binder depend on the 
nature of the anion forming poorly soluble compounds.

A number of strength parameters correspond to a num-
ber of values of the dissociation constants of the acids form-
ing the corresponding solid bases in the system: KH2СО3 
(4.4×10–7)<KHF (6.6×10–4)<KH3PO4 (7.5×10–3)< 
<KH2SO4(2×103) [22, 23].

The highest degree of silicic acid polymerization in the 
“slag-NaOH-Na2CO3-Н2O” system, expressed by the forma-
tion of a large number of different forms of orthosilicic acid 
in comparison with other systems considered, explains its 
first position in the strength series.

The formation of only two forms of orthosilicic acid in 
the “slag-NaOH+Na2SO4-H2O” system explains the lowest 
activity of the obtained binder.

Probably, the hardly soluble compounds formed act 
on the principle of acid-base catalysts [24] the pH of the 
medium of the alkaline systems, which, in turn, affects the 
degree of polymerization, accelerates the main reactions of 
hydration of silicates.

5. Research results of the influence of the composition of 
activators on phosphorus slag binders 

5. 1. Selection of the composition of small amounts of 
sodium hydroxide with pure alkali metal salts

The selected and used pure salts of sulfate, sulfite, 
carbonate, sodium phosphate, potassium fluoride by an-
ion formed poorly soluble compounds: СаСО3, CaF2, 
Са3(РО4)2, CaSO4.

The effect of the combined presence of alkali and 
salt is especially noticeable for small amounts of sodi-
um hydroxide. It was found that in an alkaline medium, 
the activity of binders is higher at a lower salt con-
tent under curing conditions (0.5 %) than under nor-
mal conditions (2 %). With the addition of 1.0 % alka-

li and 0.5 % salt, the strength of the samples 
after curing (MPa) was: (98) Na2CO3˃(98) KF˃ 
˃(86) Nа3PO4˃(76) Na2SO4, and under normal 
conditions with the addition of 1.0 % alkali and 2 % 
salt, the strength of the samples was: (90) Na2CO3˃ 
˃(80) KF˃(72) Na2SO4 ˃(68) Nа3PO4.

5. 2. Selection of the composition of small 
amounts of sodium hydroxide with waste con-
taining the corresponding compounds  

Selected and used soda-sulfate waste from 
caprolactam production – soda-sulphate mixture – 
SSM containing 30 % soda and 70 % sodium sul-
fate, by-products of superphosphate plants con-

taining low sodium fluoride, sodium fluoride and sodium 
phosphate by anion formed difficult-to-dissolve compounds: 
СаСО3, CaF2, Са3(РО4)2, CaSO4. 

A similar dependence of strength on the content of acti-
vators is observed for binders containing waste. The hydra-
tion and strength of the binder depend on the nature of the 
anion that forms poorly soluble compounds. The strength 
in the obtained systems changes in the series (MPA): 
СаСО3 (60)>CaF2 (50)>Са3(РО4)2 (50)>CaSO4(30).

5. 3. Study of the effect of sodium hydroxide with pure 
alkali metal salts under normal conditions

Low-alkaline solutions on phosphorus slag binders are 
characterized by a slow set of strength in the early stages 

Table 6

Influence of the nature of activators on pH

Salt pH
“NaOH+salt” 
composition

pH
“Slag+NaOH+ salt” 

system

pH value 
after, hour

1 48

Na2CO3 9.2 NaOH+Na2CO3 11.6 Slag+NaOH+Na2CO3 11.0 9.71

KF 7.4 NaOH+KF 12.7 Slag+NaOH+KF 12.2 10.3

Na3PO4 7.1 NaOH+Na3PO4 13.0 Slag+NaOH+Na3P04 12.5 11.0

Na2SO4 6.7 NaOH+Na2SO4 13.2 Slag+NаОН+Na2SO4 13.0 11.8
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of hardening, especially for aged slags. The strength with 
a sodium hydroxide content of 1–4 % after curing at 95 °C 
according to the 2+7+2 h mode for slag specimens of various 
batches was in the range of 50.0–70.0 MPa. Samples of bind-
ers of normal hardening at the age of 28 days with a sodium 
hydroxide content of 0.5; 1.0, 2 and 4 % had the strength of 
20.3; 35.4; 45.6; 55.8 MPa, respectively.

With the addition of 1.0 % alkali and 0.5 % salt, 
the strength of the samples after curing (MPa) was: 
(98) Na2CO3˃(98) Na2CO3˃(98) KF˃(86) Nа3PO4˃ 
˃(76) Na2SO4, and under normal conditions with the addition 
of 1.0 % alkali and 2 % salt, the strength of the samples was, 
(MPa): (98) Na2CO3˃(98) KF˃(86) Nа3PO4˃(76) Na2SO4.

5. 4. Study of the effect of cement with pure alkali 
metal salts under normal conditions

Binders containing a composition of cement with salts 
under normal conditions and after curing showed a slightly 
lower strength than in an alkaline medium. At a constant 
cement content (4 %), the strength indicators increase with 
an increase in the proportion of the salt additive, reaching at 
4 % its maximum value (MPa): (98) Na2CO3˃(98) KF˃(86) 
Nа3PO4˃(76) Na2SO4 under normal conditions.

6. Discussion of experimental results of the production 
technology of phosphorus slag binders

The research results according to all the assigned tasks 
from the problem area are clearly shown in section 5, in the 
text of the paper, in Tables 4, 5. This work shows us the 
proposed way to solve the problem, an alternative way is the 
choice for our colleagues. 

The technology for the production of phosphorus slag 
binders is based on the theoretical prerequisites for the de-
struction of silicon and calcium-oxygen polyhedral groups of 
slag under the influence of various activating components. 

The use of alkali metal salts, the anions of which form 
poorly soluble compounds with calcium of phosphorus slag 
in a composition with a low content of sodium hydroxide, 
which has a pronounced activating ability and reduces the 
degree of hydrolysis of sodium metasilicate, makes it pos-

sible to achieve high strength parameters and setting times 
required for their industrial use.

The addition of chemically pure sodium hydroxide as an 
alkaline component to the system limits its use on a con-
struction scale.

The inconsistency of the existing regulatory documents 
that allow obtaining binders without cleaning and non-per-
missive ones requires additional research in different coun-
tries to develop a unified approach.

In connection with the tightening of requirements for 
environmental and sanitary standards, the absence of a 
database on waste that could be used as activating com-
ponents.

7. Conclusions

1. The hydration and strength of the binder depend on the 
nature of the anion that forms poorly soluble compounds. The 
strength in the obtained systems changes in the series (MPA): 
CaCO3 (70)>CaF2 (60)>Ca3(PO4)2 (50)>CaSO4 (30).

2. The effect of the nature of activators on pH was deter-
mined. The content of individual forms of orthosilicic acid 
is assumed depending on the pH value in the systems under 
study.

3. A number of strength indicators correspond to a num-
ber of values of the dissociation constants of acids form-
ing the corresponding solid bases in the system: KH2CO3 
(4.4×10–7)<KHF (6.6×10–4)<KH3PO4 (7.5×10–3)< 
<KH2SO4 (2×103). Thus, alkali metal salts, the anions of 
which form poorly soluble compounds with calcium, when 
used together with a small amount of alkali, make it possible 
to obtain highly active alkali-alkali binders that harden un-
der normal and curing conditions.

4. The data obtained indicate the advantages of using 
phosphorus slag binders and various industrial waste with a 
low content of alkaline compounds in the production. Such 
wastes are alkaline solutions of coke-chemical industries, 
solutions obtained during air purification at metallurgical 
plants, waste products from β-naphthol production, soda 
sulfate waste from caprolactam production, waste soda pro-
duction, by-products of superphosphate plants.
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