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Abstract: The paper presents the results of the study on the impact of the initial concentration of urea nitrate and
fluoride ion in the leaching solution on the weight decrease of granite mined at Prydniprovsk Specialized Quarry and the
change in the fluoride ion concentration in the solution during intermittent and continuous agitation. During the experi-
ments, we used urea nitrate with weight fraction of nitrate acid 41.5%, urea - 44.3%, water - 14.2%, and ammonium
fluoride-bifluoride (fluorine content was 61.2%). Fluoride ion concentration was measured using a fluoride-selective elec-
trode relatively a saturated silver chloride half-cell while the acidity of solutions was measured by titrimetry. Weight de-
crease was studied for a granite sample, grain fraction -2.0 + 1.0 mm, during intermittent stirring depending on the initial
concentration of urea nitrate 0.25 g/dm3, 0.5 g/dm3, and 1.0 g/dm® and fluoride ion 2.81x102 g/dm® to
3.20x10-" g/dm? with intermittent stirring at a temperature of 20+2 °C for 7 days. The data on the change in sample
weight depending on the initial concentration of fluoride ion and addition of urea nitrate were received. It was revealed
that the decrease in the fluoride ion concentration ambiguously depended on the initial concentration of both urea nitrate
and fluoride ion. In our opinion, the fluoride ion concentration decrease occurred with adding urea nitrate due to the fact
that nitric acid urea could form adducts with both sulfuric and fluoric acids resulting in the decrease of their reactivity. We
have studied the decrease of the granite sample weight and the change in the fluoride ion concentration under continuous
stirring and at a temperature of 30£2 °C for 4 days. It was found that the change in the sample weight and concentration of
fluoride ion during continuous stirring differed from the similar data obtained during intermittent stirring due to more intensive
formation of urea nitrate adducts with sulfuric and fluoride acids. The initial dissolution rate was calculated for a granite
sample, its value was 2.384x10°7 s after adding urea nitrate and 2.299x107 s without its addition.

Keywords: granite, urea nitrate, ammonium bifluoride, weight decrease, fluoride ion.

1. Introduction

To intensify uranium leaching from refractory ores, ammonium fluoride-
bifluoride is currently used ensuring the destruction of the crystal lattice of coherent
uranium-containing minerals with high silica content. Silicon dioxide presents as
feldspar, quartz and silicates that form solid structures with inclusions of uranium
minerals: brannerite, pitch blende, etc. Therefore, standard methods for leaching such
ores, even using oxidizing agents, do not provide complete uranium recovery [1].

This work is an integral part of the study of the impact of intensifying additives
based on ammonium fluoride-bifluoride and urea nitrate on the destruction of the crystal
lattice of refractory uranium-bearing ores [2, 3]. The effect of the initial concentration of
fluoride ion and sulfuric acid in the leaching solution on the decrease of granite weight
mined at Prydniprovsky Specialized Quarry was studied [2]. The data on the decrease in
the granite sample weight and fluoride 1on content in the leaching solution vs. the expo-
sure time, the concentration of fluoride ion and sulfuric acid during intermittent stirring
mode were given. It was defined that the fluoride ion concentration depended ambigu-
ously on exposure time, the initial concentration of fluoride ion and sulfuric acid, and
even resulted in its increase, which is probably due to the dissolution of fluoride-
containing minerals (mica, fluorite, etc.) in samples. The results [3] on rock transfor-
mations were given for biotite granites (subway construction), amphibole-magnetite of
biotite-quartz aposhale and granite mined at Prydniprovsk Specialized Quarry. Ammo-
nium fluoride-bifluoride and urea nitrate were added to intensify the structural break-
down of resistant minerals contained uranium.
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It is known [4, 5] that sulfuric acid is most commonly used for uranium leaching
since it is the most common, cheapest, and low-volatile. Sulfuric acid leaches tetrava-
lent uranium very slowly. To increase the leaching degree and rate, oxidizing agents
are added: nitric acid, air oxygen, sodium chlorate, etc., which convert tetravalent
uranium to hexavalent one.

Previously, we proposed to use urea adduct with nitric acid (urea nitrate) for ura-
nium oxidation [6]. A method was designed to produce urea nitrate including zirconi-
um production waste as a source material [7-9].

This paper present the results of the study regarding the impact of the initial concentra-
tion of fluoride ion and urea nitrate in the leaching solution on the weight decrease of
granite mined at Pridniprovsk Specialized Quarry and decrease in the fluoride ion concen-
tration in the leaching solution during intermittent and continuous stirring.

2. Experimental

The study was carried out using ground and sieved granite sample taken from Prid-
niprovsk Specialized Quarry, fraction -2.0 + 1.0 mm, sieved using MLW Thyr 2 laborato-
ry vibrating sieve. Urea nitrate was used in experiments featured the following parameters:
weight fraction was 41.5 % for nitric acid, 44.3 % for urea and 14.2 % for water. Ammo-
nium fluoride-bifluoride (with 61.2 % fluoride content) and 40 % sulfuric acid, reagent
grade, were used during the experiments. Reagent concentrations in solutions were select-
ed based on technological processes used in the uranium industry [4]. Weight decrease for
granite samples was measured using the procedure described earlier [2].

Fluoride ion concentration was measured using an ELIS-131F fluorine-selective
electrode relatively EV1-1M3 saturated silver chloride half-cell by using an MV-88
pH-meter [10]. Reagents used during the measurement were at least reagent grade.
The acidity of solutions was measured by titrimetry.

3. Results and discussion

Impact of urea nitrate and fluoride ion concentration on the granite weight decrease
and the fluoride ion content under intermittent agitation. The decrease of the granite sam-
ple weight was studied under intermittent agitation at the solid-to-liquid phase ratio
S:L=1:100 (sample weighed portion was ~10 g) depending upon the initial concentration
of urea nitrate 0.25 g/dm’, 0.5 g/dm® and 1.0 g/dm® and fluoride ion 2.81x10? g/dm’ to
3.20x10! g/dm? at a temperature of 20 °C and intermittent agitation once per day during 7
days. Sulfate acid concentration was 18.8 g/dm® and typical [4, 11] to ensure maximum
sorption capacity of anionites during further uranium recovery.

The decrease of granite sample weight (Am, %) was calculated depending on ini-
tial concentration of fluoride ion ([F], g/dm?) and urea nitrate using the equation:

Am ="1""2 100 (1)
my



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 164 159

where: m; is sample weight before treatment, g; m. is sample weight after treatment, g.
Results are given in Table 1 and Figure 1.

Table 1 — Weight decrease of a granite sample

Fluoride ion initial Sample weight before | Sample weight after treat- | Weight decrease
concentration [F], treatment m;, ment m2, Am,
g/dm’ g g %
[(NH2)2CO-HNO3] = 0.25 g/dm’
3.31x1072 9.985 9.851 1.34
1.52x10"! 9.987 9.787 2.00
3.20x10"! 9.997 9.726 2.71
[(NH2)2CO-HNOs] = 0.5 g/dm’
2.81x1072 9.989 9.847 1.42
1.46x10"! 9.986 9.771 2.15
3.18x107! 9.992 9.743 2.49
[(NH2)2CO-HNO3] = 1.0 g/dm’
3.18x1072 9.989 9.854 1.36
1.46x10"! 9.991 9.798 1.93
3.18x10"! 9.999 9.723 2.76

Experimental data were processed using the second-order polynomial, results are
shown in Figure 1; polynomial equation is:

Am = 1.685+6.386"x +0.1288-1-6.427-x2+0.5415-x-0.1599-y%(2)

where: x is urea nitrate concentration, g/dm?, y is fluoride ion concentration, g/dm?.
Determination factor (R?) was 0.9722.

Figure 1 — Decrease of granite sample weight vs. the concentration of urea nitrate and fluoride ion




160 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 164

As it can be seen from the above data, Am increased proportionally to the increase
of the fluoride ion initial concentration and almost did not change when adding urea
nitrate. Thus, urea nitrate addition to the solution with a variable fluoride ion content
resulted in the Am decrease in average by 1.37 % for the lowest initial fluoride ion
concentration at all concentrations of urea nitrate, by 2.03 % for the average fluoride
ion content, and by 2.65 % for the highest one. At the same time, the Am value during
the 7-day contact without adding urea nitrate [2] to solutions with similar content of
sulfuric acid and fluoride ion was 1.80 %, 2.55 %, and 3.06 %, correspondingly.

Thus, adding urea nitrate resulted in the Am decrease by 23.9 % for the minimum
initial concentration of fluoride ion, by 20.4 % for its middle content and by 13.4 %
for the maximum one.

Table 2 and Figure 2 contain the data on the decrease of fluoride ion concentra-
tion (A[F]) depending on the initial concentration of fluoride ion ([F]) and urea ni-
trate in the intermittent stirring mode.

Experimental data were processed using the second-order polynomial, results are
shown in Figure 2; the polynomial equation is:

A[F]=0.0169-0,0087-x-0,0357:y-0,07-x* 0,0497-x-y+0,026)* (3)
where: x is urea nitrate concentration, g/dm?, y is fluoride ion concentration, g/dm?.
Determination factor (R?) was 0.9364.

Table 2 — Decrease of fluoride ion concentration in the leaching solution during intermittent stirring

Initial concentration of | Residual concentration of fluoride | Decrease of fluoride ion content
fluoride ion [F], 10n [Fres. A[F],
g/dm’ g/dm’ g/dm’
[(NH2)2CO-HNOs] = 0.25 g/dm?
3.31x107 2.29x1072 1.02x1072
1.52x10°! 143x107! 9.1x1073
3.20x107! 3.17x107! 2.6x107
[(NH2)CO-HNO3] = 0.5 g/dm’
2.81x1072 2.31x107 4.9x1073
1.46x107! 1.40x107! 5.9x107
3.18x10"! 3.13x10"! 5.2x1073
[(NH2)2CO-HNOs] = 1.0 g/dm?
3.18x107 2.29x107 8.9x1073
1.46x10! 1.34x10"! 1.15x107
3.18x107! 3.05x107! 1.28x1072

It should be noted that the decrease in the fluoride ion concentration ambiguously

depended on the initial concentration of both urea nitrate and fluoride ion. Thus, fluo-
ride ion concentration decreased from 1.02x102 g/dm? to 2.6x10 g/dm’ at the urea
nitrate concentration 0.25 g/dm?® and initial fluoride ion content 3.31x102 g/dm? to
3.20x10" g/dm?,. The smallest decrease in the fluoride ion concentration from
4.9x103 g/dm? to 5.9x10 g/dm* was observed with an extreme area at initial fluo-
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ride ion concentration 1.46x10"! g/dm? at urea nitrate concentration 0.5 g/dm’® and
initial fluoride ion content 2.81x102 g/dm? to 3.18x10! g/dm?.

Figure 2 — Decrease of the fluoride ion content vs. the concentration of urea nitrate and fluoride ion

We observed a maximum decrease in the fluoride ion concentration from 8.9x1073
g/dm? to 1.28x102 g/dm? for urea concentration 1 g/dm? and initial fluoride ion con-
tent 3.18x10% g/dm’ to 3.18x10"! g/dm°.

Impact of urea nitrate and fluoride ion concentrations on granite weight decrease and
the change of fluoride ion content under continuous agitation. The decrease in the gran-
ite sample weight and the change in the fluoride ion concentration were studied under
continuous stirring at a temperature of 30£2 °C for 4 days with sampling every 24 hours.
Samples were stirred using an MLW ER 10 propeller-type stirrer, the temperature was
maintained by a MLW UHS8 thermostat. Phase ratio was S:1.=1:100 (sample weight was
~10 g), reagent concentration was 18.8 g/dm? for sulfuric acid and 0.25 g/dm? for urea
nitrate. The initial concentration of fluoride ion was 3.14x10 g/dm? in the experiment
with adding urea nitrate and 3.31x10 g/dm? without its addition.

Table 3 shows the decrease in the granite sample weight depending on the contact
time without and with the urea nitrate addition.

The above data show that the sample weight decrease almost did not change after add-
ing urea nitrate. Thus, after 4 days of contact, the difference between Am values obtained
after adding urea nitrate and without its addition was about 1 %.

It should be noted that this value significantly differed from Am in the experiment with
intermittent agitation, which was ~24 %. In our opinion, the results observed may be ex-
plained by the intensified formation of urea nitrate adducts with sulfuric and fluoric acids
during continuous agitation.
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Table 3 — Weight decrease for granite samples
Contact time, Sample weight before Sample weight after Weight decrease Am,
days treatment mi, g treatment m2, g %
Without adding urea nitrate
1 9.992 9.806 1.86
2 9.992 9.707 2.85
3 9.992 9.642 3.50
4 9.992 9.610 3.82
[(NH2)2CO-HNO3] = 0.25 g/dm®
1 10.000 9.807 1.93
2 10.000 9.709 291
3 10.000 9.644 3.56
4 10.000 9.623 3.77

Figure 3 illustrates the dissolution degree of a granite sample depending on the
contact time (in seconds). The dilution degree (o) was calculated using the formula:

o =

m, —m,

m

4

where: m; is sample weight before treatment, g; m> is sample weight after treatment, g.
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Figure 3 — Dilution degree of a granite sample vs. the contact time

The initial dissolution rate (ko) of the granite sample [12] was calculated by the
slope ratio of the tangent line to the dissolution curve (Figure 3), which started from
the origin. It should be noted that ko = 2.384x107 s”! when adding urea nitrate is al-
most the same as ko = 2.299x 107 s'! without adding urea nitrate.
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Table 4 contains data on the A[F"] change in the leaching solution during intermit-
tent agitation.

Table 4 — Decrease of fluoride ion concentration during intermittent stirring

Exposure time Initial cgnc§ntrati0n Residual‘ cor}centration Decrease of fluoride ion con-
days ’ of fluoride ion [F], of fluoride ion [Fres, tent A[F],
g/dm’ g/dm’ g/dm’
Without adding urea nitrate
1 3.31x10? 2.69x107? 6.2x10°
2 3.31x10? 2.59x107? 7.2x1073
3 3.31x107 2.48x1072 8.3x107
4 3.31x10? 2.45%107? 8.6x107°
[(NH2)2CO-HNOs] = 0.25 g/dm?
1 3.14x10? 2.75x107? 3.9x10°
2 3.14x10? 2.66x1072 4.8x1073
3 3.14x107 2.58x1072 5.6x107
4 3.14x10? 2.54x107? 5.9x1073

It may be seen from the data above that the addition of urea nitrate resulted in the
A[F] decrease in the leaching solution. Thus, this value was 8.6x107 g/dm? without
adding urea nitrate and 5.9x107 g/dm?® with adding urea nitrate, even though the ini-
tial concentration of fluoride ion in the solution without adding urea nitrate was high-
er than in the initial solution with its addition.

In our opinion, granite weight and fluoride ion concentration decreased after add-
ing urea nitrate because urea nitrate could form adducts both with sulfuric and fluoric
acids.

4. Conclusions

The impact of the initial concentration of fluoride ion and urea nitrate on the de-
crease of the granite sample weight and fluoride ion concentration in the leaching so-
lution during intermittent and continuous agitation was studied. It was found that the
decrease in sample weight increased proportionally to the increase of the initial con-
centration of fluoride ion and almost did not change after adding urea nitrate.

It was established that the decrease in the fluoride ion concentration depended
ambiguously on the initial concentration of both urea nitrate and fluoride ion. The de-
crease in fluoride ion concentration occurred after adding urea nitrate due to possible
formation of urea nitrate adducts with both sulfuric and fluoric acids resulting in their
reactivity decrease.

The values of the decrease in granite weight and fluoride ion concentration during
continuous agitation differed from those for intermittent one due to the intensified
formation of urea adducts with sulfuric and fluoric acids.

The work was done within the research project DR 0117U004231.
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BMJIMB BMICTY A3OTHOKMUCITIOrO KAPBAMIAY Y PO34YUHI AnAa BUNYrOBYBAHHA HA 3HWXEHHA
MACU r'PAHITY TA KOHLEHTPALIIO ®JTYOPULO-IOHY
KoposiH B.1O., lNoeopenos KO.M., LLlecmak FO.I"., Banses O.M.

AHoTauis. B po6oTi HaBeaeHi peaynbTaTi JOCHIMKEHHS! BNNMBY MOYATKOBOI KOHUEHTpaLii HiTpaTy kapbamigy Ta
(hTOPUA-IOHY Y PO3YWHI ANS BUIYrOBYBaHHS Ha 3MEHLUEHHS Macu rpaHiTy, LWo BugobyBaeTbes Ha MMpugHinpoBcLkoMy
cnewjianisoBaHOMY Kap'epi, Ta 3MiHy KOHLEHTpaLii (pTopua-ioHy y po3uuHi npu nepioguyHomy Ta beanepepsHomy nepe-
MilyBaHHI. B excnepumMeHTax BMKOPWCTOBYBamM a30THOKUCIMA kapbamig 3 MacOBOK YaCTKOK HITPATHOI KWUCMOTM
41,5 %, cevoBuHu - 44,3 %, Boam - 14,2% Ta dropua-6ichTopug amoHito (BMicT dptopy - 61,2%). KoHueHTpauito ¢hTopna-
iOHIB BMMIiptOBan 3a 4ONOMOrOK (hTOPWA-CENEKTUBHOIO ENeKTPoAa BiHOCHO HACMYEHOro Xop-CpibHOro enexkTpoay, a
KMCINOTHICTb PO3YMHIB BU3HAYANN TUTPUMETPUYHUM METOAOM. 3MEHLUEHHS MacW OOCTIMKyBanu Ans 3paska rpaHity 3
tpakuieto -2,0 + 1,0 MM Npu NepiognMYHOMY NepeMillyBaHHI 3anexHO Bif NOYaTKOBOI KOHLEHTpaLii a30THOKMCIOM Kap-
Gamigy 0,25 r/om?, 0,5 r/gm3 Ta 1,0 r/gm® Ta ioHiB dTopy Big 2,81%x102 rigm® go 3,20x10-! r/gm® npu nepiognyHomy ne-
pemiwysaHHi npu Temnepatypi 202 °C npotarom 7 4i6. OTpuMaHi AaHi Npo 3MiHy MacK 3paska 3anexHo Big novaTko-
BOi KOHLEHTpALlii pTopua-ioHy Ta A0AaBaHHs! a30THOKMCIOrO kapbamigy. BusBneHo, Lo 3MeHLIEHHS KOHUEHTpauii dTo-
pWa-ioHY HEOQHO3HAYHO 3anexano Big NOYATKOBOI KOHLEHTpaLii Sk a30THOKMCNOro kapbamigy, Tak i dhTopug-ioHy. Ha
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HaLLy JyMKY, 3HWKEHHS KOHLEHTpaUii hTopua-ioHy npu AoAaBaHHi a30THOKMCNOrO kapbamigy noe'asaHe 3 TUM, Lo a3o-
THOKMUCIMI kKapBamig MOXe YTBOPIOBATM adyKTW AK 3 CyNbhaTHO, TaK i 3 PTOPUCTOBOAHEBOIO KACNIOTaMM, LLO NPU3BO-
ONTb 0O 3HWKEHHS TX peakLinHoi 34aTHOCTI. [JocnigKeHO 3MEHLLEHHS MacK 3paska rpaHiTy Ta 3MiHy KOHLeHTpaLil ¢To-
pua-ioHy npu 6e3nepepBHOMY nepemillyBaHHi Ta Temnepartypi 30+2 °C npotsarom 4 gi6. BctaHoBneHo, Wo 3MiHa macu
3pas3ka i KOHLEHTpaLii dTopua-ioHiB npu Be3nepepBHOMY NEPEMILLYBaHHI Bipi3HAETLCS Bif aHAMOMYHUX OaHWX, OTPK-
MaHWX MpW NePiogMYHOMY MepeMiLLyBaHHi, 3a paxyHOK BifbLL iHTEHCWBHOTO YTBOPEHHS aJyKTiB HITPATy CEYOBMHU 3 Cip-
YaHOH i hTOPUAHOK KMcrnoTamu. MNoyaTkoBa LWBMAKICTb PO3YMHEHHSI Dyna po3paxoBaHa Ans 3paska rpaHity, ii 3HaueH-
Hs cknano 2,384x10-7 c-1 nicns 4ogaBaHHs HiTpaTy cevoBuHm i 2,299x10-7 ¢! 6e3 ioro fogaBaHHs.
KntouoBi cnoBa: rpaHit, a30THOKMCNWI kabamif, Bichnyopua amoHito, 3HWKEHHS Macy, (hlyopra-ioH.
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