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In this research, a comprehensive study of the solvent extraction of uranium (VI) from acidic sulfate 
solutions using Alamine 336 diluted in kerosene was scrutinized. The effects of the contact time 
between the phases, sulfuric acid concentration, extractant concentration, uranium (VI) concentration, 
organic/aqueous phase ratio, and temperature were investigated. An extraction efficiency of around 
99.72% was attained at a sulfuric acid concentration of 0.15 mol L−1, using 0.05 mol L−1 Alamine 336 
at 25 °C with an organic/aqueous phase ratio of 1:1. The findings indicated that the extraction of 
uranium (VI) was a rapid, exothermic, and spontaneous process. The estimated value of Log Kex was 
5.92. Parametric variations in the processing parameters indicated a strong impact of the sulfuric 
acid concentration on the uranium extraction. Uranium (VI) stripping from the loaded organic phase 
was conducted using many salt and acid solutions in four steps, and the enthalpy change of the 
stripping reaction was obtained. 99.87% of uranium (VI) loaded in the organic phase was stripped using 
0.5 mol L−1 (NH4)2CO3 in a single stripping step. Finally, uranium (VI) extraction from the leach liquor 
solution was performed under optimal conditions, and the recovery of the loaded organic phase was 
investigated with different agents. The results showed that uranium purification has a high selectivity 
coefficient.
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An essential element of the nuclear industry is uranium1. The continued generation of electricity from nuclear 
power plants and other nuclear activities depends on the presence of uranium2. However, natural uranium 
reserves are depleting and attention is shifting to low-grade natural uranium resources3.

To date, many methods have been used to extract uranium (VI) from other elements in natural resources.To 
fulfill the nuclear industry’s current uranium requirements, uranium recovery from low-grade ores and other 
sources must be accomplished utilizing low-cost processes4,5.

To meet today’s demands, uranium must be recovered from low-grade ores and other sources using 
inexpensive methods. Solvent extraction6,7, ion exchange8,9, ultrafiltration10, adsorption11,12, and liquid 
membranes13–15 are useful methods for uranium recovery from various aqueous solutions. Solvent extraction 
(SX) techniques, also known as liquid-liquid extraction (LLE), have long been used to recover and separate 
metal ions from their sources. Compared with other methods, this procedure is somewhat easy, affordable, and 
potentially very selective16,17. Consequently, solvent extraction is one of the most effective methods for industrial 
metal extraction and purification.

In the solvent extraction process, the extractant plays an important role. Extractants greatly vary depending 
on the conditions and objectives of each project. Extractants such as TBP, D2EHPA, PC-88 A, and TOPO have 
been used for the solvent extraction of uranium (VI)18,19. Alamine 336 is a tertiary amine used to extract uranium 
(VI) from sulfate media20,21. The use of Alamine 336 extracts uranium from single-component solutions. In 
general, real solutions in the industry contain interfering elements that affect uranium extraction. Considering 
the importance of the purity of uranium samples, it is very valuable to study the extraction of uranium from real 
solutions. Also, after uranium is extracted with the organic phase, it must be recovered by the stripping phase. 
Therefore, it is necessary to conduct a comprehensive study on the optimization of uranium extraction from 
single-component sulfate media using Alamine 336 and to investigate the stripping reaction conditions and then 
complete the solvent extraction study using real samples.
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The primary aim of this paper was to investigate the extraction of uranium (VI) from a sulfate solution using 
the Alamine 336 extractant. The exact species of uranium in the acidic solution and the conditions of the species 
of Alamine 336 adjacent to the sulfate solution were carefully analyzed. The effects of the contact time among 
the phases, sulfuric acid concentration, extractant concentration, uranium (VI) concentration, organic/aqueous 
phase ratio, and temperature on uranium (VI) extraction from the synthetic solution with Alamine 336 were 
studied, and consequently, the optimum conditions for solvent extraction and stripping were established.

Under optimal conditions, the uranium purification process was carried out. For this purpose, uranium (VI) 
was extracted from the liquor leach solution and the recovery of the organic phase loaded with the stripping 
agents was investigated.

Therefore, the innovation of this research was to investigate the extraction of uranium from real solutions 
with Alamine 336 and its recovery with different agents. The typology of uranium from the sulfate media was 
carefully performed and the thermodynamics of the recovery were also investigated.

Materials and methods
Materials
A potassium hydroxide (KOH) standard solution and ammonium oxalate ((NH4)2C2O4) obtained from Merck 
were used as the titrant and masking agents, respectively.

The extractant, Alamine 336 was purchased from NetSun. The organic phase was prepared by diluting 
Alamine 336 in kerosene (Merck Co). An aqueous phase containing uranium (VI) was obtained by dissolving an 
appropriate amount of UO2(C2H3O2)2-2H2O (Merck) in deionized water. H2SO4, HNO3, HClO4, HCl, H3PO4, 
NaCl, NH4Cl, NaNO3, NaF, Na2CO3, (NH4)2CO3, NaHCO3 (Merck), and H2O were used as stripping agents. All 
chemicals used were of analytical grade.

Analysis apparatuses
An X-Ray Fluorescence Spectrometer (XRF, OXFORD, ED 2000, England) was used to identify the chemical 
elements of the solid sample recovered from the evaporation of the leach liquor solution. The analysis of the 
metal ions was performed using an inductively coupled plasma-atomic emission spectrometer (ICP-AES, 
VARIAN, LIBERTY150AX TURBO, Australia). A Sartorius pH meter was used to measure the pH values.

Solvent extraction procedure
Alamine 336 was dissolved in kerosene that was saturated with deionized water in the proper proportions 
to produce the organic phase of the solvent extraction studies. Extraction (and stripping) experiments were 
performed by placing equal volumes of the organic and aqueous phase volumes with mechanical shaking 
(150 rpm). The constant parameters, including temperature, phase volumes, organic to aqueous volume ratio, 
and contact time of the two phases, were adjusted at 298 ± 1 K, 10 mL, 1:1, and 30 min, respectively. Following 
the equilibrium period between the two phases, they were segregated using a separation funnel, and the amounts 
of metal ions in the aqueous phases before and after the extraction and stripping operations were quantified 
using ICP-AES. A mass balance was used to determine the metal concentrations in the organic phase. Then, 
using Eqs. (1)–(3), the distribution coefficient (De), extraction percentage (E), and stripping percentage (S) were 
determined, respectively:

	
De =

[M ]org

[M ]aq

� (1)

	
%E = De

De + Vaq

Vor

× 100� (2)

	
% S =

[M ]aq,s

[M ]org,t

× 100� (3)

The uranium (VI) concentrations in the aqueous and organic phase, aqueous and organic volume, uranium 
(VI) concentrations in the stripping solution, and initial uranium (VI) concentrations in the organic phase are 
denoted by the following: [M]aq, [M]org, Vaq, Vorg, [M]aq.s, and [M]org, t.

Results and discussion
Characterization of the leach liquor solution
Several samples of the leach liquor solution were dried at a temperature of 70 oC, and the constituent elements 
were determined using XRF. ICP-AES was employed to quantify the concentrations of these elements. Table 1 
illustrates the findings. The results indicated that the leach liquor solution contained Cu, Zn, Ni, Co, Th, Cr, and 
Mo elements with a concentration exceeding 100 mg L− 1. These elements can interfere with uranium extraction. 
Next, the concentration of sulfuric acid was determined using titration.

Considering the precipitation of cations in the leach liquor solution, it is not feasible to directly specify 
the sulfuric acid concentration using titration with the KOH standard solution. By the addition of ammonium 
oxalate (masking agent) to excess22, the cations in the leach liquor solution change to complex cations, and 
the hydroxide cations precipitate only in a highly alkaline medium. Consequently, the leach liquor solution 
was subjected to dilutions of two, ten, and fifteen times to ascertain the acid concentration. Next, the solution 
was supplemented with 0.1  mol L− 1 (NH4)2C2O4, and the sulfuric acid concentration was determined to be 
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0.109 mol L− 1 by titration with a 0.05 mol L− 1 KOH standard solution (Fig. S1). All the titrations were repeated 
three times, and the effect of the error resulting from the dilution on the results was found to be less than 3%.

Study of the uranyl ion species in sulfate medium
In the leaching processes using sulfuric acid, the uranium (VI) contained in the ore leads to the formation 
of complexes such as UO2SO4, UO2(SO4)2

2−, UO2(SO4)3
4− and UO2

2+. By taking the total uranium (VI) 
concentration, and the free sulfate concentration into consideration, the predominant species can be determined 
from Eqs. (S1) and (S4)23. Carl et al. reported the concentrations of free sulfate and bisulfate in a sulfuric acid 
solution as a function of the acid concentration24. Based on the presented results and Eqs. (S6) to (S8), the 
proportion of each species was determined in relation to the acid concentration. The species percentages are 
shown in (Table 2). These results showed that in 0.109 mol L− 1 H2SO4, UO2SO4 was the predominant species and 
constituting 74.8% of the whole uranyl species.

Study of the generation of preferable species of Alamine 336
By increasing the sulfuric acid concentration, Alamine 336 can be convert into two other species, namely, 
(R3NH)2SO4 and R3NHHSO4 (Reactions 4 and 5)25. Reaction (6) indicates that UO2SO4 is removed with 
(R3NH)2SO4 due to the creation of the ion-associated complex26. Conversely, it is evident that in reaction (7), 
the extraction percentage of uranium (VI) diminishes in the presence of R3NHHSO4 owing to the generation of 
acid. Therefore, to maximize uranium (VI) extraction, the H2SO4 concentration must be chosen in such a way 
that it causes the (R3NH)2SO4 formation in the organic phase.

	 2R3N + H2SO4 ↔ (R3NH)2SO4� (4)

	 (R3NH)2SO4 + H+ + HSO−
4 ↔ 2 R3NHHSO4� (5)

	 UO2SO4aq. + 2 (R3NH)2SO4or.
↔ (R3NH)4UO2(SO4)3or.� (6)

	 UO2SO4aq. + 4R3NHHSO4or. ↔ (R3NH)4UO2(SO4)3or.
+ 2 (H+ + HSO−

4 )aq.� (7)

H2SO4 (mol L− 1) SO4
2−(mol L− 1) UO2SO4 (%) (%) UO2(SO4)2

2− (%) UO2(SO4)3
4− UO2

2+ (%)

0.050 0.015 83.99 11.49 0.06 4.45

0.101 0.032 75.73 22.10 0.28 1.88

0.109 0.0338 74.8 23.1 0.31 1.75

0.204 0.056 65.09 33.24 0.74 0.92

0.15 0.0434 70.50 27.66 0.47 1.3

0.332 0.089 54.07 43.89 1.55 0.48

0.492 0.145 41.59 55.00 3.17 0.23

0.978 0.268 26.96 65.92 7.03 0.07

1.471 0.436 17.64 70.15 12.18 0.03

2.953 0.974 7.50 66.65 25.84 0.006

3.970 1.27 5.42 62.81 31.76 0.003

5.990 1.77 3.50 56.60 39.89 0.001

7.816 1.78 3.48 56.49 40.03 0.001

10.85 1.07 6.70 65.42 27.87 0.005

13.94 0.028 77.72 19.85 0.22 2.20

Table 2.  Percentage of uranyl ion species in different sulfuric acid concentrations.

 

Element Concentration (mg L− 1) Element Concentration (mg L− 1) Element Concentration (mg L− 1)

U 249 Zn 18.48 Ti 1.05

Fe 1060 Ni 14.47 Nb > 2.5

Mg 6100 Co 11.55 W > 2.5

Mn 1606 Th 6.62 Ta > 2.5

Al 1185 Cr 4.95 Pt > 2.5

Ca 931.5 Mo 0.82 Sn > 2.5

P 93.25 Zr 0.77 Be > 0.5

Cu 71.25 V 1.34

Table 1.  The concentrations of the constituent elements of the leach liquor solution of Bandar Abbas Gachin 
ore.

 

Scientific Reports |        (2025) 15:11749 3| https://doi.org/10.1038/s41598-025-96421-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


To determine the optimum sulfuric acid concentration in the feed solution to produce (R3NH)2SO4, aqueous 
solutions at different sulfuric acid concentrations and 0.05 mol L− 1 Alamine 336 were employed. On a mechanical 
shaker, the two phases were agitated and then split using a separating funnel. Titration using the KOH solution 
helped to determine the remaining sulfuric acid content in the aqueous phase. Then, the acid concentration in the 
organic phase was determined by mass balance. Therefore, 0.15 mol L− 1 H2SO4 was the optimum concentration 
of sulfuric acid for producing (R3NH)2SO4 (Table S1).

Consequently, the maximum transformation of Alamine 336 to (R3NH)2SO4 occurs in conjunction with 
0.15 mol L− 1 H2SO4. Based on the above discussion, it is anticipated that the maximum uranium(VI) extraction 
from the sulfuric acid medium will be obtained at 0.15 mol L− 1 H2SO4. Otherwise, whether greater or lower, 
the extraction percentage begins to drop at any acid concentration other than the ideal concentration. At lower 
concentrations, the decline in the extraction percentage resulted from the preponderance of the form of the free 
amine (R3N), at higher concentrations, it resulted from the predominance of the form of R3NHHSO4 in the 
organic phase.

Effect of phase contact time
The extraction of uranium (VI) from sulfuric acid solutions (0.15 and 0.5 mol L−1) by Alamine 336 (0.0125 and 
0.05 mol L−1) was studied by changing the contact time from 1 to 120 min. The results are shown in (Fig. 1). The 
experimental results demonstrated that equilibrium arises after 10 min. However, a phase contact time of 30 min 
was pursued to ensure the complete extraction equilibrium.

Effect of sulfuric acid concentration
The concentration of sulfuric acid is a very critical parameter in the uranium (VI) solvent extraction process. 
The impact of the sulfuric acid concentration in the range 0.00025–6.0 mol L−1 on the uranium (VI) extraction 
percentage was scrutinized by 0.0125, 0.05, and 0.1 mol L−1 Alamine 336. The results are demonstrated in (Fig. 
2).

At 0.00025 mol L−1 H2SO4, a significant part of Alamine 336 is a free amine (R3N). Therefore, the extraction 
percentage of uranium (VI) is less than 20%. Additionally, the extraction percentage experienced a significant 
increase in the range of 0.00025 to 0.15 mol L− 1 H2SO4, as the concentration of sulfuric acid increased, a specific 
quantity of R3N is converted to (R3NH)2SO4 (Reaction 4). The occurrence of the maximum uranium(VI) 
extraction percentage (99.72%) corresponded to the concentration of 0.15 mol L− 1 at which nearly the entire 
Alamine 336 was transformed into the (R3NH)2SO4. The extraction percentage began to slowly decrease at 
concentrations higher than 0.15 mol L− 1 the reason for which is the gradual transformation of (R3NH)2SO4 into 
R3NHHSO4(Reactions 5 and 7). When the concentration of sulfuric acid (H2SO4) increases, the equilibrium 
reaction (7) shifts to the left and the extraction decreases. Hence, the concentration of 0.15 mol L− 1 was selected 
as the optimum concentration of sulfuric acid for uranium (VI) extraction.

Furthermore, experimental data for sulfuric acid concentrations above 4  mol L− 1 demonstrated the 
formation of red sediment particles at the interface of the organic and aqueous phases, seemingly resulting from 
the degradation of Alamine 336.

Effect of Alamine 336 concentration
The impact of the extractant concentration in the range 0.001–0.1 mol L−1 Alamine 336 was studied on the 
extraction of uranium (VI) from 0.15, 0.75, and 2.0  mol L−1 H2SO4. The results are depicted in (Fig. 3). As 

Fig. 1.  Effect of contact time on uranium (VI) extraction percentage. (Experimental conditions: 
Time = 30 min, T = 25 oC, O/A ratio = 1, [U] = 250 mg L− 1).
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expected, uranium (VI) extraction was enhanced with an increase in the extractant concentration. The increase 
in uranium (VI) extraction percentage were 11.49–99.91, 21.58–94.25 and 13.71–39.09% for 0.15, 0.75 and 
2.0 mol L−1 H2SO4, respectively. Above 0.05 mol L− 1 Alamine 336, uranium (VI) extraction percentage did not 
practically change very significantly.

Consequently, the concentration of 0.05 mol L− 1 was selected to be the optimum concentration of Alamine 
336. The other experiments were conducted at this optimum concentration. The extraction percentage changes 
about sulfuric acid concentrations of 0.75 and 2 mol L−1 owing to R3NHHSO4 formation. The concentration 
of sulfuric acid increases, resulting in a uranium(VI) extraction curve with a lower plateau. For example, the 
curve plateaus associated with 2 and 0.75 mol L− 1 H2SO4 are lower than those of 0.15 mol L− 1 H2SO4. Based on 
reaction (6) and (Table 2), the relation between the apparent equilibrium constant of uranium(VI) extraction 
and the distribution ratio at 0.15 mol L− 1 H2SO4 is expressed in the form of Eq. (8) and Eq. (9):

Fig. 3.  Effect of Alamine 336 concentration on uranium (VI) extraction percentage. (Experimental conditions: 
Time = 30 min, T = 25 oC, O/A ratio = 1, [U] = 250 mg L− 1)

 

Fig. 2.  Effect of sulfuric acid concentration on uranium (VI) extraction percentage. (Experimental conditions: 
Time = 30 min, T = 25 oC, O/A ratio = 1, [U] = 250 mg L−1).
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Kex =

[
(R3NH)4UO2 (SO4)3

]
[
(UO2SO4)

] [
(R3NH)2SO4

]2 =
[
(R3NH)4UO2 (SO4)3

]

0.73 [Utotal]aq
[
(R3NH)2SO4

]2 = D

0.73
[
(R3NH)2SO4

]2 � (8)

	 Log D = −0.137 + Log Kex + 2 Log
[
(R3NH)2SO4

]
� (9)

Given Eq.  (9), a linear diagram with a slope of 2.01 was obtained by plotting the log D as a function of log 
(R3NH)2SO4 concentration at the optimum concentration of sulfuric acid (0.15 mol L−1). The slope associated 
with this diagram proved the suggested mechanism in Eq. (6). Under these conditions, the logarithm of apparent 
equilibrium constant for the extraction reaction was obtained to be 5.92.

Effect of organic phase saturation on uranium (VI) extraction
Effect of organic phase saturation on uranium (VI) extraction was studied. At first, the impact of uranium (VI) 
concentration in the range 150–750 mg L−1 on the extraction of uranium (VI) was investigated from 0.15 mol L−1 
H2SO4 utilizing 0.0125 and 0.05 mol L−1 Alamine 336. The findings are shown in (Fig. 4). The obtained findings 
revealed that the uranium (VI) extraction percentage was reduced from 98.72 to 73.24% and remained almost 
constant for 0.0125 and 0.05 mol L−1 Alamine 336, respectively. The results show that 0.05 mol L−1 Alamine 336 
is suitable for uranium extraction from low-concentration solution.

Moreover, the effect of organic/aqueous phase ratio (O/A) in the range of 0.1–1.5 was studied on the extraction 
of uranium(VI) from 0.15 mol L−1 H2SO4. The results indicated that 85.48 to 99.72% uranium (VI) was extracted 
by the raise of the O/A ratio from 0.1 to 1. A further increase in the O/A ratio did not cause another rise in the 
uranium (VI) extraction percentage.

Thermodynamic study of extraction
Using 0.05 mol L−1 Alamine 336, the effect of temperature in 20–60 oC range on the uranium (VI) extraction 
percentage was examined from 0.15 mol L−1 H2SO4. The findings indicated that the extraction of uranium using 
Alamine 336 diminishes with rising temperature. According to van’t Hoff ’s equation, the logarithmic plot of the 
distribution ratio vs. the reciprocal of temperature (1/T) yields a linear graph from which enthalpy changes may 
be derived from the slope of the graph Eq. (10). Furthermore, the Gibbs free energy changes, as well as entropy 
changes, can be calculated from Eqs. (11) and Eq. (12), respectively, using the logarithm of apparent equilibrium 
constant about the extraction reaction26,27.

	
Log D = −

(
∆ H

2.303 R

) ( 1
T

)
+ C � (10)

	 ∆ G = −2.303 RT Log Kex� (11)

	
∆ S = ∆ H − ∆ G

T
� (12)

Equation (10) to Eq. (12) yielded the results for the thermodynamic parameters for Alamine 336 at the 0.05 mol 
L− 1 concentration as follows: ΔH=-11.308 kJ mol−1, ΔG=-33.797 kJ mol−1, ΔS = +75.428 J K−1 mol−1. The results 

Fig. 4.  Effect of metal ion (uranium) concentration on uranium (VI) extraction percentage. (Experimental 
conditions: Time = 30 min, T = 25 oC, O/A ratio = 1, [H2SO4] = 0.15 mol L−1).
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showed that uranium (VI) extraction with Alamine 336 is an exothermic reaction, and the extraction percentage 
decreases with increasing temperature. Moreover, the negative value of ΔG indicated that the extraction reaction 
takes place spontaneously28.

Effect of the stages number in the uranium (VI) stripping
Uranium (VI) extraction from the organic phase was accomplished using a variety of stripping agents. To achieve 
this, the laden organic phase, which was composed of 0.05 mol L−1 Alamine 336 dispersed in petroleum (250 mg 
L−1 uranium), was exposed to a variety of stripping agents at 25 oC for 30 min. The concentrations of the acidic 
stripping agents and the neutral and alkaline stripping agents were 4 and 0.5 mol L−1, respectively. The stripping 
section was carried out by freshly prepared stripping solution at four stages to improve the percentage of the 
uranium (VI) stripping from the organic phase. The results are shown in (Table 3).

The results showed that for most stripping agents, the major part of uranium (VI) stripping takes place at the 
first stage. Nonetheless, increasing the number of stages had a positive effect on the stripping caused by HNO3 
and H2O. Additionally, the removal percentage increased from the first to the second and the first to the fourth 
phases. The experiments indicated that 0.5 mol L−1 (NH4)2CO3 exhibited the highest performance among the 
other stripping agents, resulting in a uranium (VI) extraction percentage of 99.87% during the initial stage. 
Furthermore, in the process of stripping by 4 mol L−1 sulfuric, nitric, and perchloric acid, red sediment particles 
were formed on the boundary between two organic and aqueous phases which seemed to be caused as the result 
of the destruction of Alamine 336.

Effect of temperature on uranium (VI) stripping
Thirteen distinct stripping agents were employed to investigate the impact of temperature on the removal of 
uranium (VI) from the organic phase. The results of these investigations are summarized in (Table 4). The results 
indicated that the level of uranium (VI) removal is not significantly affected by an increase in temperature. 
The enthalpy changes of uranium (VI) stripping reaction were obtained from Eq. (10), which implies that the 
uranium(VI) stripping reaction was exothermic by Na2CO3 and endothermic by other stripping agents.

Uranium purification (extraction and separation)
Uranium (VI) extraction from the leach liquor solution was studied using 0.05 mol L− 1 Alamine 336. Table 5 
presents the findings. The findings showed that Alamine 336 extracted 97.01% of uranium from the leach 
solution. Alamine 336 also extracted 15.78% of Fe. There was more than 167 mg L−1 of the Fe in the organic 
phase. The extraction of other elements was not significant. The major impurities such as Mg, Mn, Al, and Ca 
were generally extracted at less than 1%. The concentrations of Mg, Mn, Al, and Ca in the organic phase were 
28.06, 0, 9.36, and 8.38 mg L−1, respectively. Some interfering elements such as V, P, Zn, and Ni also had low 
concentrations in the feed solution and were insignificant impurities. Therefore, the main interference in the 
uranium extraction process with Alamine 336 was caused by iron. To reduce the extraction of iron with Alamine 
336, the reduction reaction of Fe(III) to Fe(II) was performed. Based on the reaction (13), ascorbic acid reduces 
iron (III) to iron (II)29:

	 2F e3+ + C6H8O6 → 2F e2+ + C6H6O6 + 2H+ � (13)

For this purpose, 2 g L−1 of ascorbic acid was added to the leach liquor solution as the reduction agent. The 
percentages of uranium (VI) and iron extractions were equal to 97.01 and 15.78%, respectively, which after the 
addition of ascorbic acid to the aqueous phase changed to 96.51and 1.18%, respectively. Therefore, the presence 
of ascorbic acid solved the problem of iron interference to an acceptable extent, and the uranium extraction 
efficiency changed little. The results show that the presence of a reduction agent has little effect on the extraction 
of other interferences.

Stripping agents

Stripping percentage

1st stage 2nd stage 3rd STAGE 4th stage

4 mol L−1 HNO3 78.15 92.02 94.52 94.88

4 mol L−1 HClO4 79.59 80.99 81.07 81.86

4 mol L−1 H3PO4 62.95 67.84 68.26 68.43

4 mol L−1 H2SO4 64.79 65.70 65.93 66.06

4 mol L−1 HCl 0.33 0.68 0.95 1.1

0.5 mol L−1 NH4Cl 87.98 98.65 100 100

0.5 mol L−1 NaNO3 75.83 80.24 80.48 80.59

0.5 mol L−1 NaCl 69.51 78.34 79.16 79.47

0.5 mol L−1L NaF 58.29 60.08 60.11 60.13

H2O 0.238 20.77 70.64 85.94

0.5 mol L−1 (NH4)2CO3 99.87 100 100 100

0.5 mol L−1 NaHCO3 80.19 81.48 81.51 81.53

0.5 mol L−1 Na2CO3 66.03 66.90 66.91 66.92

Table 3.  Uranium (VI) stripping from a loaded organic phase (0.05 mol L−1 Alamine 336–kerosene).
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The separation of elements from the loaded organic phase (stripping process) was investigated using 3 agents: 
4 mol L−1 HNO3, 0.5 mol L−1 NH4Cl, and 0.5 mol L−1 (NH4)2CO3. The results are presented in (Table 6). To 
compare the selectivity of the process, the selectivity factor was determined using the following formula30.

	
S =

(
CU
CE

)
strip(

CU
CE

)
feed

� (14)

where CU and CE are the concentrations of uranium and other elements, respectively. By comparing the 
concentrations of elements in the leach liquor and stripping solutions, it is observed that the impurities have 
been significantly reduced. A major part of the purification process occurred in the first stage (extraction), which 
proved the high selectivity of Alamine 336. In addition, in the stripping stage, relative separation of uranium 
from other elements occurs.

To indicate uranium purity, the amount of uranium should be reported as a percentage of the total elements. 
Based on this definition, the purity of uranium in feed solution is less than 3% for the feed solution.While by 
carrying out the purification process, the purity of uranium in HNO3, NH4Cl, and (NH4)2CO3 solutions has 
reached 94, 95.7, and 96.7%, respectively.

The promising results of the present study indicate that Alamine 336 has the desirable ability to selectively 
separate uranium and that uranium can be recovered from it using appropriate agents.

Conclusions
The uranium (VI) solvent extraction from acidic sulfate solutions utilizing Alamine 336 has been investigated. 
First, using various analyzes, such as XRF, ICP-AES, and titration, the constituent elements of Bandar Abbas 
Gchin ore leach solution were identified. The UO2SO4 was the predominant form of uranium (VI) in the sulfuric 
acid medium.

The generation of the preferable form of Alamine 336 in a sulfate medium was studied, and it was concluded 
that Alamine 336 in interaction with 0.15 mol L−1 H2SO4 was transformed into (R3NH)2SO4.

Element Extraction without ascorbic acid (%) Extraction with ascorbic acid (%) Element Extraction without ascorbic acid (%) Extraction with ascorbic acid (%)

U 97.01 96.51 P 0 0

Fe 15.78 1.18 Cu 7.55 7.64

Mg 0.46 0.39 Zn 19.25 19.76

Mn 0 0 Ni 16.12 16.32

Al 0.79 0.86 Co 12.41 12.95

Ca 0.90 0.83 Th 57.43 56.98

V 10.15 9.1 Cr 5.05 5.76

Ti 6.1 3.7 Zr 4.3 5.9

Table 5.  Scrutinize the extraction of elements from the leach liquor solution utilizing 0.05 mol L− 1Alamine 
336 with and without using ascorbic acid (Experimental conditions: time = 30 min, O/A ratio = 1, Alamine 
336 = 0.05 mol L−1).

 

Stripping agents

Stripping percentage

ΔH (kJ mol− 1)oC 20 oC 30 oC 40 oC 50 oC 60

4.0 mol L−1 HNO3 77.83 79.10 80.21 81.23 82.16 5.555

4.0 mol L−1 HClO4 79.73 81.33 82.69 83.91 85.01 7.413

4.0 mol L−1 H3PO4 60.56 60.87 61.20 61.49 61.74 1.042

4.0 mol L−1 H2SO4 65.36 67.49 69.47 71.21 72.80 7.098

4.0 mol L−1 HCl 0.30 0.38 0.46 0.54 0.69 16.531

0.5 mol L−1 NH4Cl 87.66 90.26 92.24 93.81 94.98 19.837

0.5 mol L−1 NaNO3 75.29 76.62 77.91 79.04 80.04 5.556

0.5 mol L−1 NaCl 69.56 70.31 70.92 71.51 72.07 2.478

0.5 mol L−1 NaF 55.93 60.96 65.45 69.51 73.04 15.367

H2O 0.11 0.34 0.97 2.53 6.23 82.724

0.5 mol L−1 (NH4)2CO3 99.24 99.64 99.85 99.90 99.95 55.662

0.5 mol L−1 NaHCO3 80.08 80.33 80.57 80.75 80.95 1.150

0.5 mol L−1 Na2CO3 66.46 66.27 66.07 65.88 65.73 −0.686

Table 4.  Temperature effect on uranium (VI) stripping from a loaded organic phase (0.05 mol L− 1 Alamine 
336–kerosene).
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The effect of several parameters on uranium (VI) solvent extraction were studied. Based on the results, the 
uranium (VI) extraction reaction took place at a relatively fast rate and the reaction was completed in 10 min. 
The extraction was enhanced by increasing the concentration of sulfuric acid to 0.15  mol L− 1; however, the 
R3NHHSO4 formation subsequently resulted in a decrease. The extraction was enhanced when the concentration 
of Alamine 336 and the organic/aqueous phase ratio were increased, while it was reduced when the concentration 
of uranium (VI) was increased. Log Kex at 0.15 mol L−1 H2SO4 was determined to be 5.92.

Using 0.05 mol L−1 Alamine 336 at 25 oC with an organic/aqueous phase ratio of 1:1, an extraction percentage 
of almost 99.72% was obtained when the sulfuric acid concentration was 0.15  mol L− 1. The uranium (VI) 
extraction was an exothermic and spontaneous reaction.

In 4 steps, uranium (VI) stripping from the loaded solvent was conducted by different chemical agents. 
Uranium (VI) was stripped up to 99.87% at a single stage by making use of 0.5 mol L− 1 (NH4)2CO3. The effect 
of temperature (20–60 °C) on uranium (VI) stripping was examined. The results demonstrated that the uranium 
(VI) stripping process was exothermic with Na2CO3 and endothermic with other examined stripping agents.

The uranium (VI) extraction from the leach liquor solution was performed with and without using ascorbic 
acid as a reduction agent, and the iron(III) removal was scrutinized. Also, the recovery of the loaded organic 
phase was investigated with different agents. The results showed that the uranium extraction process with 
Alamine 336 and organic phase stripping has a high selectivity coefficient.

Data availability
Data availability: The datasets used and/or analyzed during the current study are available from the correspond-
ing author on reasonable request.
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