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B cmamve paccmampuearomces 6onpocst moouguyuposanus Gmopanzudpumossix Kom-
RO3UYUIL XUMUYECKUMU O000a6KaAMU coell Hampusa 6 euode cyavpama, cyavpuma u cynvghuoa
Hampus, a maKxce UX COBMECMHOE 6030elicmeue HA KUHEMUKY HPOUecco8 CMmpyKmypooopasosa-
nusa. Hccnedoeansl mexnonozuueckue, IK0J102UdecKue, MEXHON0UUECKUE ACNEKMbl NPUMEHEHUA
AKMUBUPOSGAHHBIX 000asKamu Gmopanzudpumossix Komnosuyuil. Ilposedennvie IKcnepumennul
noKazanu, umo yeeiuyenue Koauuecmea 000aeéxku cynvpuma nampusa 6 Koauuecmee 0o 3% om
Mmaccwl pmopanzudpuma npueoOUm K NOGbIUIEHUIO NPOYHOCMU 00paA3y06 HaA cHcamue é paHHue
cpoku meepoenus (00 14 cym), ucnonvzosanue 000asku cynvpama nampus gpopmupyem Kpucmai-
AUAUUOHHYIO CIPYKIYDY 8 00/1ee NO30HUEe CPOKU, NOIMOMY PAUUOHATIBHO CO6MECHOEe NPUMEHe-
Hue 0006asoK cynvhama u cynrvpuma Hampus 6 Konuuecmee, He npesvluiarouiem 3% om maccel
saxcyuieco. Dopmuposanue CMpPYKmMypvl mMeEEePOeHUA ICYULec0 ¢ 000aeKoll cynvuoa Hampus
OCYULeCmeNAenCA YrHce HA PAHHUX CIAOUAX C 00pa308anuem OONROJIHUMENbHbIX CIPYKMYpooodpa-
3yrouux eeuwjecma 6 guoe cyabpuoa kanvyus. Mexanuzm pazoenbHozo Oeiicmeus UHOUBUOYATbHBIX
0obasok cynvhama u cyrvuma Hampus no360JUNI GbIOBUHYMb NPEONOJIONCEHUE UMO, C 0OHOU
CMOpOHbI HAUbO01ee PAUUOHATBHO UCHOJIb306AMDb COBMECIHOE 8030¢elicmaue CYyIbPAmHbIX U CYJlb-
ummnsix 000a80K, nOCKOILKY Imo He NPOCMo 080liHOe Oelicmeue 000asoK, a Oyghepuas cmecs, a
3HAYUUM, MEXAHUIM Oelicmeus makoii 0odasku oyoem noouunamovca oyghepuomy oeiicmeuro. B cu-
cmeme 0yoem nOOOEPHCUBAMBCA NOCHOAHCIEO CHPO20 OnpedenenHo20 ouanazona pH, komopoe
onpeoensaem yCmouuugocms HO8000PA306aHUIl, hopmupyrowux cmpykmypy meepoenus. A c¢ opy-
2011 - yenecooopaznocms 6eedenus 000a8Ku cyabpuoa Hampus u uzyuenue e20 6IUAHUA HA NPo-
yecc CmpyKmypooopa3o6anus pmopanzuopumosslx KOMno3uyull KaKk npu UHOUGUOYaaIbHOM, MAK U
npu coemecmuom oeiicmeuu ¢ oodaskamu cyavuma u cynrvpama nampus. Beeoenue oodasxku
cynvhuoa nampusa npueooum K 00paA306aAHUI0 HEPACMEOPUMO20 CYAbPHUOa Kanbyus, Komopulil
MOdHCEm CTIYHCUMb AOPOM O POPMUPOCAHUA UEPAPXUHECKUX OP2AHUZO6AHHBIX CIMDYKIYD U CHO-
cobcmeosams KObMamayuu nop, ynpounaa CMpPyKmypy aHZUOPuUmo8020 8axcyu,e2o.

KaroueBbie cioBa: Qropanruapur, cyiabar HATpUs, cyab(OUT HATPUs, CyIb(UA HATPHS, JEPHBATO-
rpaduyeckuii aHaIu3, IEKTPOHHO-MUKPOCKOTIMYECKUI aHaIH3
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The article is devoted to modifications of fluorogypsum compositions by chemical addi-
tives of sodium salts in the form of sulfate, sulfite and sodium sulfide, as well as their combined
effect on the kinetics of structure formation processes. Technological, ecological and technical
aspects of utilization of fluorogypsum compositions activated by additives were investigated. Ex-
periments have shown that an up to 3% increase in the amount of sodium sulfite additive leads to
an increase in the compressive strength of samples at early stages of hardening (up to 14 days),
whereas utilization of sodium sulfate additive forms a crystallization structure at later stages.
Therefore, it is rational to combine sulfate and sodium sulfite additives in an amount not exceed-
ing 3% of the binder’s weight. The binder hardening structure formation with sodium sulfide ad-
dition at early stages results in production of additional structure-forming substances such as
calcium sulfide. The mechanism of differentiated application of individual sulfate and sodium
sulfite additives allowed to suggest that combined sulfate and sulfite additives utilization seems to
be the most rational decision, due to the fact that it is not a mere individual additives’ combina-
tion, but a buffer mixture, which means that the mechanism of such mixtures influence will be
subject to the buffer action. The system will maintain a strictly defined pH range constancy,
which determines stability of new growths, forming the hardening structure. However, using so-
dium sulfide as an additive and studying its impact on fluoroanhydrate compositions structure
formation in both individual and combined with sodium sulfite and sodium sulfate forms appears
to be as much reasonable. The combined Na,SOs-Na,SO, additive activates hardening processes
both at early and late stages. At the same time, columnar structures growing from the center to
the periphery are formed, as indicated by electron-microscopic studies. Their growth stems from
concentration gradient of SO,*- and SOs?- ions, which is in complete agreement with the other
research data and is typical for both metal melts and cement systems solidification process.

Key words: fluorogypsum, sodium sulfate, sodium sulfite, sodium sulfide, X Ray diffraction, thermo-
gravimetric analysis
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INTRODUCTION

Currently, a considerable amount of attention
is paid to the search and scientific substantiation of
effective ways to regulate the processes of structure
formation of gypsum and gypsum-containing binders,
including industrial waste [1-5].

Previously, we have shown that sulfate and
sodium sulfite additives introduction leads to fluo-
rogypsum compositions hardening process activation
and to a significant increase in gypsum stone strength
characteristics [6-7].

However, it is obvious that without identify-
ing how the additives affect the processes under con-
sideration, it is impossible to develop optimal compo-
sitions and production technology of fluorogypsum
binders with increased performance.

The aim of the study is to research the effect
of sulfate additives on the processes of structure for-
mation of fluorogypsum binders.

EXPERIMENTAL METHOD

The research utilizes carbonate flour-neutrali-
zed fluorogypsum crushed in a ball mill to a 2000 cm?/gr
specific surface area. Water-solid ratio was selected to
achieve 165 mm compositions fluidity in accordance
with All-Union State Standard (GOST) 31377-2008
and comprised 43.0-46.0% by weight in different
compositions. As the main criterion, the samples
compressive strength value at early (3, 7 days) and
late hardening stages (28 days) in small-scale samples
obtained from fluorogypsum paste by injection mold-
ing, was selected.

The compressive strength test of the samples
was carried out on an attested P-250 hydraulic press
with a maximum force of 5 tons according to GOST
31733-2012.

Having analyzed the known anhydrite binders
structure formation process regulating methods by
means of introduction of activating additives [8-12],
the authors proposed fluorogypsum binder properties
regulation processing methods by means of same cat-
ion additives’ introduction in the form of sulfate, sul-
fite and sodium sulfide.

The phase composition and structural parame-
ters of the samples were studied using the CuK, radia-
tion of XRD-6000 diffraction meter. Phase composi-
tion, coherent scattering areas’ sizes, internal elastic
stresses (Ad/d) analyses were carried out using
PCPDFWIN and PDF4+ databases, as well as the
POWDER CELL full-profile analysis program [13].
Electron-microscopic studies were carried out using
“Tesla BZ 301” scanning electron microscope with

4000x magnification at the age of 3 and 28 days of
binders hardening [14].

RESULTS AND DISCUSSION

After the analysis of existent controlling
methods of anhydrite binders’ structure formation
processes, the authors proposed components guantita-
tive ratios and technological methods of introduction
of additives with the same cation in the form of sul-
fate, sulfite and sodium sulfide [15-20].

The choice of sulfate additives is justified by
their influence on the processes of calcium sulfates
solubility for soluble anhydrite and crystalline pri-
mers. The additives increase the number of crystalli-
zation centers for extraction of new phases from su-
persaturated solutions and, as a consequence, increase
the strength characteristics of the binder. The addi-
tives were introduced with the mixing water.

The results of experimental data on the effect
of sodium sulfate and sodium sulfite additives showed
that strength characteristics of samples with 2% sodi-
um sulfite addition at an early stage (7 days) exceed
the strength characteristics of samples with sodium
sulfate addition. At the age of 14 days, the maximum
value of compressive strength equal to 8.5 MPa was
obtained, which was more than 2 times higher than
the control samples strength. Compressive strength of
samples with 2% sodium sulfate addition at the same
age was 6.5 MPa. It was shown that by 28 days of age
the strength of samples with 2% sodium sulfate addi-
tion reached 8.8 MPa, which exceeded the strength of
samples with sodium sulfite addition. A combined
introduction of additives in equal parts lead to an in-
crease in strength both at early (7 days) and at later
(28 days) stages. With introduction of additives in the
amount of 3%, the compressive strength of samples
decreased, however, the overall picture did not under-
go any changes, so the introduction of more than 3%
of additives is impractical.

With an up to 3% increase in the amount of
sodium sulfide additive, compressive strength of
samples at the age of 28 days increased to 14.8 MPa,
whereas with an up to 4% additions amount strength
of the samples decreased both at the early (7 days)
and late stages of hardening (28 days).

To distinguish mechanism of structure for-
mation process in a binder with additives, physical
and chemical tests the results of which at the age of
28 days are presented in Fig. 1 were carried out.

Based on the nature of cleavage, samples
without additives at the age of 3 days were represent-

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 5 75



A.l. Kurmangalieva, L.A. Anikanova, O.V. Volkova, A.l. Kudyakov, Yu.S. Sarkisov, Yu.A. Abzaev

ed by a gel-like mass, with an initial stage of structure
formation; by 28 days of age, loose crystals of hard-
ened fluorogypsum possessing large pores were
formed. Columnar crystals of calcium sulfate dihy-
drate were practically absent (Fig. 1a). In the samples
with sodium sulfate addition the formation of a close-
packed arrangement of calcium sulfate dihydrate crys-
tals was present. However, in the pores there were

small new growth crystals, which hinted at a slow
formation of structure-forming substances (Fig. 1b).

In the samples with sodium sulfite addition
(Fig. 1c) there were needle-shaped crystals of calcium
sulfate dihydrate, with penetration of large new
growth crystals into pores, which indicated a rapid
exchange process in the system of «fluorogypsum —
additive (Na;SO3) — water», strengthening the anhy-
drite stone structure.

x2020 5um ——i

e

Fig. 1. The results of electron microscopic studies of hardened binder samples with additives at the age of 28 days of hardening with a
magnification of 4000 times: a) without additives; b) sodium sulfite; c) sodium sulfate; d) sodium sulfide; €) sodium sulfate and sodium
sulfite additions
Puc. 1. Pe3ynbTaTsl 271€KTPOHHO-MHKPOCKOTIMYECKUX UCCIIEIOBaHNI 00Pa3IIOB 3aTBEPAEBILETO BDKYILETO ¢ J0OaBKaMH B BO3pacTe 28 CyT.
TBepaeHus npu yBenuuaenuu B 4000 pa3: a) 6e3 106aBok; b) ¢ mobaBkoii cynbbuTa HaTpust; C) ¢ 1oO6aBKoi cynbdara Hatpust; d) ¢ mo6aBkoit
cynbduaa HAaTpHs, €) ¢ 100aBKaMu cyib(ara u CylIb(QuTa HATPHUS

The microstructure of samples with sodium
sulfide addition (Fig. 1d) was represented by close-
packed arrangement of calcium sulfate dihydrate
crystals, with embedded crystals of the formed cal-
cium sulfide. Electron-microscopic studies have
shown that under the influence of sodium sulfide, a
more finely dispersed, but at the same time more
porous structure of gypsum stone was formed, which
is explained by some puffing of the construction mix-
ture. With an increase in additives concentration,
formation of a loose disordered structure of gypsum
stone with mainly tabular and platelet crystals mor-
phology was observed. The most close-packed ar-
rangement of crystals was observed in samples with
combined sulfate and sodium sulfite additives intro-
duction (Fig.1le).

76

According to derivatographic studies (Fig. 2)
the main endothermic effects were caused by removal
of crystallization hydrated water at the temperature of
133.4 °C, decomposition of portlandite at the temper-
ature of 449 °C and rearrangement of crystalline lat-
tice accompanied by formation of insoluble anhydrite
(610.9-719.2 °C). In samples with sodium sulfate ad-
dition there was an endoeffect shift towards higher
temperatures (141 °C compared to 133.4 °C in sam-
ples without additives) at the age of 3 days. In sam-
ples with sodium sulfite and sodium sulfide addition,
endothermic effect shift was more prominent. The
maximum shift was observed in the samples with
combined addition of sulfate and sodium sulfite,
which was accompanied by an increased samples
strength at the early stages of hardening. At the same
time, the magnitude of endothermic effect produced
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by insoluble anhydrite decreased, though the amount
of chemically bound water increased from 0.58 to 1.8
and 2.1 with sodium sulfide addition and combined
addition of sodium sulfate and sulfite. At the age of
7 days, there was an even more significant endother-
mic effect shift caused by removal of crystallization
hydrate water from 140.5 °C in the binder samples
without additives to 151.5 °C in samples with sodium
sulfite addition, which indicates an accelerated pro-
cess of samples structure formation with this additive
at the age of 7 days. Dynamics of hydration processes
persisted with the age of the samples. At the age of
14 days double endothermic effects were observed. At
the temperature of 143 °C for samples without addi-
tives; 146 °C in samples with sodium sulfate addi-
tives; 150 °C in samples with sodium sulfite addition;
149 °C in samples with sodium sulfide addition; 147 °C
in samples with combined addition of sodium sulfate
and sulfite, which indicates the formation of a strong-
er structure in samples with additives. Double endo-
thermic effects at these temperatures are explained by
the fact that by this hardening stage complex com-
pounds and double salts, such as hydroglauberite
(Na1oCas(S0.)s-6H,0) [21], which provide binders
microstructure densification have been formed, which
is consistent with X-ray phase analysis data and mi-
croscopic methods of investigation. Endothermic
effect maximum temperature of 150.7 °C was ob-
served during combined addition of sulfate and so-
dium sulfite.

-
...........
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According to radiographic researches, it is es-
tablished that formation of fluorine anhydrate binder
hardening structure with sodium sulfate addition oc-
curs due to the formation of dihydrate. With the intro-
duction of Na;SO3 additive fluorine anhydrate binder
structure formation process is intensified and calcium
sulfate dihydrate is formed. The main structure-
forming components are presented in Table.
According to the research results in samples contain-
ing 2% Na,SO; solution, the main structure-forming
substances that provide early strength of fluoroanhy-
drate binder with sodium sulfite addition were calci-
um sulfite and calcium sulfate dihydrate.

Studying the samples with Na;SO. (2%) addi-
tion, it can be assumed that formation of fluorogypsum
binder hardening structure with sodium sulfate addition
occurs due to calcium sulfate dihydrate formation.

Analysis of the results shows that a possible
mechanism of additives activating impact can be ex-
plained in the following way. All the activators under
analysis affect structure and energy state of water
(grouting fluid) due to the disturbance of water disso-
ciation chemical equilibrium with formation of H*
and OH ions, a significant impact on this process is
produced by the activator concentration, which de-
termines the solution hydrogen index value. An ex-
cess of SO4% or SOs% anions, which acidifies the envi-
ronment due to sulfuric H,SO4 (sulfurous H.SO3) acid
formation, affects solubility and the mechanism of
anhydrous calcium sulfate (CaSOq Il) hydration and its
modifications.
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Fig. 2. Derivatograms of hardened binder samples at the age of

Ternperature, "2

28 days 1 — reference sample; 2 — sodium sulfat; 3 - sodium sulfit;

4 - sodium sulfide; 5 - sodium sulfat + sodium sulfit

Puc. 2. JlepuBaTrorpammbl 00pa31ioB 3aTBEPAEBLIETO BHKYLIETO (.
Hatpust; 4 - cynedua HaTpus; S -
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Interplanar spacing of the corresponding compounds

Table

Tabauya. MeKIJ10CKOCTHOE PACCTOSIHHE COOTBETCTBYIOIIMX COeAUHEHUI

Interplanar distance d, A

Chemical compounds

Na,SO; addition | Na,SOs addition | Na,S addition

| Combined additives’ influence

CaS0Oq4 3.8; 3.5, 2.85; 2.87; 2.33; 2.21; 2.09; 1.99; 1.75; 1.65; 1.49; 1.27; 3.8; 3.5, 2.22
CaS04-2H,0 4.29; 2.88; 2.69; 2.5; 2.09; 4.29; 3.06; 2.69; 2.5, 2.22; 2.09; 1.9; 1.81,; 1.87, 1.78; 1.66
CaF; 3.06; 1.65; 1.62
CaS0O3 - 2.87;2.09 - 2.87,2.22
CaS - 2.85; 2.00; 1.63; 1.28

NaloCag(SO4)g-6H20 4.659; 2.931 -

Therefore, in an acidic environment, there is
an increase in anhydrite solubility and acceleration of
calcium sulfate crystallization from solution with hy-
drate phase germs’ formation.

It was discovered that sulfate activators affect
grouting mixtures fluidity in different ways, for ex-
ample sodium bisulfite (NaHSOs) is characterized by
the highest 26-27% water demand. Sodium hydrosul-
fite has a high reactive capacity for initial binders,
stimulating exchange processes in the «fluorogypsum —
additive — water» system.

Taking into account the presented experi-
mental data, it can be concluded that, in case an early
(up to 7 days) strength gain is required. It is more ra-
tional to use sodium sulfite addition. Otherwise, sodi-
um sulfate addition is more appropriate.

Introduction of sodium sulfide additive leads
to insoluble calcium sulfide formation according to
the scheme: Na,S + Ca(OH), — CaS| + 2NaOH,
which by the law of colloidal chemistry can serve as a
nucleus for the hierarchically organized structures
formation and contribute to the pores colmatation,
thereby strengthening gypsum stone structure [22].

CONCLUSION

The effectiveness of sodium salts as activators
of the process of hardening of fluorogypsum binders
has been proven.

It has been shown that the mechanism of ac-
tion of additives reduces to accelerate the process of
hydration of anhydrite and the formation of gypsum
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(CaS04-2H20), of insoluble calcium sulfide (CaS),
calcium sulfite (CaSOs) as well as the formation of
double salts of calcium such as hydroglauberite
(Na10Cas(SO4)s-6H20). The substances obtained are
insoluble in water and can serve as the nucleus of the
micelle-forming colloidal structures that underlie the
formation of structures.

It has been established that the strength of
hardening structures and the physicomechanical char-
acteristics of the anhydrite binder are significantly
improved both at the early and late stages of harden-
ing. The compressive strength of samples with the
addition of 2% sodium sulfate at the early age (7
days) exceeds the strength characteristics of control
samples and samples with the addition of sodium sul-
fate. By 28 days of age, the compressive strength of
samples with the addition of sodium sulfate is 40%
higher than the strength of samples with the addition
of sodium sulfite. The joint introduction of additives
in equal proportions leads to an increase in strength
both at the early and late stages of hardening. When
using an additive of sodium sulfide in an amount up
to 3% by weight of the binder, the binder compressive
strength of the samples increases both at the early and
late stages of hardening.

Therefore, the experiments proved high effi-
ciency of sodium salts addition in fluorogypsum acti-
vation processes, while the developed anhydrite bind-
ers compositions showed improved performance.
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