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Abstract: The paper presents the results of the study regarding the impact of the initial concentrations of fluoride 
ion and sulfuric acid in a leaching solution on the weight decrease of granite mined at Pridniprovsk Specialized Quarry. 
Decrease of the weight of granite samples were measured using an analytical balance after the sample treatment with 
the above reagents with subsequent filtration, rinsing and drying of the treated samples at a temperature of 105 °С until 
constant weight. Fluoride ion concentration was measured with a fluorine-selective electrode relatively the saturated 
silver chloride half-cell, solution acidity was measured by titrimetry. Weight decrease was studied for a granite sample, 
grain fraction 2.0 + 1.0mm, in batch mode depending upon the sulfuric acid concentration in the range 18.8 g/dm3 to 
76.6 g/dm3 and exposure time 7, 14, and 21 days. It was found that sulfuric acid solution resulted in the decrease of 
granite weight by 1.65 % to 3.18 % depending upon acid concentration and exposure time. The study was carried out 
regarding the impact of fluoride ion concentration on the granite sample weight decrease depending on the fluoride ion 
concentration 3.25×10-2 g/dm3 to 5.00×10-1 g/dm3 as well as sulfuric acid concentration within the range 18.8  g/dm3 to 
76.6 g/dm3 and exposure time 7, 14, and 21 days. It was found that the impact of fluoride ion on the sample weight 
decrease was extremal at the sulfuric acid concentration in the range 18.8 g/dm3 to 37.7 g/dm3 with maximum values 
within the concentration range 0.3 g/dm3 to 0.5 g/dm3. Weight decrease became higher pro rata the fluoride ion 
concentration at the sulfuric acid concentration 76.6 g/dm3. The data were presented regarding the change of fluoride ion 
content depending upon exposure time, concentration of fluoride ion and sulfuric acid. The change in fluoride ion 
concentration ambiguously depended on the exposure time, initial concentration of fluoride ion and sulfuric acid and 
even resulted in its increase, which was probably due to the dissolution of fluoride-containing minerals (mica, fluorite, 
etc.) in the samples. 

Keywords: granite, ammonium bifluoride, sulfuric acid, weight decrease, fluoride ion. 
 

Introduction. Ammonium fluorides are the most convenient and processable 

fluorinating agents used to decompose silicon component of ores. Advanced 

processing with fluorides was considered for silicon, zirconium, titanium, beryllium 

minerals [1], rare-earth elements from monazite concentrates [2]. 

Ammonium fluoride-bifluoride is used to activate ores and chemically inert 

concentrates to promote their leaching, in particular, to intensify uranium leaching 

from refractory ores due to the destruction of the solid uranium-containing minerals 

with high content of silicon dioxide [3]. Silicon dioxide presents as feldspar, quartz 

and silicates that form solid structures with uranium mineral inclusions: brannerite, 

pitch blende, etc. In this connection, standard leaching methods do not result in the 

complete uranium recovery even using oxidizing agents. 

The impact of geological processes (metasomatoses and tectonics) was studied [4] 

on conversions in uranium-containing rocks; uranium behavior was checked under 

conditions approximate to natural ones. The experiment was carried out, which 

conditionally simulated metasomatic processes in granites and crystalline schist. The 

study was performed in 6 samples of contrast composition – 3 samples each from 

granites of Middle-Pridneprovsk Megablock, Ukrainian Shield, and albitized 

aposhales of ore horizons at Zhovtorichenskoye deposit. Results were presented 

regarding rock conversions for biotite granites (subway construction), amphibole-

magnetite of biotite-quartz aposhale (Nova mine, depth 380 m), and granite mined at 

Pridniprovsk Specialized Quarry. Ammonium fluoride-bifluoride and urea nitrate 
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(urea adduct with nitric acid) were used as additives to intensify structure 

decomposition in uranium-containing solid rocks. 

This paper present the results of the study on the impact of the initial 

concentration of fluoride ion and sulfuric acid in a leaching solution on the weight 

decrease for the samples of granite mined at Pridniprovsk Specialized Quarry. The 

study is a constituent of the study on the impact of the intensifying additives based on 

ammonium fluoride-bifluoride and urea nitrate on the destruction of the crystalline 

lattice of refractory uranium-containing ores. 

 

Methods. The study was carried out using ground and sieved granite sample 

taken from Pridniprovsk Specialized Quarry, fraction -2.0 + 1.0 mm sieved in MLW 

Thyr 2 laboratory vibrating sieve. 

Weight decrease of granite samples after exposure with ammonium fluoride-

bifluoride and sulfuric acid was measured by Nagema analytical scales, type 

AV IV S/3 (with weighing limit up to 200 g and accuracy 0.001 g). The treated 

samples underwent filtration, rinsing and drying in the MLW WS 100 drying box at a 

temperature of 105 °C until constant weight. 

Ammonium fluoride-bifluoride (with 61.2 % fluoride content) and 40 % sulfuric 

acid, reagent grade, were used during experiments. 

Reagent concentrations in the solutions were selected based on the data about 

technological processes used in the uranium industry [5, 6].  

Fluoride ion concentration was measured using an ELIS-131F fluorine-selective 

electrode relatively EV1-1M3 saturated silver chloride half-cell by an MV-88 pH-

meter [7]. Reagents used during the measurement were at least reagent grade. Acidity 

of solutions was measured by titrimetry. 

 

Results and discussion.  

Impact of sulfuric acid concentration on the granite weight decrease. 

Decrease of the granite sample weight was studied in batch mode at the solid (S) to 

liquid (L) phase ratio S:L=1:100 (sample weight portion was ~10 g) depending upon 

the initial concentration of sulfuric acid [H2SO4] at intermittent agitation and 

temperature 20 °C during 7, 14, and 21 days. Sulfuric acid concentration was 

18.8 g/dm
3
, 37.7 g/dm

3
, and 76.6 g/dm

3
. 

The sulfuric acid concentration was selected concerning the fact that excessive 

acidity of [H2SO4] is maintained within the range 10 g/dm
3
 to 20 g/dm

3
 equivalent to 

sulfuric acid during uranium leaching, and the residual acidity was pH = 1.5 to 2.5 at 

the leaching process end. These conditions ensure the maximum sorption capacity of 

anionites used for uranium subsequent recovery. Thus, in cooperation with the 

Central Research Laboratory of Eastern Mining and Processing Plant State 

Enterprise, we used anionite AM-p-2 manufactured by Smoly State Enterprise when 

recovering uranium from the heap leaching solution at pH = 1.64. We also applied 

AMP anionite to recover uranium from the pH = 2.5 acidic pulp formed after 

leaching of radioactive waste stored at Zakhidne tailings facility, and AM-p-2 
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anionite when treating radioactive waste with pH = 1.45 accumulated at Tsentralny 

Yar tailings facility of the former Production Union Pridneprovsk Chemical Plant [9]. 

Table 1 and Figure 1 illustrate the sample weight decrease depending on the 

sulfuric acid initial concentration and exposure time. 
 

Table 1 – Decrease of the granite sample weight 

Exposure time, 

days 

Sample weight before 

treatment, m1, 

g 

Sample weight after 

treatment, m2, 

g 

Weight decrease, 

Δm, 

% 

[H2SO4] = 18.8 g/dm
3
 

7 10.021 9.855 1.66 

14 10.021 9.781 2.39 

21 10.021 9.744 2.76 

[H2SO4] = 37.7 g/dm
3
 

7 10.001 9.811 1.90 

14 10.001 9.745 2.56 

21 10.001 9.710 2.91 

[H2SO4] = 76.6 g/dm
3
 

7 10.004 9.775 2.28 

14 10.004 9.707 2.97 

21 10.004 9.685 3.19 

 

 
Figure 1 – Decrease of the granite sample weight vs. sulfuric acid concentration and exposure time 

 

The experimental data were processed with the second-order polynomial, the 

results are shown in Figure 1; polynomial equation is: 

 

Δm = 0.2946+0.0138·x +0.1906·y-1.22E-5·x
2
-0.0039·y

2
 -2.27E-4·x·y (1) 

 

where: x is sulfate acid concentration, g/dm
3
, y is exposure time, days. R

2
 = 0.9988. 
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It was defined that sulfate acid solution caused the weight decrease in the granite 

sample 1.66 % to 3.19 % at the S:L=1:100 ratio depending on the acid initial 

concentration and the exposure time.  

Additionally, weight decrease was studied for a granite sample with grain size -

1.0 + 0.5 mm under similar conditions for 7 days at sulfuric acid concentration 

18.8 g/dm
3
. It was found that the mass decrease was 2.32 % at an initial sample 

weight 9.985 g that was higher as compared with the granite sample -2.0 + 1.0 mm 

(Δm was 1.66 %). 

 

Impact of fluoride ion concentration on the granite weight decrease. The 

study was performed regarding the impact of the fluoride ion initial concentration on 

the weight decrease of the granite sample depending upon the content of fluoride ion 

[F
-
] 3.25×10

-2
 g/dm

3 
to 5.00×10

-1
 g/dm

3
, sulfuric acid concentration 18.8 g/dm

3
 to 

76,6 g/dm
3 

and exposure time 7, 14, and 21 days. The experiment was carried out in 

batch mode at the solid-to-liquid phase ratio S:L=1:100 (sample weighed portion was 

~10 g) at intermittent agitation and temperature of 20 °C during 7, 14, and 21 days. 

Concentration ranges for fluoride ion was selected considering the ability of anion 

exchangers to recover fluoride ion that may decrease the uranium recovery degree 

from sulfuric solutions formed during the refractory ore leaching. 

Experimental data and their processing results are given in Tables 2 and 3 and in 

Figures 2-4. 
 

Table 2 – Decrease of the granite sample weight and fluoride ion concentration
 

Exposure 

time, 

days 

Sample weight 

before 

treatment m1, 

g 

Sample weight 

after treatment 

m2, g 

Weight 

decrease Δm, 

% 

Residual content 

of  fluoride ion 

 [F
-
]res. 

Decrease of the 

fluoride ion 

content Δ[F
-
], 

g/dm
3
 g/dm

3
 

[H2SO4] = 18.8 g/dm
3
 

[F
-
] = 3.25∙10

-2
g/dm

3
 

7 10.005 9.825 1.80 2.26∙10
-2

 9.88∙10
-3

 

14 10.005 9.721 2.84 3.44∙10
-2

 -1.90∙10
-3

 

21 10.005 9.710 2.95 2.01∙10
-2

 1.24∙10
-2

 

[F
-
] = 0.152 g/dm

3
 

7 10.021 9.765 2.55 1.35∙10
-1

 1.77∙10
-2

 

14 10.021 9.668 3.52 1.86∙10
-1

 -3.27∙10
-2

 

21 10.021 9.616 4.04 1.40∙10
-1

 1.31∙10
-2

 

[F
-
] = 0.500 g/dm

3
 

7 10.006 9.700 3.06 3.02∙10
-1

 1.98∙10
-1

 

14 10.006 9.581 4.25 4.14∙10
-1

 8.55∙10
-2

 

21 10.006 9.500 5.06 2.76∙10
-1

 2.24∙10
-1

 

[H2SO4] = 37.7 g/dm
3
 

[F
-
] = 3.27∙10

-2
g/dm

3
 

7 10.010 9.80.072200 2.10 2.36∙10
-1

 8.93∙10
-3

 

14 10.010 9.730 2.80 3.02∙10
-1

 2.28∙10
-2

 

21 10.010 9.690 3.20 2.19∙10
-2

 -5.43∙10
-2
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continuation of table 2 

Exposure 

time, 

days 

Sample weight 

before 

treatment m1, 

g 

Sample weight 

after treatment 

m2, g 

Weight 

decrease Δm, 

% 

Residual content 

of  fluoride ion 

 [F
-
]res. 

Decrease of the 

fluoride ion 

content Δ[F
-
], 

g/dm
3
 

 [F
-
] = 0.173 g/dm

3
 

7 10.012 9.753 2.59 1.47∙10
-1

 2.60∙10
-2

 

14 10.012 9.660 3.52 1.86∙10
-1

 -1.27∙10
-2

 

21 10.012 9.603 4.09 1.34∙10
-1

 3.88∙10
-2

 

[F
-
] = 0.424 g/dm

3
 

7 9.997 9.670 3.27 3.52∙10
-1

 7.22∙10
-2

 

14 9.997 9.544 4.53 4.18∙10
-1

 5.70∙10
-3

 

21 9.997 9.465 5.32 2.58∙10
-1

 1.65∙10
-1

 

[H2SO4] = 76.6 g/dm
3
 

[F
-
] = 3.38∙10

-2
g/dm

3
 

7 10.007 9.797 2.10 2.55∙10
-2

 8.42∙10
-3

 

14 10.007 9.738 2.69 3.15∙10
-2

 2.34∙10
-3

 

21 10.007 9.701 3.06 2.34∙10
-2

 1.05∙10
-2

 

[F
-
] = 0.170 g/dm

3
 

7 10.001 9.745 2.56 1.47∙10
-1

 2.26∙10
-2

 

14 10.001 9.657 3.44 1.86∙10
-1

 -1.62∙10
-2

 

21 10.001 9.593 4.08 1.29∙10
-1

 4.09∙10
-2

 

[F
-
] = 0.407 g/dm

3
 

7 9.993 9.634 3.59 3.52∙10
-1

 5.43∙10
-2

 

14 9.993 9.501 4.92 3.90∙10
-1

 1.63∙10
-2

 

21 9.993 9.400 5.93 2.49∙10
-1

 1.57∙10
-1

 

 

 
Figure 2 – Decrease of the granite sample weight vs. exposure time and fluoride ion 

concentration at sulfuric acid content 18.8 g/dm
3
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Figure 3 – Decrease of the granite sample weight vs. exposure time and fluoride ion 

concentration at sulfuric acid content 37.7 g/dm
3 

 

 
Figure 4 – Decrease of the granite sample weight vs. exposure time and fluoride ion 

concentration at sulfuric acid content 76.6 g/dm
3
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The experimental data showed that the sample weight decreased with the increase 

of exposure time, initial concentration of fluoride ion and sulfuric acid. Sample 

weight decreased by 1.80 % to 5.06 % for sulfuric acid concentration 18.8 g/dm
3
, 

2.10 % to 5.32 % for sulfuric acid concentration 37.7 g/dm
3
 and 2.10 % to 5.93 % for 

sulfuric acid concentration 76.6 g/dm
3
.  

 

Table 3 – Second order polynomial equation 

Figure Equation R
2
 

2 Δm = 0.8468+3.1737·x + 0.1824·y-2.8405·x
2
-0.0038·y

2
 +0.1714·x·y (2) 0.9953 

3 Δm = 1,15+1.4181·x +0.1357·y + 1.8075·x
2
-0.0027·y

2
 +0.2622·x·y (3) 0.9996 

4 Δm = 1,15+1.4181·x +0.1357·y + 1.8075·x
2
-0.0027·y

2
 +0.2622·x·y (4) 0.9996 

where: x is fluoride ion concentration, g/dm
3
, y is exposure time, days 

 

The study has revealed that the dependence of the fluoride ion concentration on 

the sample weight decrease was extreme at the sulfuric acid content within the range 

18.8 g/dm
3
 to 37.7 g/dm

3
. Maximum Δm was observed at [F

-
] within the range 0.3 

 g/dm
3
 to 0.5 g/dm

3
 while it increased pro rata with the increase of fluoride ion 

concentration at [H2SO4] =  76.6 g/dm
3
. 

Tables 2, 4 and Figures 5 to 7 contain data regarding the decrease of fluoride ion 

concentration Δ[F
-
] vs. exposure time and initial concentration of fluoride ion and 

sulfuric acid. 

 

 
Figure 5 – Decrease of the fluoride ion content Δ[F

-
] vs. exposure time and the initial fluoride 

ion concentration at sulfuric acid content 18.8 g/dm
3
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Figure 6 – Decrease of the fluoride ion content Δ[F

-
] vs. exposure time and the initial fluoride 

ion concentration at sulfuric acid content 37.7 g/dm
3
 

 

 
Figure 7 – Decrease of the fluoride ion content Δ[F

-
] vs. exposure time and the initial fluoride 

ion concentration at sulfuric acid content 76.6 g/dm
3
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It may be seen from the above data that the decrease in the fluoride ion 

concentration depended ambiguously upon the exposure time and the initial 

concentration of fluoride ion and sulfate acid. The decrease in the content of 

fluoride ion was extreme within the studied range of the sulfate acid and fluoride 

ion concentration with minimal values at an exposure time of 14 days. Generally, 

the increase in the fluoride ion content resulted in the increase in the difference 

between the fluoride ion initial and final concentrations while the increase in the 

sulfuric acid concentration caused, on the contrary, its decrease. Thus, the decrease 

of fluoride ion content after 7 days of exposure was 7.22×10
-2

 g/dm
3
 to 8.42×10

-

3
 g/dm

3
. At the same time, both the decrease in concentration was observed up to 

8.55×10
-2 

g/dm
3
 after 14 days of exposure and its increase was up to (-3.27)×10

-

2
 g/dm

3
 while these values were 2.24×10

-1 
g/dm

3
 and (-5.43)×10

-2
 g/dm

3
, 

correspondingly, after 21 days. In our opinion, this increase in fluoride ion 

concentration was caused by the dissolution of fluorine-containing minerals (mica, 

fluorite, etc.) in the samples. 
 

Table 4 – Second order polynomial equation 

Figure Equation R
2
 

5 Δ[F
-
] = 0.2275 - 0.3380·x -0.0359·y + 1.1768·x

2 
 + 0,0042·y

2
 + 0.0013·x·y (5) 0.9341 

6 Δ[F
-
] = 0.1804 - 0.2519·x -0.0263·y + 0.1942·x

2 
 + 0,00077·y

2
 + 0.0278·x·y (6) 0.7161 

7 Δ[F
-
] = 0.1842 - 0.3192·x -0.0286·y + 0.5086·x

2 
 + 0,001·y

2
 + 0.020·x·y (7) 0.8848 

where: x is fluoride ion concentration, g/dm
3
, y is exposure time, days 

 

Thus, granite processing with ammonium fluoride-bifluoride resulted in the 

loosening and destruction of strong silicate structures due to partial silicon transfer 

in to solution making minerals leached by sulfuric acid more accessible. 

 

Conclusions. It was defined that the sulfuric acid solution with initial 

concentration 18.8 g/dm
3
 to 76.6 g/dm

3 
resulted in a decrease in the granite sample 

weight by 1.65 % to 3.18 % depending upon its concentration and exposure time. 

It was found that the impact of the initial concentration of fluoride ion on the 

granite sample weight decrease at the sulfuric acid concentration within the range 

18.8  g/dm
3
 to 37.7 g/dm

3
 was extremal with the maximum concentration of fluoride 

ion within the range 0.3 g/dm
3
 to 0.5 g/dm

3
. Weight decrease increased pro rata 

with the increase of fluoride ion concentration at sulfuric acid concentration 

76.6 g/dm
3
. 

The residual content of fluoride ion ambiguously depended upon exposure time, 

initial concentration of fluoride ion and sulfuric acid and even exceeded the initial 

concentration in certain cases, which was associated, probably, with the dissolution 

of fluoride-contained minerals (mica, fluorite, etc.) in the studied samples. 

Based on the assessment of the impact of fluoride ion concentration on the 

granite weight decrease, the recommended content of fluoride ion in leaching 

process solutions should be 0.03 g/dm
3
 to 0.15 g/dm

3
 depending upon the ore type. 
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ДОСЛІДЖЕННЯ ВПЛИВУ ВМІСТУ ФТОРИД-ІОНУ ТА СУЛЬФАТНОЇ КИСЛОТИ У РОЗЧИНІ ДЛЯ 
ВИЛУГОВУВАННЯ НА ЗМЕНШЕННЯ МАСИ ГРАНІТУ 
Коровін В.Ю., Погорєлов Ю.М., Шестак Ю.Г., Валяєв О.М. 

 
Анотація: В роботі представлені результати щодо впливу початкової концентрації фторид-іону та 

сульфатної кислоти у розчині для вилуговування на зменшення маси граніту Орільського спеціалізованого 
кар’єру. Зниження маси зразків граніту вимірювали на аналітичних вагах після фільтрації, промивання та 
висушування при температурі 105 0С до постійної маси. Концентрацію фторид-іону визначали за допомогою 
фтор-селективного електроду відносно насиченого хлор-срібного електроду, кислотність розчинів вимірювали 
титриметрично. Досліджено зменшення маси зразку граніту фракції -2,0 + 1,0 мм у статичних умовах в 
залежності від концентрації сульфатної кислоти в діапазоні від 18,8 до 76,6 г/дм3 та часу витримки 7, 14 та 21 
діб. Визначено, що розчин сульфатної кислоти призводить до зменшення маси зразку граніту від 1,65 до 
3,18 % в залежності від концентрації кислоти та часу витримки зразків. Проведене дослідження щодо впливу 
концентрації фторид-іону на зменшення маси зразка граніту в залежності від концентрації фторид-іону в 
діапазоні від 3,25×10-2 г/дм3 до 5,00×10-1 г/дм3, а також концентрації сульфатної кислоти в межах 18,8–
76,6 г/дм3 та часу витримки 7, 14, 21 діб. Визначено, що при концентрації сульфатної кислоти в межах 18,8-
37,7 г/дм3 вплив концентрації фторид-іону на зменшення маси зразку має екстремальний характер з 
максимальними значеннями в діапазоні 0,3–0,5 г/дм3, а при концентрації сульфатної кислоти 76,6 г/дм3 
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зменшення маси зростає пропорційно концентрації фторид-іону. Наведені дані щодо зменшення вмісту 
фторид-іону від часу витримки, концентрації фторид-іону та концентрації сульфатної кислоти. Зміна 
концентрації фторид-іону неоднозначно залежить від часу витримки, початкової концентрації фторид-іону та 
сульфатної кислоти, та призводить навіть до її збільшення, що, вірогідно, пов’язано з розчиненням фторид-
вмісних мінералів (слюда, флюорит та ін.) у зразках. 

Ключові слова: граніт, біфторид амонію, сульфатна кислота, зменшення маси, фторид-іон. 
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