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Abstract.The influence of organic and inorganic additions on the formation rate of the silicate gels standard
systems — sodium silicate solution in model fresh water was studied. As a result of the experiments were selected
optimum concentrations of additives —gelation time regulators.
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1. Introduction

It is known that the rate of gelation of silicate
compositions depends on the concentration of
silicate, salinity and temperature. The most
important factor determining the formation of silica
gel is pH of a composition that characterizes the
ratio of soluble silicates and insoluble silicate acid in
solutions [Zhdanov 2001].

It is also known that the gel formation is
accompanied by an increase in viscosity of the
composition. The dependence of viscosity on time is
very well described by the hyperbolic function. A
similar pattern is observed at hydrogel formation in
polymer systems.

The initial stage of gel formation is characterized
by a slow increase in viscosity while dependence of
viscosity on time is almost linear.

Probably the increase in viscosity is determined
by the increase in the number and size of microgel
particles and can be described by Einstein's famous
equation

1= o (142,59),
where p — viscosity of disperse systems;

U, — the viscosity of the solvent;

¢ — volume concentration of microgel particles .

With increase of particle size and formation of
spatial grid the Einstein's law is not applicable, the
viscosity of the system increases dramatically,
exceeding viscosity of the solvent in hundreds and
thousands times.

2. Describing the problem

Mention above patterns were taken into account at
choosing the different compounds used, and which
had significantly affected the kinetics of gelation.

Primarily it was studied the effect of inorganic
and organic compounds on the rate of gelation of
silicate solutions.

During exposure the silicate to the layer as
“crosslinking agent” is used mainly hydrochloric
acid. Undoubtedly, the replacement of hydrochloric
acid unto another, inorganic or organic acid will
reflect in the kinetics of gelation. Selection of
inorganic and organic compounds that could
influence the kinetics of gelation of silicate solutions
was carried out empirically, basing on general
concepts of kinetic of regularities of gels formation
in aqueous solutions [Burdunev, Saks 1978]. Thus
the main objective was to find compounds that can
significantly slow down the process of gelation. In
the first stage of studies it was expected to find
several effective additives.

The influence of various compounds on the rate
of formation of silica gels study was performed on
standard systems - solutions of sodium silicate in
model fresh water. Gelation time was determined
visually and evaluated by the loss of fluidity of the
composition.

The range of investigated additives was quite
broad and included more than 30 compounds. These
compounds can be divided into several groups:

1) Organic substances:

— Monobasic acids;

— Two- and threebasic acids;

— Salts of organic acids;

2) Inorganic substances:

— Mineral acids;

— Hydrolysing salts;

— Additives that are used for the synthesis of
polymers.
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Regarding the latter it should be mentioned that
some randomly selected compounds (thiourea,
potassium iodide, sodium nitrate) normally used as
stabilizers at polymers degradation, have shown
some interesting properties.

It should be noted also that the most of the
investigated substances either accelerate the gelation
formation t compared with a standard “cross-linking”
agent - hydrochloric acid at the same pH, or the
gelation times in such systems and in the standard
system remain the same.

Fig. 1 and Table 1 show the kinetic parameters of
gel formation in 4% silicate composition, where the
“crosslinking agent” are fatty acids C;-Cs.

These acids are weaker than the hydrochloric
acid.
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Fig. 1. Dependence of gelation time on pH at using
acid as a “crosslinking agent™:

1 — hydrochloric acid;

2 — acetic acid;

3 — formic acid;

4 — propionic acid

In turn, the acid strength decreases with increasing
number of alkyl substituents. In this case, formic
acid is the most strong and propionic - the weakest.

Fig. 1 and Table 1 show that the organic acids
while neutralizing sodium silicate accelerate the
formation of gel in comparison with hydrochloric
acid. Moreover, with increasing length of the alkyl
substituent (or decreasing acid strength) the rate of
gelation increases. As a result formic acid reduces
the gelation time in approximately 1.5 times in
acetic in 2, and propionic in 5-6 times.

Perhaps this phenomenon is due to the fact that
counter-ions (negatively charged alkyl groups)
participating in the formation of the electrical double
layer on the surface of colloidal particles affect the
increase of its size.

With increasing the size of counter-ions increases
the size of the particles and thus accelerates the
gelation. Mineral acid - sulphuric, boric accelerate
gelation only marginally. Kinetics of gelation in the
presence of phosphoric acid is slightly different from
the kinetics in the standard system.

At using salts that undergo hydrolysis was mostly
observed a negative effect on the rate of gelation. In
particular, the introduction of silicate solutions of
one-, two-, and trisubstituted sodium phosphate in an
amount of 0.5—1% the rate of gelation was increased
by 2-4 times. Adding sodium tetraborate in the same
amounts lowers gelation time approximately in order
of one magnitude. This fact complicates the use of
these compounds in reducing of the extraction of
sand from the oil-bearing rock layer.

On the basis of the experiments it was found that
quite promising additives - regulators gelation time
are polybasic organic acids and inorganic additives -
nitrates, iodides and thiourea.

Table 1. Gelation time in 4% sodium silicate solutions at 20 °C using different acids

Hydrochloric acid Formic acid Acetic acid Propionic acid
Concen-| pH |Gelation|Concen-| pH |Gelation | Concen-| pH |Gelation | Concen-| pH |Gelation
tration, time, | tration, time, tration, time, tration, time,

% min % min % min % min
0,60 10,55 1500 0,97 10,38 240 1,15 10,61 900 1,60 10,32 65
0,65 10,46 1080 1,06 10,21 55 1,41 10,32 150 1,67 10,26 40
0,70 10,29 280 1,10 9,94 15 1,48 10,20 38 1,70 10,25 20
0,75 10,20 80 - - - 1,60 9,95 13 - - -
0,80 9,94 25 - - - 1,78 9,40 1 - - -
0,85 9,59 8 - - - - - - - - -
0,90 9,40 2 - - - - - - - - -
0,95 8,97 0,5 - - - - - - - - -
1,00 8,52 0,12 - - - - - - - - -
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3. Discussion of Results

Based on the experiments were chosen most
promising additives - regulators of gelation time.

Experiments show that neutralization of sodium
silicate with simple dibasic acid - oxalic acid leads
to an increase in gelation time compared to the
standard system (Fig. 2, Table 2).
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Fig. 2. Kinetics of gelation in 4% solution of sodium
silicate in presence of acid as “crosslinking agent”:

1 — oxalic acid;

2 — hydrochloric acid

The rate of formation of gel in the presence of
oxalic acid was in 1.5-2 times smaller than in the
standard system. Since oxalic acid is weaker than
hydrochloric, then its spending was a bit greater.

When using citric acid as a “cross-linking” agent
were obtained positive results, but an insufficient
number of experiments can not categorically assert
the efficiency of this reagent.

Very interesting results were obtained in the
study of kinetics of gelation in the presence of salt

additives - sodium nitrate NaNO;, potassium iodide
KI and thiourea CS(NH,),.

In these experiments into solutions of sodium
silicate the compounds mentioned above were
introduced in different quantities, adjusted the
concentration of additives in range 0,025-0,15%.
Then in solution was added phosphoric acid to
obtain the set value of pH.

It should be borne in mind that in the
experiments with the indicated additives used
another brand of liquid glass, which affected the
position of the kinetic curves.

As it is known, the grade of sodium silicate, or
rather its structure, greatly affects primarily the
kinetics of the gelation. Mismatch of dependence of
gelation time on pH in different experiments, in our
opinion, is irrelevant, since in these studies the
role of modifying additives were evaluated in
parallel experiments under the same conditions
when comparing solutions, in comparison with the
standard system.

Naturally, in the case of industrial application of
a modifying additive there will be counted gelation
time of a sample of sodium silicate to be used in the
processing of wells [Kleshchenko et al. 2003].

Table 3 presents data for the gelation time as a
function of pH for the compositions in the presence
of all three of these additives.

In Figs 3-5 is shown the influence of
concentration of additives introduced during gelation.

Requires an additional study and explanation the
fact that the optimum concentration of additives that
most slows down gelation, lays within 0,025-0,05%.
With further increase in the additives concentration
the gelling process accelerates.

These trends are marked for all three additives in
the study of the kinetics of gelation with viscosity
metric method.

Table 2. Time of silica gel formation as a function of pH in the presence of hydrochloric and oxalic acids

Hydrochloric acid Oxalic acid
Concentration, % pH Gelation time, min Concentration, % pH Gelation time, min

0,60 10,55 1500 0,95 10,46 1960
0,65 10,46 1080 1,00 10,31 560
0,70 10,29 280 1,05 10,15 180
0,75 10,20 80 1,10 9,94 70
0,80 9,94 25 1,15 9,78 20
0,85 9,59 8 - - -
0,90 9,40 2 - - -
0,95 8,97 0,5 - - -
1,00 8,52 0,12 - - -
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Table 3. Gelation time for standard systems and compositions containing additives, %

The Concentration of Concentration of iodide Concentration of sodium
pH | standard thiourea potassium nitrate
system 0,025 0,05 0,10 0,025 0,05 0,10 0,15 0,025 0,05 0,10
8,9 10 - - - - 60 65 25 - 25 -
9,0 25 55 80 60 60 110 100 - 60 35 -
9,1 40 80 75 55 110 190 165 60 110 60 50
9,2 90 120 230 190 - 420 - 120 220 120 80
9,3 180 230 420 350 420 720 270 250 420 270 180
9.4 270 900 840 - - 1400 - 500 - 540 -
9,5 400 1860 1800 720 1440 - 540 - 1260 1200 360
9,6 570 - 6400 - - - - 1400 - - -
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Fig. 3. Gelation time dependence on pH for
compositions based on 4% sodium silicate solution:

1 — concentration of thiourea — 0,025%;

2 — concentration of thiourea — 0,105%;

3 — standard system

Fig. 4. Effect of potassium iodide addition on the
kinetics of gelation in silicate solutions:

1 — system with 0,05% potassium iodide;

2 — system with 0,025% potassium iodide;

3 — system with 0,10% potassium iodide;

4 — standard system

In Fig. 6 and Table 4 is shown the change in

relative viscosity of silicate compositions over time, t
depending on the concentration of thiourea. 3
The pH, which was achieved by neutralization of
phosphoric acid silicate, in all experiments was 244 1
constant and equal to 9.1. Dynamic method for
studying the kinetics of gelation clearly shows the 131
effect of thiourea concentration on the rate of
formation of gel. 174
In all the studied systems based on sodium
silicate, no matter which acid is used, the viscosity i
of the composition increases according hyperbolic
law. The correlation coefficient in most experiments pH

exceeded the value of 0.99. This dependence 5% 89 909192 9394 35
remains the same at addition in the silicate system . . .. .

. " Y Fig. 5. Effect of sodium nitrate addition during
some polymeric additives. In order to accelerate the O . . oL

. . . gelation in 4% solution of sodium silicate:

process of analysing the influence of the studied 1 0,025% sodium nitrate solution:
additives on gelation, in some cases there were used 2 — 0,05% sodium nitrate solution;
a visual method of evaluation. 3 — standard system
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Fig. 6. Changing the relative viscosity in the 4%
solution of sodium silicate with the addition of
thiourea at process of gel formation:
1-0,10% thiourea solution;
2 —0,05% thiourea solution;
3 - 0,025% thiourea solution

Table 4 shows the values of gelation time, which
were determined visually, for the investigated
systems.

The gelation time in static conditions is
approximately 1.5 times greater than in the dynamic,
i.e. in this case we can assume that there is a
dynamic structure forming of the systems.

In the case of use of viscosity metric test method
the gelation time corresponds to the relative
viscosity 1 of the solution, which is equal to 40-60
units. In case of the visual method, where gelation
time is measured by loss of liquid composition
strength, the value of the viscosity is much
higher.

4. Conclusions

1. Organic acids accelerate the formation of gel in
comparison with hydrochloric acid, and with
increasing length of the alkyl substituent increases
the rate of gelation.

Table 4. Change of relative viscosity of 4%- silicate solutions at the values of pH = 9,1 at presence of thiourea

Concentration Gelatin Relative Gelation time Coefficient of Gelation time in
of thiourea, % | time, min viscosity by a viscosity metric correlation static conditions, min
method, min
0,0250 5 1,52 48,3+1,9 0,9985 80
17 2,12
25 2,91
30 3,93
36 6,55
40 10,03
43 16,19
44 20,14
45 25,75
46 34,04
47 74,88
0,05 7 1,62 43,2+1,1 0,9996 75
20 2,64
25 3,45
30 5,21
35 6,52
38 16,31
39 21,31
39,5 24,31
41 40,89
0,10 10 2,34 33,26+2.2 0,9966 55
16 3,09
20 4,15
23 5,74
24 6,79
27 11,45
28 14,53
29 17,09
30 26,70
31 35,95
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JocmipKkeHo BIUIMB Pi3HOMaHITHHX OPTaHIYHUX Ta HEOPTaHIYHUX T00AaBOK Ha MIBHIKICTH YTBOPEHHS CHITIKATHUX TeJIiB
Ha OCHOBI CTaHJApTHUX CHCTEM — pO3YMH CHJIIKaTy HATpil0 B MoOAeN IMpicHOI BOAM. YCTaHOBJICHO, IO
NEepCIEeKTUBHUMH J100aBKaMy (pEryiioBalbHUKAMU Yacy TeJIeyTBOPEHHs) € 0araroOCHOBHI OpraHi4Hi KHCJIOTH 1
HeopraHiuHi 100aBKH — HITpaTH, HOANWAN Ta TIOCEUOBHHA. 3a3HAUYEHO, 1110 OPTaHi4yHi KHUCIOTH IPHUCKOPIOIOTh YyTBOPEHHS
TeII0 MOPIBHSHO 3 COJISHOK KHCIIOTOI, NMPUYOMY 31 30UIBIICHHSIM JOBXHHH AQJKUIBHOTO 3aMiCHUKA IIBHIKICTh
rejeyTBOpeHHs1 30inblryeTscs. HaBeneHo Mexi onTUManbHOI KOHIEHTpamii 7100aBOK, HI0 HaWOUIBIIOI Mipolo
yHoBiIbHIOIOTE reneyTBopeHHs: 0,025-0,05%. ITokaszano, 1o 3i 301IbLICHHSIM KOHLEHTpALil J00aBOK r'ejeyTBOPEHHS
MIPUCKOPIOEThCsl. OTUCaHO, SIK TPH BBE/ICHHI KUCIOTH B’SI3KICTh KOMITO3MIIIT HA OCHOBI CHIIIKATy HaTpil0 HE3aJIeKHO BiX
TOTO, 5IKa KHCJIOTa BUKOPHCTOBYETHCS, 3pOCTa€ 3a TinepOoSiYHUM 3aKOHOM. EKCriepMMEHTaIbHO MiATBEPAXKEHO, IO
MpH TIPOXO/PKEHHI KOMIIO3WIIII HAa OCHOBI CHIJIIKAaTy HATpilo Kpi3p Iap TMOpOOM BigOYyBae€ThCS TUHAMIYHA
CTPYKTYpPH3aLlisi CHCTEM.

KuarouoBi cioBa: HeopraniyHi [Mo0aBKW; OpraHi4HI  KHCIIOTH; CHJIIKAT HATPil0; CTaHOApTHA CHUCTEMa; dac
reJeyTBOPCHHS.

0O.C. TuroBa', B.B. Tpauescknii’, 3.B. I'pymax’, H.B. CroaspoBa’. Kunernueckume 3aKOHOMEPHOCTH
rejieo0pa3oBaHusi CWIMKATHBIX KOMIIO3MUMI B MNPUCYTCTBHU COEJUHEHHH, PeryJuMpyrolMX CKOpPOCTh
rejaeo0pa3oBaHus

HanmonanpHbIl aBHAITMOHHBIA YHUBEPCHUTET, poctl. Kocmonasta Komaposa, 1, Kues, Yikpauna, 03680

E-mails: "**ieb@nau.edu.ua; *meches49@ukr.net

HccnenoBaHo BiMsHUE Pa3HOOOPa3HBIX OPraHWYECKUX M HEOPraHMYeCKMX JJ00aBOK Ha CKOPOCTb OOpa3oBaHHMs
CIJINKAaTHBIX TeJlell Ha OCHOBE CTaHIApTHBIX CHCTEM — pPAacTBOp CHJIMKAaTa HATpUs B MOJEIH IPECHON BOJBI
YCTaHOBIEHO, 4YTO MEPCHEKTUBHBIMHM J100aBKaMu (peryjsitTopaMd BpPEMEHHM Trelieo0pa3oBaHus)  SIBISIOTCS
MHOTOOCHOBHBIE ~ OPraHMYECKHE KHCIOTHI M HEOpPraHW4ecKhe J00aBKM — HUTPaThl, HOIUABI M THOMOYEBHHA.
OTMEUYeHO, YTO OpPTraHMYECKHE KHUCIOTHl YCKOPSIOT 00pa3oBaHUE Tellsl TI0 CPABHEHHIO C COJITHOW KHCIIOTOH, IPUYEM C
YBENIMYCHUEM JUIMHBI alKWIBHOTO 3aMECTHTENS CKOPOCTh Teieo0pa3oBaHUs yBENWYHWBaeTCs. [IpUBENEHBI Tpeneisl
ONITUMAJILHON KOHIIEHTPAIMU J00aBOK, KOTOpbIe B HAaUOOJbIIEH CTeNeH: 3aMeIsiioT rejaeodpazosanue: 0,025-0,05%.
[TokazaHo, 4TO ¢ yBeNWYCHHEM KOHIICHTpAIMH N00aBOK reneoOpasoBaHue yckopseTcs. OMUCaHo, KaK MpH BBEICHHUU
KHUCJIOTBI BSI3KOCTh KOMIIO3MIIMM Ha OCHOBE CHUJIMKATa HATpHUs HE3aBUCUMO OT TOTO, Kakas KUCJIOTa MCIOJIb3YeTCs,
pacTeT Mo TUHEepOONIHIECKOMY 3aKOHY. DKCIEPUMEHTAIBHO HMOATBEP)KICHO, YTO MPH NMPOXOXKIECHHH KOMITO3HIMU Ha
OCHOBE CHJIMKATa HaTPHs CKBO3b CJION MOPOABI HAOMIOIAETCsl TMHAMHUYECKAst CTPYKTYPHU3ALUS CHCTEM.

KiroueBble cjioBa: Bpems reiieo0pa3oBaHMs;, HEOPTaHMUECKHE T00aBKH; OPTaHMYECKHE KHCIOTHI; CHIIMKAT HATPHS;
CTaHJapTHas CUCTEMA.
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