
����������
�������

Citation: Grishina, A.N.; Korolev,

E.V.; Gladkikh, V.A. Hydration of

Cement in the Presence of Biocidal

Modifiers Based on Metal

Hydrosilicates. Materials 2022, 15, 292.

https://doi.org/10.3390/ma15010292

Academic Editor: F. Pacheco Torgal

Received: 28 November 2021

Accepted: 29 December 2021

Published: 31 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Hydration of Cement in the Presence of Biocidal Modifiers
Based on Metal Hydrosilicates
Anna N. Grishina * , Evgenij V. Korolev and Vitaliy A. Gladkikh

REC “Nanomaterials and Nanotechnology”, Research Center “MGSU Stroy-Test”, National Research Moscow
State University of Civil Engineering, 129337 Moscow, Russia; korolev@nocnt.ru (E.V.K.);
gladkikhVA@mgsu.ru (V.A.G.)
* Correspondence: grishinaan@mgsu.ru

Abstract: This article presents the results of a study of the characteristics of hydration and properties
of a composite biocidal cement binder containing hydrosilicates of barium, copper or zinc. It was
found that copper hydrosilicates block hydration processes, and when zinc hydrosilicates are used, the
rate of hydration is determined by the content of silicic acid. The limiting concentrations of biocidal
modifiers have been established: zinc hydrosilicates—no more than 4% and copper hydrosilicates—
no more than 0.5%, which are advisable to use for the manufacture of a biocidal composite binder.
It is shown that modifying additives slow down the setting time, the amount of tricalcium silicate
in cement stones increases, and their strength for some compositions decreases. Active binding of
portlandite with the formation of calcium hydrosilicates occurs when the content of zinc hydrosilicates
is 2%, which leads to an increase in the strength of the materials.

Keywords: composite cement binder; barium hydrosilicates; zinc hydrosilicates; copper hydrosili-
cates; hydration; differential thermal analysis; IR spectroscopy; setting time; strength

1. Introduction

One of the promising directions in obtaining energy-efficient and environmentally
friendly (helping to reduce the “carbon footprint”) building materials is the creation of
composite binders through the use of modifying additives (industrial waste, specially
synthesized modifiers obtained by low-temperature technologies) in the binder. These
modifying additives include natural silicate additives—flasks, tripoli, diatomites, industrial
waste—ash, microsilica, as well as synthetic silicate additives—metal hydrosilicates and
other additives [1–8]. They are used in the composition of composite cements in order to
reduce Portland cement in its composition while maintaining its strength characteristics or
imparting specified properties. In this case, the choice of the modifier is determined by its
ability to regulate several properties of the composite simultaneously [9]. Thus, the use
of various silicate additives has already demonstrated its effectiveness in controlling the
characteristics of cement composites [5–7,10]. One of the actual problems in civil and in-
dustrial construction is the destruction of materials under the influence of microorganisms,
in particular, molds [11,12]. Features of the fight against biocorrosion of building materials
include:

(1) surface treatment of structures with deep lesions;
(2) the use of organic biocides, which can degrade over time;
(3) the use of biocides, which are effective only in their pure form, and not in a concrete

composition.

Therefore, a promising direction is the development of biocidal composite binders,
which make it possible to provide long-term volumetric protection of the material from
biocorrosion. In accordance with the data [13,14], the use of substances containing copper
and zinc makes it possible to ensure the biocidal properties of cement composites, which
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helps to solve the problem of material destruction due to biocorrosion [15–21]. Thus,
hydrosilicates of zinc and copper can be a promising additive for the creation of composite
binders, since they allow reducing the consumption of cement in the binder and ensuring
the biostability of the resulting cement composites. Previously, this approach to combating
the formation of colonies of mold fungi in cement composites has not been used. The
essence of the action of zinc and copper salts lies in their interaction with the waste products
of molds—organic acids. As a result, Cu2+ and Zn2+ ions are formed, which can lead to the
death of microorganisms. Thus, the biocide is activated by the waste products of molds
and ceases to act when their activity is suppressed. Composite binders of this kind have
not been developed before. According to [22], the copper ion is a more effective biocide
than the zinc ion. However, it is known [22] that the hydration of cement in the presence of
zinc- and copper-containing additives slows down, and zinc-containing additives more
actively slow down hydration than copper-containing [19]. For practical application, this
is a significant disadvantage, since it reduces the efficiency of construction production
technology, namely, the timing of construction work increases. According to [10,23], in the
presence of barium hydrosilicates, cement hydration is accelerated. Thus, presumably it is
possible to regulate the processes of cement hydration. Studies of the joint effect of barium
hydrosilicates and zinc or copper hydrosilicates on the processes of cement hydration
and the properties of cement stone have not yet been carried out. Therefore, the purpose
of the study is to obtain new knowledge about the effect of modifying additives on the
rate of cement hydration in a composite biocidal binder, the peculiarities of the chemical
composition of the resulting cement stones, the rate of structure formation by changes in
the setting time and strength characteristics of the obtained cement stones. To establish
the effect of the type and amount of biocidal modifying additives on the hydration of the
composite biocidal binder, methods of IR spectroscopy and differential thermal analysis
were used, the setting times were determined using a Vic’s device, and a servo-hydraulic
system was used to determine the strength. The results obtained make it possible to identify
factors that change the rate of cement hydration in the presence of hydrosilicates of zinc
and copper, to establish their maximum rational and optimal concentrations in a composite
biocidal binder, to give recommendations on the use of these binders in construction.

2. Materials and Methods

For the research, we used cement grade CEM I 42.5 N, corresponding to GOST 31108-
2016. To create a biocidal composite binder, micro-sized barium hydrosilicates were in-
troduced into Portland cement in an amount of 10% by weight of cement (changes in the
strength of a composite binder, depending on the type and amount of barium hydrosilicates,
were carried out and presented in [24]) and zinc hydrosilicates in an amount of 0.5, 1.0, 2.0,
3.0, 4.0, 5.0 and 6% or hydrosilicates of copper in an amount of 0.25, 0.5%, 0.75 and 1% by
weight of cement. These modifiers were synthesized by the technology of hydrochemical
synthesis from sodium hydrosilicates and aqueous solutions of salts—copper and barium
chloride, as well as zinc sulfate. For the synthesis of metal hydrosilicates into a solution of
sodium hydrosilicates with a silicate modulus MSi = 3.0; ω = 26.5% and solutions of salts
with concentrations of C(ZnSO4) = 12%; C(CuCl2) = 15%; C(BaCl2) = 9.5%. The synthesis
was carried out by adding a salt solution (ZnSO4, CuCl2 or BaCl2) to a solution of sodium
hydrosilicates at a MeO/SiO2 ratio of 1.0. The resulting precipitate was thoroughly washed
with distilled water, dried at a temperature of 100–105 ◦C and crushed. The average parti-
cle diameter of the obtained modifiers was 5–7 micrometers. The chemical composition
of the modifying additive based on barium hydrosilicates additionally contains a small
amount of barium carbonates formed during carbonization of the barium salt as a result of
mixing during synthesis. A modifying additive based on zinc hydrosilicates additionally
contains a small amount of Zn4SO4 (OH)6xH2O. The chemical composition of modifying
additives is presented in more detail in [25–27]. Cement, hydrosilicates of barium in an
amount of 10% by weight of cement and hydrosilicates of zinc or copper were thoroughly
mixed until homogeneous. A cement paste of normal density with water cement ratio
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(W/C) = 0.32 was made from the binder, and samples were formed, which were stored in a
normal hardening chamber. Determination of the chemical composition of the samples was
carried out on days 1, 3, 7, 14 and 28 of hardening. After testing the strength, the samples
were crushed, after which the hydration of the binder was stopped. To stop hydration,
the technique presented in [28] was used, which consists in microwave processing of the
sample. The choice of a method for stopping hydration was dictated by the ability to
quickly dehydrate the cement stone without the use of organic substances. This technique
allows you to exclude foreign substances in the sample, and there is also a high speed of
sample preparation. A sample for chemical analysis was taken by the quartering method
from a dewatered cement stone powder obtained by grinding strength-tested samples.
For chemical analysis of samples, we used differential thermal analysis methods using a
HDSC PT1600/1400 high-temperature differential scanning calorimeter and a Cary 630 IR
spectrometer. The sample heating rate in the calorimeter was 10 degree/min, the maximum
heating temperature was 1000 ◦C. Thermograms were processed using HDSC evaluation
software for reading and analyzing thermograms. The enthalpy value was estimated from
the area of the anomaly between the differential curve and the baseline. For quantitative
analysis, we used anomalies characteristic of the decomposition of one substance or for
conditions of possible comparison of the content. When analyzing the effect of additives
on the hydration of Portland cement by IR spectroscopy, all other things being equal, the
method of comparing the intensities of characteristic peaks was used. An additive-free
cement stone was used as a control composition. When comparing the values of enthalpies
and the intensity of responses in the IR spectra, the proportion of Portland cement in the
original binder was taken into account. The setting time was determined using a Vic device
in accordance with GOST 30744-2001 “Cements. Test methods using polyfraction sand”.
The compressive strength was determined on cubic specimens with an edge of 20 mm. To
determine the strength, a servo-hydraulic system for static and low-frequency dynamic tests
of building materials ADVANTEST 9 was used. A series of 15 samples was used for testing.
Based on the results obtained, the mean value and statistical indicators were calculated: the
standard deviation and the coefficient of variation, which for strength did not exceed the
standard value,13%. The relative error of physical measurements did not exceed 5%.

3. Results and Discussion

Analysis of the hydration processes of composite binders can be carried out on the
basis of a quantitative analysis of the resulting products. For this, the enthalpies of the
anomalies on the obtained thermograms were determined. The enthalpies were grouped
according to the temperature range of the minimum points. For the analysis, anomalies
were selected that correspond to the decomposition of portlandite (480–500 ◦C) [29,30]
and hydrosilicates and calcium carbonate (750–780 ◦C) [29,30]. Typical thermograms of a
cement stone modified with hydrosilicates of the studied metals (barium, zinc, copper),
using the example of a cement stone modified with hydrosilicates of zinc and copper in an
amount of 0.5%, are shown in Figures 1 and 2. The results of determining the enthalpies for
anomalies are presented in Table 1.

Considering that portlandite is formed during the hydration of the main clinker
minerals—tricalcium silicate (C3S) and dicalcium silicate (C2S)—its content can be used to
estimate the degree of hydration of the cement binder, taking into account the proportion
of cement in it. The content of portlandite in the material can be estimated from the change
in the anomaly at 450–500 ◦C [29]. It should be borne in mind that it can increase with an
increase in the degree of hydration of cement and decrease due to the binding of portlandite
by amorphous hydrosilicates of metals. This anomaly characterizes the decomposition of
only one mineral; therefore, it is most convenient for the analysis of hydration processes.
Decomposition of hydrosilicates and calcium carbonate occurs at a temperature close to the
value 750–780 ◦C [29]. Considering that carbonate is formed only in the surface layer of the
samples and during sample preparation, this anomaly can be indirectly used to estimate
the content of calcium hydrosilicates. Analyzing the change in the content of portlandite in
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the cement stone, it should be noted that its concentration in the cement stones modified
by hydrosilicates of copper is lower than in the control composition (Table 1). At the same
time, a decrease in its content is observed with an increase in the concentration of copper
hydrosilicates. Therefore, with the content of copper hydrosilicates in the amount of 1% at
the age of 1 day, portlandite was not found in the sample. When using hydrosilicates of
zinc on the 1st day of hydration, the concentration of portlandite is also lower than for the
control composition (from 23 to 84%) and is determined by the content of the modifier. At
the same time, on the 28th day of hydration, the portlandite concentration can be either
below the control value or exceed the control values (up to 121%) with a zinc hydrosilicate
content of 2–3%. Thus, the concentration of portlandite in the initial period of hardening
decreases when both types of modifiers are used. In this case, the concentration of the
additive has a significant effect. Thus, an increase in the content of copper hydrosilicates in
the binder has a strong “toxic” effect on cement in the initial period of hydration, which is
indicated by a significant decrease in the concentration of portlandite, and hydrosilicates
of zinc, depending on the concentration, can both accelerate and slow down the rate of
hydration of the main clinker minerals. In addition, it should be noted that, in contrast
to the control composition, the kinetics of changes in the concentration of portlandite in
the modified samples has a complex vibrational character (Table 2). This can be explained
as follows. It is known that portlandite is able to enter into chemical interaction with
amorphous hydrosilicates, while the formation of calcium hydrosilicates is possible. A
similar oscillatory nature of changes in the calcium concentration in systems containing
silicic acid is noted in [31]. Binding of portlandite is a constructive process that makes
it possible to increase the strength of the resulting stone, as well as an initiator of the
hydration of C3S and C2S (except for the cases of the formation of dense impermeable shells
on the surface of mineral particles). It is possible to indirectly estimate the concentration
of calcium hydrosilicates by the value of the enthalpy at 750–780 ◦C (Table 1). Thus, at a
concentration of zinc hydrosilicates of 6% and copper hydrosilicates of 1%, the content
of calcium hydrosilicates during the entire studied period of hydration is less than in
the control composition (94% compared to the control composition). This indicates the
lack of binding of portlandite, thus the low concentration of portlandite is due to the low
rate of hydration of C3S and C2S. For other compositions, the concentration of calcium
hydrosilicates exceeds the control values at the age of 28 days—up to 220% when using
hydrosilicates of zinc and up to 270% when using hydrosilicates of copper, while the values
of the control composition are exceeded after 3 days of hardening. Thus, the complex
oscillatory nature of changes in the concentration of portlandite is due to its binding
to calcium hydrosilicates. The reduction in portlandite in the resulting cement stone is
beneficial in reducing the likelihood of leaching processes. Thus, in works [10,32] the
possibility of a significant decrease in the content of portlandite in the composition of the
artificial stones obtained is shown.
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2.0% of hydrosilicate zinc 

480–500 −28.04 −36.85 −42.89 −48.37 −58.81 

750–780 −41.93 −54.80 −39.70 −51.62 −49.52 

3.0%of hydrosilicate zinc 

480–500 −26.15 −32.62 −42.62 −44.60 −51.12 

750–780 −32.89 −45.82 −58.74 −54.30 −56.02 

4.0% of hydrosilicate zinc 

480–500 −24.04 −37.07 −34.04 −45.20 −31.28 

750–780 −29.51 −42.29 −44.29 −46.45 −41.48 

5.0% of hydrosilicate zinc 
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Figure 1. Thermogram of a cement stone modified with barium hydrosilicates and zinc hydrosilicates
(0.5%): 1—at the age of 1 day; 2—at the age of 3 days; 3—at the age of 7 days; 4—at the age of 14 days;
5—at the age of 28 days.
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Figure 2. Thermogram of a cement stone modified with barium hydrosilicates and copper hydrosili-
cates (0.5%): 1—at the age of 1 day; 2—at the age of 3 days; 3—at the age of 7 days; 4—at the age of
14 days; 5—at the age of 28 days.

Table 1. Values of enthalpy.

Enthalpy, J/g for the Response
with Extremum, ◦C

Age, day

1 3 7 14 28

0.5% of hydrosilicate zinc

480–500 −21.19 −31.51 −41.43 −36.99 −40.95
750–780 −31.74 −45.84 −31.43 −55.30 −42.76

1.0% of hydrosilicate zinc

480–500 −18.34 −15.62 −38.73 −28.78 −37.55
750–780 −28.67 −39.74 −49.54 −51.96 −49.61

2.0% of hydrosilicate zinc

480–500 −28.04 −36.85 −42.89 −48.37 −58.81
750–780 −41.93 −54.80 −39.70 −51.62 −49.52

3.0%of hydrosilicate zinc

480–500 −26.15 −32.62 −42.62 −44.60 −51.12
750–780 −32.89 −45.82 −58.74 −54.30 −56.02

4.0% of hydrosilicate zinc

480–500 −24.04 −37.07 −34.04 −45.20 −31.28
750–780 −29.51 −42.29 −44.29 −46.45 −41.48

5.0% of hydrosilicate zinc

480–500 −10.60 −18.12 −20.97 −18.01 −21.16
750–780 −18.82 −27.66 −31.05 −29.97 −29.22

6.0% of hydrosilicate zinc

480–500 −7.30 −17.37 −10.72 −16.94 −15.17
750–780 −12.04 −25.01 −26.03 −25.85 −23.26

0.25% of hydrosilicate copper

480–500 −28.99 −31.04 −31.06 −49.09 −43.22
750–780 −32.88 −43.02 −45.97 −48.52 −40.33

0.5% of hydrosilicate copper

480–500 −29.23 −29.91 −32.37 −31.23 −48.21
750–780 −39.39 −46.16 −43.38 −49.24 −44.00

0.75% of hydrosilicate copper

480–500 −26.45 −30.22 −31.63 −44.98 −45.41
750–780 −42.77 −49.18 −50.33 −60.58 −69.00
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Table 1. Cont.

Enthalpy, J/g for the Response
with Extremum, ◦C

Age, day

1 3 7 14 28

1% of hydrosilicate copper

480–500 – −5.46 −13.76 −21.86 −25.02
750–780 −2.75 −13.33 −24.11 −26.24 −25.11

Control composition

480–500 −37.22 −45.83 −53.92 −54.32 −54.43
750–780 −38.77 −44.00 −31.90 −29.15 −28.54

Table 2. Intensity of IR spectrum.

Wavenumber,
cm−1

Age, days

1 3 7 14 28

0.5% of hydrosilicate zinc

1163–1167 – – – – –
940–965 0.059549 0.090966 0.058821 0.072629 0.062233

1.0% of hydrosilicate zinc

1163–1167 – – – – –
940–965 0.063768 0.074353 0.064744 0.079351 0.075371

2.0% of hydrosilicate zinc

1163–1167 – – – – –
940–965 0.09096 0.05726 0.082424 0.055943 0.050913

3.0% of hydrosilicate zinc

1163–1167 – – – – –
940–965 0.08281 0.070537 0.07114 0.066105 0.056942

4.0% of hydrosilicate zinc

1163–1167 – – – – –
940–965 0.073808 0.089035 0.05995 0.064385 0.071096

5.0% of hydrosilicate zinc

1163–1167 – – – – –
940–965 0.07302 0.068688 0.073117 0.067266 0.098813

6.0% of hydrosilicate zinc

1163–1167 – – – – –
940–965 0.069865 0.07047 0.066473 0.065942 0.097897

0.25% of hydrosilicate copper

1163–1167 0.015373 0.019754 0.019991 0.006881
940–965 0.058528 0.08853 0.07156 0.080415 0.056018

0.5% of hydrosilicate copper

1163–1167 0.074429 0.022087 0.011307 0.011788 0.007657
940–965 0.087733 0.059298 0.060316 0.076183 0.060625

0.75% of hydrosilicate copper

1163–1167 0.07637 0.023699 0.010411 0.004507 0.006494
940–965 0.082416 0.053709 0.095245 0.045252 0.062908

1.0% of hydrosilicate copper

1163–1167 0.074429 0.02336 0.020879 0.012401 0.008841
940–965 0.0982229 0.065899 0.069552 0.058769 0.06402

Control composition

1163–1167 – – – – –
940–965 0.040411 0.04763 0.038303 0.058102 0.054476



Materials 2022, 15, 292 7 of 13

Taking into account the disadvantages of the method of differential thermal analysis,
namely, the difficulty in identifying clinker minerals, as well as to establish a compound that
has a blocking effect on the hydration of clinker minerals, the method of IR spectroscopy
was used. A typical IR spectrum of a cement stone modified with metal hydrosilicates is
shown in Figures 3 and 4 and in Table 2.
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(0.5%): 1—at the age of 1 day; 2—at the age of 3 days; 3—at the age of 7 days; 4—at the age of 14 days;
5—at the age of 28 days.
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940–965 0.063768 0.074353 0.064744 0.079351 0.075371 

2.0% of hydrosilicate zinc 

1163–1167 – – – – – 

940–965 0.09096 0.05726 0.082424 0.055943 0.050913 

3.0% of hydrosilicate zinc 

1163–1167 – – – – – 

940–965 0.08281 0.070537 0.07114 0.066105 0.056942 

4.0% of hydrosilicate zinc 

1163–1167 – – – – – 

940–965 0.073808 0.089035 0.05995 0.064385 0.071096 

5.0% of hydrosilicate zinc 

1163–1167 – – – – – 

940–965 0.07302 0.068688 0.073117 0.067266 0.098813 

6.0% of hydrosilicate zinc 

1163–1167 – – – – – 

940–965 0.069865 0.07047 0.066473 0.065942 0.097897 

0.25% of hydrosilicate copper 

1163–1167 0.015373 0.019754 0.019991  0.006881 

940–965 0.058528 0.08853 0.07156 0.080415 0.056018 

0.5% of hydrosilicate copper 

1163–1167 0.074429 0.022087 0.011307 0.011788 0.007657 

940–965 0.087733 0.059298 0.060316 0.076183 0.060625 

Figure 4. IR spectra of cement stone modified with barium hydrosilicates and zinc hydrosilicates
(0.5%): 1—at the age of 1 day; 2—at the age of 3 days; 3—at the age of 7 days; 4—at the age of 14 days;
5—at the age of 28 days.

Analysis of the results presented in Figures 3 and 4 and Table 2 shows that the
control composition and the compositions modified with hydrosilicates of zinc differ in the
absence of a spectrum at 1163–1167 cm−1. The specified spectrum corresponds to the S-O
fluctuations, that is, it determines the content of the gypsum stone. According to the Table 2
in the presence of zinc hydrosilicates, the gypsum stone is bound with the formation of
ettringite already after 1 day of hardening. When using hydrosilicates of copper, even after



Materials 2022, 15, 292 8 of 13

28 days, there is no complete binding of the gypsum stone. Zinc hydrosilicates do not slow
down the formation of ettringite—the gypsum stone is bound after 1 day of hardening.
Similar conclusions can be drawn from the change in the intensity of the spectrum at
940–965 cm−1, corresponding to C3S. When using hydrosilicates of copper, the content of
C3S in the cement stone is 1.45–2.43 times higher than its content in the control composition
after 1 day of hardening, which is comparable with the use of of hydrosilicates of zinc.
However, after 28 days of hardening, the C3S content exceeds the control values by 2–17%
when using hydrosilicates of copper, and when using hydrosilicates of zinc, it can either
decrease to 7% (with a concentration of zinc hydrosilicates of 2%) in comparison with the
control composition, or exceed the control value by ~1.8 times (at a concentration of zinc
hydrosilicates 5–6%). The presented data confirm the complex nature of the influence of
zinc hydrosilicates on the hydration processes of C3S, namely, the acceleration of hydration
at a concentration of 2–3%. Additionally, it should be borne in mind that responses in
the range of 800–1100 cm−1 are also characteristic of calcium hydrosilicates, therefore, an
increase in the signal at 940–965 cm−1 may indicate the formation of calcium hydrosilicates.
Thus, when using hydrosilicates of copper, the rate of hydration is determined by the copper
content of the modifier. When using hydrosilicates of zinc, the rate of hydration is probably
determined by the concentration of silicic acid in the test material, the concentration of
zinc ions increases linearly, and the change in the amount of C3S occurs nonlinearly. Such
changes are manifested when using silicic acids [33,34] in the composition of cement
composites, and they can be traced by changing the setting time of the composite cement
paste. The results are shown in Table 3.

Table 3. Setting time of composite cement paste.

Modifier Type Modifier
Content, %

Setting Start
Time,

Hours: Min

End of Setting
Time,

Hours: Min

Duration of
Setting,

Hours: Min

Control composition 2:10 3:45 1:35

Copper
hydrosilicates

0.25 2:25 4:35 2:10
0.5 2:40 4:20 1:40
0.75 2:20 5:45 3:25
1.0 6:04 more than 10 h more than 10 h

Zinc
hydrosilicates

0.5 1:30 4:25 2:55
1.0 0:55 4:00 3:05
2.0 2:30 6:00 3:30
3.0 2:30 3:35 1:05
4.0 2:10 3:25 1:15
5.0 1:05 3:10 2:05
6.0 1:45 3:45 2:00

According to the Table 4, the Zn2+ and Cu2+ ions have a significantly different effect
on the earlier structure formation in the binder. Thus, the accelerating effect of barium
hydrosilicates is completely blocked by the introduction of even a small amount of hy-
drosilicates of copper. The retarding effect increases with an increase in the content of the
modifying additive and at a concentration of copper hydrosilicates of 1%, the compos-
ite binder does not meet the requirements of regulatory documents at the end of setting
(the end of setting is not later than 10 h of hardening). End-of-set time also increases
with hydrosilicates of copper at all tested concentrations. This indicates a slowdown in
the processes of cement hydration with copper ions, which is consistent with the data in
Tables 1 and 2 and Figure 3. The amount of silicic acid introduced into the material together
with hydrosilicates of copper has a weak effect on hydration. Therefore, some acceleration
of the beginning (0.75% of hydrosilicates of copper) and the end (0.5% of hydrosilicates
of copper) setting is caused by the features of depolymerization of silicic acid, which is
contained in modifiers of hydrosilicates of copper and hydrosilicates of barium. Silicic acid
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and silicates, depending on the pH values of the solution, the concentration, change the
rate of depolymerization [35,36] and, accordingly, the ability to actively adsorb calcium
ions from the solution. When using hydrosilicates of zinc, the modifier weakly changes the
properties of the material, that is, zinc ions, unlike copper, do not lead to a rapid slowdown
in the hydration of cement. Barium ions and silicic acid accelerate the onset of setting.
With an increase in the content of zinc hydrosilicates to 1%, the content of the silicate
phase increases, and the depolymerization conditions are maintained, which accelerates
the onset of setting, while zinc ions also do not prevent the acceleration of hydration
processes. When the content of zinc hydrosilicates is 2–3%, there is a slight slowdown in
the depolymerization of silicic acid, and then acceleration again, which is reflected in the
timing of the onset of setting. With an increase in the content of zinc ions, the setting time
has a non-linear character, therefore, in general, it is the concentration of silicic acid, and
not the concentration of zinc, that has a dominant effect. Therefore, in the presence of zinc
hydrosilicates, blocking of gypsum binding does not occur. It should be noted that the data
obtained contradict the known concepts [22] about a more active retardation of cement
hydration by zinc in comparison with copper. Therefore, when choosing a retarder, one
should take into account the anion of the salt containing copper or zinc.

Table 4. Empirical coefficient values.

Modifier Type Modifier Content, %
Empirical Coefficient Values

Rmax b

Copper hydrosilicates

control composition 70.94 0.929
0.25 69.68 0.212
0.50 73.68 0.154
0.75 51.64 0.218
1.0 46.37 0.217

Zinc hydrosilicates

0.50 81.23 0.270
1.0 75.09 0.277
2.0 79.29 0.234
3.0 77.67 0.222
4.0 77.60 0.223
5.0 40.49 0.538
6.0 43.06 0.343

Thus, the introduction of hydrosilicates of metals into Portland cement can both initiate
structural processes and slow them down, which affects the properties of the resulting
cement stones. Since when creating a composite binder, it is necessary to preserve the grade
for the strength of the cement used, then the strength of the resulting stones should be
established. In order to formulate recommendations for the use of concrete mixtures on
construction sites, the kinetics of the strength gain of the materials should be established.
The results of strength gain with composite cement stones are shown in Figures 5 and 6.

Analysis of Figures 5 and 6 shows that the strength gain of composite cement stones is
carried out according to the exponential law (1):

Rst = Rmax(1 − e−bt), (1)

where Rst is the compressive strength of the cement stone, MPa; Rmax—maximum strength
of cement stone, MPa; b is an empirical coefficient characterizing the rate of strength gain;
t—time, day. The values of the empirical coefficients are given in Table 4.
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Figure 6. Strength of cement stone modified with barium hydrosilicates and zinc hydrosilicates,
where: #—content of hydrosilicates of zinc 0.5%; •—content of hydrosilicates of zinc 1%; �—content
of hydrosilicates of zinc 2%; N—content of hydrosilicates of zinc 3%; ∆—content of hydrosilicates of
zinc 4%; �—content of hydrosilicates of zinc 5%; �—content of hydrosilicates of zinc 6%.

Analysis of the data in Figures 5 and 6 and Table 4 shows that the use of hydrosilicates
of copper in an amount of 0.25–0.5%, as well as hydrosilicates of zinc in an amount of
not more than 4%, allows achieving the strength of a control cement stone at a vintage
age with a lower cement consumption. However, the development of strength by such
materials proceeds more slowly, as indicated by a decrease in the values of the coefficient
b (Table 3). The use of hydrosilicates of zinc in an amount of 5–6% increases the rate of
strength development, but the Rmax value decreases significantly.

Comparing the data in Tables 1–4, we can make the following conclusion. Considering
that, according to the thermograms, the content of calcium hydrosilicates in modified
cement stones is comparable to or exceeds the values for the control composition, as
well as a low content of portlandite and a high content of C3S, the formation of calcium
hydrosilicates is carried out by interaction of portlandite with the amorphous part of
hydrosilicates of barium, zinc and copper. This takes place when using hydrosilicates of
copper in an amount of 0.25–0.5%, as well as hydrosilicates of zinc in an amount of not
more than 4%. The formed hydrosilicates of calcium are formed more slowly than in the
control composition. However, their amount is sufficient to compact the structure of the
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cement stone, which ensures the achievement of the required strength or even exceeding
the strength values of the control composition. With an increase in the concentration of
hydrosilicates of copper more than 0.5% and hydrosilicates of zinc more than 4%, the
content of copper ions and silicates reaches a critical value, blocking the hydration of C3S
and C2S. Despite the fact that the binding of portlandite should initiate the hydration
of C3S and C2S, the negative effect of copper ions and blocking of the C3S surface by
hydration products is dominant. Thus, the resulting cement stone has a large supply of
clinker stock, which is promising for ensuring the healing of microcracks arising during
the operation of structures made of cement concrete. When manufacturing products from
composite cement, one should consider the low rate of hydration of the binder and prevent
its premature loading.

4. Conclusions

1. It was found that in a biocidal composite binder hydrosilicates of copper have a
significant retarding effect on the processes of hydration of cement than hydrosilicates of
zinc. The effect of zinc hydrosilicates on hydration is determined by the content of the
silicate phase; therefore, hydration can both accelerate and slow down.

2. The limiting concentrations of biodiceous modifying additives have been estab-
lished: zinc hydrosilicates—no more than 4% and copper hydrosilicates—no more than
0.5%, which allow to obtain equal strength or more durable cement stone from a composite
binder with a reduced cement content.

3. The content of calcium hydrosilicates in the formed cement stones exceeds or is
comparable to its content in the control cement stone, subject to the recommended dosages.
This is due to the occurrence of processes of binding of portlandite by the silicate phase
of hydrosilicates of barium, copper and zinc. Reducing the amount of portlandite is an
advantage in providing improved leach resistance.

Author Contributions: Conceptualization, E.V.K. and A.N.G.; methodology, A.N.G.; software, V.A.G.;
validation, E.V.K. and A.N.G.; formal analysis, A.N.G.; investigation, V.A.G.; resources, V.A.G.; data
curation, A.N.G.; writing—original draft preparation, A.N.G.; writing—review and editing, E.V.K.
and V.A.G.; visualization, V.A.G.; supervision, A.N.G.; project administration, A.N.G.; funding
acquisition, V.A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Science and Higher Education of the Russian
Federation (Project: Theoretical and experimental design of new composite materials to ensure safety
during the operation of buildings and structures under conditions of technogenic and biogenic threats
#FSWG-2020-0007).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was financially supported by the Ministry of Science and Higher
Education of the Russian Federation (Project: Theoretical and experimental design of new composite
materials to ensure safety during the operation of buildings and structures under conditions of
technogenic and biogenic threats #FSWG-2020-0007).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Laniesse, P.; Cau Dit Coumes, C.; Le Saout, G.; Mesbah, A. Understanding the setting and hardening process of wollastonite-based

brushite cement. Part 2: Influence of the boron and aluminum concentrations in the mixing solution. Cem. Concr. Res. 2021, 140,
106288. [CrossRef]

2. Scherb, S.; Maier, M.; Beuntner, N.; Thienel, K.C.; Neubauer, J. Reaction kinetics during early hydration of calcined phyllosilicates
in clinker-free model systems. Cem. Concr. Res. 2021, 143, 106382. [CrossRef]

3. Belhadi, R.; Govin, A.; Grosseau, P. Influence of polycarboxylate superplasticizer, citric acid and their combination on the
hydration and workability of calcium sulfoaluminate cement. Cem. Concr. Res. 2021, 147, 106513. [CrossRef]

http://doi.org/10.1016/j.cemconres.2020.106288
http://doi.org/10.1016/j.cemconres.2021.106382
http://doi.org/10.1016/j.cemconres.2021.106513


Materials 2022, 15, 292 12 of 13

4. MacLeod, A.J.N.; Collins, F.G.; Duan, W. Effects of carbon nanotubes on the early-age hydration kinetics of portland cement
using isothermal calorimetry. Cem. Concr. Compos. 2021, 119, 103994. [CrossRef]

5. Kadri, E.H.; Kenai, S.; Ezziane, K.; Siddique, R.; De Schutter, G. Influence of metakaolin and silica fume on the heat of hydration
and compressive strength development of mortar. Appl. Clay Sci. 2011, 53, 704–708. [CrossRef]

6. Shah, V.; Scott, A. Hydration and microstructural characteristics of mgo in the presence of metakaolin and silica fume. Cem. Concr.
Compos. 2021, 121, 104068. [CrossRef]

7. Achang, M.; Radonjic, M. Adding olivine micro particles to portland cement based wellbore cement slurry as a sacrificial material:
A quest for the solution in mitigating corrosion of wellbore cement. Cem. Concr. Compos. 2021, 121, 104078. [CrossRef]

8. Lampropoulou, P.; Petrounias, P.; Giannakopoulou, P.P.; Rogkala, A.; Koukouzas, N.; Tsikouras, B.; Hatzipanagiotou, K. The
Effect of Chemical Composition of Ultramafic and Mafic Aggregates on Their Physicomechanical Properties as well as on the
Produced Concrete Strength. Minerals 2020, 10, 406. [CrossRef]

9. Korolev, E.V. Prospects for the development of building materials science, Academia. Archit. Constr. 2020, 143–159. [CrossRef]
10. Grishina, A.N.; Eremin, A.V. Effect of barium hydrosilicates on the early hydration rate of portland cement. Inorg. Mater. 2016, 52,

973–977. [CrossRef]
11. Vasilenko, M.I.; Goncharova, E.N. Microbiological features of the process of damage to concrete surfaces. Basic Res. 2013, 886–891.

Available online: https://www.elibrary.ru/item.asp?id=18860630 (accessed on 28 November 2021).
12. Startsev, S.A.; Svetlov, D.A.; Kachalov, A.N. Problems of inspection of building structures having signs of biodamaging. Eng.

Constr. J. 2010, 41–46. Available online: https://www.elibrary.ru/item.asp?id=15273461 (accessed on 28 November 2021).
13. Riduan, S.N.; Zhang, Y. Recent Advances of Zinc-based Antimicrobial Materials. Chemistry 2021, 16, 2588–2595. [CrossRef]
14. Lagerström, M.; Ytreberg, E. Quantification of Cu and Zn in antifouling paint films by XRF. Talanta 2021, 223, 121820. [CrossRef]

[PubMed]
15. Strokova, V.V.; Nelubova, V.V.; Rykunova, M.D. Resistance of Cement Stone In Sanitation Solutions. Mag. Civ. Eng. 2019, 90,

72–84. [CrossRef]
16. Erofeev, V.; Rodin, A.; Rodina, N.; Kalashnikov, V.; Erofeeva, I. Biocidal binders for the concretes of unerground constructions.

Procedia Eng. 2016, 165, 1448–1454. [CrossRef]
17. Sanchez-Silva, M.; Rosowsky, D.V. Biodeterioration of Construction Materials: State of the Art and Future Challenges. J. Mater.

Civ. Eng. 2008, 20, 352–365. [CrossRef]
18. Janczak, K.; Kosmalska, D.; Kaczor, D.; Wedderburn, L.; Malinowski, R. Bactericidal and fungistatic properties of LDPE modified

with a biocide containing metal nanoparticles. Materials 2021, 14, 4228. [CrossRef]
19. Krishnamurthi, P.; Raju, Y.; Manoharan, P.T.; Khambhaty, Y. Zinc oxide-supported copper clusters with high biocidal efficacy for

Escherichia Coli and Bacillus Cereus. ACS Omega 2017, 2, 2524–2535. [CrossRef] [PubMed]
20. Taran, M.V.; Starodub, N.F.; Melnychuk, M.D.; Katsev, A.M.; Babanin, A.A.; Guidotti, M.; Khranovskyy, V.D. Biocidal effects of

silver and zinc oxide nanoparticles on the bioluminescent bacteria. Proc. SPIE 2013, 9032, 90320I. [CrossRef]
21. Grengg, C.; Koraimann, G.; Ukrainczyk, N.; Rudic, O.; Luschnig, S.; Gluth, G.J.G.; Radtke, M.; Dietzel, M.; Mittermayr, F. Cu- and

Zn-doped alkali activated mortar—Properties and durability in (bio)chemically aggressive wastewater environments. Cem. Concr.
Res. 2021, 149, 106541. [CrossRef]

22. Ramachandran, S.V.; Feldman, R.F.; Kollepardi, M.; Malhotra, V.M.; Dolch, V.L.; Mehta, P.K.; Ohama, I.; Ratinov, V.B.; Rosenberg,
T.I.; Mailwagans, N.P. Concrete admixtures ref. M. Stroyizdat. 1988; 575p. Available online: http://books.totalarch.com/
concrete_admixtures_handbook_properties_science_and_technology_ramachandran (accessed on 28 November 2021).

23. Maksimova, I.N.; Makridin, N.I.; Surov, I.A. Influence of calcium nanohydrosilicates modified with aprotonic acids on the
formation of the strength of the dispersed-crystalline structure of cement stone. Reg. Archit. Constr. 2014, 63–68. Available online:
https://elibrary.ru/item.asp?id=44361348 (accessed on 28 November 2021).

24. Grishina, A.N.; Korolev, E.V.; Satyukov, A.B. Radiation-protective composite binder extended with barium hydrosilicates. Adv.
Mater. Res. 2014, 1040, 351–355. [CrossRef]

25. Grishina, A.N.; Korolev, E.V. Chemical composition of a biocidal modifier on a silicate base. Vestn. MGS 2016, 11, 58–67. [CrossRef]
26. Grishina, A.; Korolev, E. Chemical composition of silicate modifier for composite biocidal binder. AIP Conf. Proc. 2016, 1772,

020003. [CrossRef]
27. Grishina, A.N.; Korolev, E.V.; Satyukov, A.B. Products of reaction between barium chloride and sodium hyrdosilicates: Examina-

tion of composition. Adv. Mater. Res. 2014, 1040, 347–350. [CrossRef]
28. Saraya ME, I. Stopping of cement hydration by various methods. HBRC J. 2010, 6, 49–58. Available online: https://www.

researchgate.net/publication/266738538_Stopping_of_cement_hydration_by_various_methods (accessed on 28 November 2021).
29. Taylor, X. Chemistry of cement. Per. From English—M.: Mir. 1996. 560p. Available online: http://books.totalarch.com/

chemistry_cement (accessed on 28 November 2021).
30. Galkin YuYu Udodov, S.A.; Vasil’eva, L.V. The phase composition and properties of aluminate cements after early loading. Mag.

Civ. Eng. 2017, 75, 114–122. [CrossRef]
31. Vernigorova, V.N.; Sadenko, S.M. On the non-stationary of physico-chemical processes processing in the concrete mixture. Constr.

Mater. 2017, 86–89. Available online: https://elibrary.ru/item.asp?id=28392798 (accessed on 28 November 2021).

http://doi.org/10.1016/j.cemconcomp.2021.103994
http://doi.org/10.1016/j.clay.2011.06.008
http://doi.org/10.1016/j.cemconcomp.2021.104068
http://doi.org/10.1016/j.cemconcomp.2021.104078
http://doi.org/10.3390/min10050406
http://doi.org/10.22337/2077-9038-2020-3-143-159
http://doi.org/10.1134/S0020168516090077
https://www.elibrary.ru/item.asp?id=18860630
https://www.elibrary.ru/item.asp?id=15273461
http://doi.org/10.1002/asia.202100656
http://doi.org/10.1016/j.talanta.2020.121820
http://www.ncbi.nlm.nih.gov/pubmed/33298290
http://doi.org/10.18720/MCE.90.7
http://doi.org/10.1016/j.proeng.2016.11.878
http://doi.org/10.1061/(ASCE)0899-1561(2008)20:5(352)
http://doi.org/10.3390/ma14154228
http://doi.org/10.1021/acsomega.7b00214
http://www.ncbi.nlm.nih.gov/pubmed/30023669
http://doi.org/10.1117/12.2044672
http://doi.org/10.1016/j.cemconres.2021.106541
http://books.totalarch.com/concrete_admixtures_handbook_properties_science_and_technology_ramachandran
http://books.totalarch.com/concrete_admixtures_handbook_properties_science_and_technology_ramachandran
https://elibrary.ru/item.asp?id=44361348
http://doi.org/10.4028/www.scientific.net/AMR.1040.351
http://doi.org/10.22227/1997-0935.2016.11.59-67
http://doi.org/10.1063/1.4964525
http://doi.org/10.4028/www.scientific.net/AMR.1040.347
https://www.researchgate.net/publication/266738538_Stopping_of_cement_hydration_by_various_methods
https://www.researchgate.net/publication/266738538_Stopping_of_cement_hydration_by_various_methods
http://books.totalarch.com/chemistry_cement
http://books.totalarch.com/chemistry_cement
http://doi.org/10.18720/MCE.75.11
https://elibrary.ru/item.asp?id=28392798


Materials 2022, 15, 292 13 of 13

32. Korolev, E.V.; Grishina, A.N.; Satukov, A.B. Chemical composition of nanomodified composite binder using nano- and micro-size
barium hydrosilicates. Nanotechnol. Constr. Sci. Online J. 2014, 6, 90–103. Available online: https://www.elibrary.ru/item.asp?id=
22309224 (accessed on 28 November 2021).

33. Grishina, A.; Korolev, E. Structure formation of gypsum binder with zinc hydrosilicates. E3S Web Conf. 2019, 91, 02016. [CrossRef]
34. Loganina, V. Putty on the base of a modified silicate binding agent. Key Eng. Mater. 2017, 736, 161–165. [CrossRef]
35. Shabanova, N.A.; Belova, I.A.; Markelova, M.N. Reactivity and Aggregative Stability of Colloidal Silica. Glass Phys. Chem. 2020,

46, 84–89. [CrossRef]
36. Shabanova, N.A. The kinetics of depolymerization of silica in the production of polysilicates from hydrosols. Colloid J. Russ. Acad.

Sci. Kolloidn. Zhurnal 1998, 60, 651–654. Available online: https://www.scopus.com/record/display.uri?eid=2-s2.0-27144509406
&origin=resultslist (accessed on 28 November 2021).

https://www.elibrary.ru/item.asp?id=22309224
https://www.elibrary.ru/item.asp?id=22309224
http://doi.org/10.1051/e3sconf/20199102016
http://doi.org/10.4028/www.scientific.net/KEM.736.161
http://doi.org/10.1134/S1087659620010174
https://www.scopus.com/record/display.uri?eid=2-s2.0-27144509406&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-27144509406&origin=resultslist

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

