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Abstract: This study explores the nitric acid leaching of stibnite in the presence of tartaric acid, which acts as a complexing agent. The proposed
approach is of considerable interest, as antimony is widely used across industries, from electronics to alloying applications. Thermodynamic
analysis showed that nitric acid dissolution of stibnite inevitably leads to the formation of antimony oxides, which markedly reduces the
extraction of the target metal into solution. To counteract these losses and enhance process efficiency, tartaric acid was introduced as an
additive. The results demonstrated that tartaric acid promotes the formation of stable complexes with antimony ions, thereby retaining the
metal in solution and minimizing the risk of oxide precipitation. Experimental design analysis revealed that the mass ratio of tartaric acid to
antimony and the nitric acid concentration exert a stronger influence on leaching efficiency than temperature and leaching duration. Optimal
conditions were established, achieving an antimony extraction of 87 %: temperature 35 °C, nitric acid concentration 5 mol/dm?, leaching time

45 min, and a tartaric acid-to-antimony mass ratio of 4.5 : 1.0.
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AnHoTanus: PaGoTa rocpsilieHa U3y YeH MO MPOLecca a30THO-KMCJIOTHOIO BblLEJauYMBaHU I CTUOHUTA C 100aBJIeHUEeM BUHHOI KUCJIOTHI,
BBITIOJIHSIIOLIEH (DYyHKIIMIO KOMILIeKcooOpasytoliero areHra. Ilpeanaraemblii croco6 rnepepaboTku CTUOHUTA 00J1a1aeT BICOKOM aKTy-
aJIbHOCTBIO, TOCKOJIBKY CYypbMa I POKO UCIOAb3YETCS B IPOMBIIIICHHOCTH — OT 3JIEKTPOHMKH 10 TPUMEHEHUsI B Ka4eCTBE JIETUPYIOIIMX
n06aBoK. B xome TepMoaMHAMMYECKOTO aHaaM3a BbISIBIEHO, YTO B MPOLIECCE a30THO-KKMCJIOTHOIO PACTBOPEHMSI CTUOHHUTA HEU30EKHO
00pas3yroTCcs OKCUIbI CYyPbMbl, YTO TIPUBOJIUT K CYLIECTBEHHOMY CHUKEHUIO U3BJICUEH U S LIEJEBOrO MeTaJjljia B pacTBop. st Toro 4Toobl
CHU3UTD 3T MOTEPU U MOBBICUTH 3P (HEKTUBHOCTH Mpolecca, B KadyecTBe 100aBKHU MPEII0KEeHO UCI0Jb30BaTh BUHHYIO KucaoTy. Mc-
clieIOBaHUsI IMOKa3aJju, YTO OHA CIIOCOOCTBYET 0OPa30BaHUIO CTAOMIbHBIX KOMILIEKCOB C MOHAMU CYPbMbI, YTO MO3BOJISIET COXPAHUTD
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METAaJII B paCTBOPE U MUHUMM3UPOBATh PUCK OCaXkaeHust OKCUI0B. C UCII0Jb30BaHMEM MAaTEMATHUECKOTO IIAHMPOBAHU I SKCIIEPUMEHTA
YCTAHOBJIEHO, YTO MaCCOBOE COOTHOLIEHNE BUHHOM KUCIOTHI K CypbMe, a TAKXKE KOHLEHTPALMsl a30THOI KHUCIIOThI OKa3bIBaIOT GOJIbLIEE
BIMsSHUE Ha 9()(HEKTUBHOCTH IIPOLIECCA BhIIETaYMBaHM s, Y€M TEMIIEpATypa U MPOIOJXKHUTEIBHOCTD Ipolecca. OrnpeaesieHbl ONTHUMAalb-
HBIE YCJIOBUS JUIS JOCTHUXEHUSI MAKCUMaJIbHOIO 3HaYE€HWSI U3BJIEYEHMSI CYPbMBI B pacTBop — 87 %: TeMmneparypa 35 °C, KOHLEHTpalus

a30THOM KUCJIOTHI 5 MOJIL/LLM3, BpeMs BbIlleJIla4MBaHK sl 45 MMH U MacCOBOE COOTHOIIIEHWE BUHHOM KUCIOTHI K cypbMme 4,5 : 1,0.
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Introduction

Antimony, a critical element in various industrial
applications, remains in high demand due to its unique
physicochemical properties [1; 2]. It is used in the pro-
duction of flame-retardant materials, lead—acid batte-
ries, semiconductor devices, and as an alloying element
in metallurgy. The primary source of antimony is the
mineral stibnite (Sb2S3). However, efficient recovery
of antimony from stibnite is complicated by a number
of technological and environmental challenges [3—8§],
which has driven the search for innovative processing
methods [9—14].

One promising approach to antimony extraction is
nitric acid leaching [15—20]. Despite its advantages, this
method has drawbacks such as slow reaction kinetics and
the formation of sparingly soluble compounds. A poten-
tial strategy to improve acid leaching is the addition of
organic complexing agents that stabilize metal ions in
solution, thereby preventing their premature precipi-
tation. In this regard, tartaric acid (C4HgOg) is of par-
ticular interest [21; 22] Its molecules readily form sta-
ble complexes with metal cations, including antimony,
which may enhance extraction efficiency and process
selectivity.

Previous research has shown the successful ap-
plication of organic acids in hydrometallurgical pro-
cesses. For instance, citric and oxalic acids have been
used to improve the leaching of oxide and sulfide ores
of nickel, copper, and zinc [23—26]. However, in the
case of antimony — particularly in combination with
nitric acid — such studies remain limited. Most exi-
sting work has focused on single-agent systems or
combinations of inorganic acids, whereas the syner-
gistic effect of introducing tartaric acid into a HNO;
medium has received little attention. This defines the
relevance of the present study, which examines the ef-
fects of temperature, nitric acid concentration, leach-

ing duration, and tartaric acid dosage on the efficien-
cy of nitric acid dissolution of stibnite. The optimal
conditions for maximum antimony recovery were also
established.

The findings of this study may contribute to the de-
velopment of more efficient and sustainable methods
for processing antimony-bearing raw materials, thereby
promoting more rational use of natural resources and re-
ducing environmental impact.

Experimental procedure
Materials, equipment, and methods

The chemical composition of stibnite was deter-
mined by complete dissolution of a 0.2—0.3 g portion
of the material in a PreeKem M3 microwave digestion
system (PreeKem, China). The resulting solutions
were analyzed using an EXPEC 6500 inductively cou-
pled plasma optical emission spectrometer (ICP—
OES) (Focused Photonics Inc., China), which was
also used to determine the composition of the leach
solutions.

The phase composition of the stibnite sample (Fig. 1)
and the leach residue was analyzed with an XRD 7000
Maxima diffractometer (Shimadzu Corp., Tokyo,
Japan).

A natural stibnite sample (Sb2S3) served as the start-
ing material. The mineral was ground in a Pulveriset-
te 6 planetary mill (FRITSCH GmbH, Germany) and
sieved through laboratory screens to obtain a —56 pm
working fraction. All other reagents were of analytical
grade.

Nitric acid leaching experiments were carried out
under laboratory conditions using a 500 mL Lenz
Minni-60 reactor (Lenz Laborglas GmbH, Germa-
ny). The leaching solution was preheated to the de-
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Fig. 1. Phase composition of stibnite
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sired temperature with a Huber Kiss K6 precision
thermostat (Peter Huber Ké&ltemaschinenbau, Ger-
many). After thermostating, the weighed sample of
stibnite was introduced into the reactor. Slurry ho-
mogenization was achieved using an IKA Eurostar 20
digital overhead stirrer (IKA-Werke GmbH, Ger-
many).

After the reaction, the slurry was vacuum-filtered
through a Btichner funnel. The filtrate was analyzed for
antimony content by ICP—OES. The leach residue was
sequentially washed with distilled water and then dried
in a convection oven at 80 °C to constant weight.

Thermodynamic calculations were performed using
HSC Chemistry Software v. 9.5 (Metso Outotec Finland
Oy, Tampere, Finland).

Results and discussion

Thermodynamics of nitric acid leaching
of stibnite

To establish the possibility of stibnite interacting
with nitric acid solution, Gibbs free energy changes
(AG) were calculated in the temperature range of 25—
85 °C for the following reactions:

Sb,S; + 6HNO; = Sb,0; + 6NO, + 3S + 3H,0, (1)

Sb,S; + 28HNO; = Sb,05 + 3H,S0, +
+28NO, + 11H,0, Q)

Sb,S; + 24HNO; = 2HSbO, + 3H,S0, +
+ 24NO, + 8H,0, ©)
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2HSbO, + 4HNO; = Sb,05 + 3H,0 + 4NO,, (4)
Sb203 + 4HNO3 = Sb205 + 4N02 + 2H20 (5)

As shown in Table 1, stibnite dissolution in nit-
ric acid can proceed along several pathways, leading
either to sparingly soluble antimony oxides (Sb,03,
Sb,05) or to antimonous acid (HSbO,) via reactions
(1)—(3). Subsequently, both antimonous acid and an-
timony (III) oxide can be oxidized by nitric acid to
antimony (V) oxide.

Pourbaix (Eh—pH) diagrams are a useful tool for
predicting the thermodynamic stability of chemical
species in aqueous media. To examine the behavior
of antimony species at different pH and Eh values, an
Eh—pH diagram was constructed for the S—Sb—H,0
system at 25 °C (Fig. 2, a). In addition, to more ac-
curately predict the products of nitric acid leaching
of stibnite, a distribution diagram was constructed
(Fig. 2, b), showing the equilibrium concentrations of
various antimony species as a function of nitric acid
consumption.

The Pourbaix diagram (Fig. 2, a) indicates that in
acidic media, dissolution of stibnite begins at a po-
tential of about —0.4 V with the formation of anti-
monous acid (HSbO,). A further increase in oxida-
tion potential to approximately —0.61 V results in the
conversion of HSbO, to Sb,0s, indicating more com-
plete oxidation. These transformations are consistent
with Gibbs free energy calculations for reactions (3)
and (4).

The distribution diagram (Fig. 2, b), unlike the Pour-
baix diagram, highlights the effect of nitric acid (HNO;)
consumption on the composition of stibnite dissolution
products. At the initial stages, both HSbO, and Sb,0; are
formed. With nitric acid consumption exceeding 7 M,

Table 1. Gibbs free energy change (AG)
for reactions (1)—(5)

Tabnuua 1. Pesynbratsl pacuera u3MeHEHUs
sHeprum [M66ca mus peakumii (1)—(5)

AG, kJ/mol
Reaction

25°C 40 °C 55°C 70 °C 85°C
(1) —344 —355 -367 —378 —389
2) —1630 —1683 —1735 —1787 —1839
3) —1411  —1455 —1498 —1541 —1583
4) -219 —228 -237 —246 -255
(5) —168 —175 —182 —189 —196
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Fig. 2. Eh—pH diagram for the S—Sb—H,0 system (a), equilibrium distribution diagram of antimony species during nitric acid

leaching of stibnite (b)
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Fig. 3. Interaction schemes of antimony with tartaric acid (a) and oxalic acid (b)
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antimony is predominantly present as Sb,Os. This is at-
tributed to the sharp increase in oxidation potential at
high HNO; concentrations, which drives further oxida-
tion of Sb(III) to Sb(V). At concentrations above 8§ M,
nearly complete oxidation of Sb,O5 and HSbO, to Sb,0O5
is observed.

The thermodynamic analysis shows that nitric acid
leaching of stibnite results primarily in the formation
of antimony oxides, followed by their precipitation.

To prevent antimony losses and improve leaching effi-
ciency, it is therefore advisable to introduce additives
that intensify the process and increase the degree of
metal extraction. According to the literature [22],
oxalic and tartaric acids are among the most effective
complexing agents. They promote the formation of
stable antimony complexes (Fig. 3), which helps re-
tain the metal in solution and minimize oxide precip-
itation.
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Investigation of nitric acid leaching
and determination of optimal parameters

To evaluate the effect of tartaric acid on stibnite dis-
solution in nitric acid solution, experiments were con-
ducted under the following conditions: nitric acid con-
centration — 6 mol/dm3, liquid-to-solid ratio (L : S) =
= 6 : 1, leaching duration — 60 min, temperature —
50 °C, and tartaric and oxalic acid concentrations —
50 g/dm? each.

As shown in Fig. 4, in the experiment without ad-
ditives, antimony extraction into solution reached
44 % within the first 2 min, but subsequently decreased
to 13 %. This effect is most likely associated with the
transformation of antimony from antimonous acid (HS-
b0O,) into the insoluble oxide form (Sb,05) according to
reaction (4). The addition of tartaric and oxalic acids im-
proved stibnite dissolution in nitric acid. Acting as com-
plexing agents, they formed stable antimony complexes
and prevented its conversion into insoluble oxide. How-
ever, tartaric acid achieved higher extraction (52 %) than
oxalic acid (45 %), so further experiments were carried
out with tartaric acid.

To determine the optimal parameters for nitric acid
leaching of stibnite with tartaric acid, a statistical ex-
perimental design method was applied using the Stat-
Graphics software package. A second-order orthogonal
matrix was employed, comprising four variables: pro-
cess temperature (35—85 °C), nitric acid concentra-

Sb extraction, %

60

50

40

304

.

10

0

10 20 30 40 50 1, min

Fig. 4. Dependence of Sb extraction on time during nitric
acid leaching with tartaric acid (1), oxalic acid (2),
and without additives (3)

Puc. 4. 3aBucumocTb n3BIedeHUS Sb OT BpeMeHU
MPU a30THO-KKUCJIOTHOM BhbIILETaYMBAHU U

¢ nobasjeHueM BUHHOI (1) U 11aBeaeBoii (2) KUCOT,
a Takxe 06e3 106aBok (3)
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Fig. 5. Pareto chart for the parameters of nitric acid leaching
of stibnite

D — tartaric acid-to-antimony ratio; A —nitric acid concentration;

C — temperature; B — leaching duration

Puc. 5. Ilnarpamma [lapeTo 1151 u3MeHsIEMbIX ITAapaMETPOB
A30THO-KHUCJIOTHOTO BhIILIEJaYMBaHU S CTUOHUTA

D — cooTHOIIIEHNEe BUHHOM KUCIOTHI K CypbMe; A — KOHIIEHTPAIIUS
a30THOM KucioTsl; C — TemmepaTypa; B — IpoaoKUTETbHOCTh

tion (1—9 mol/dm3), leaching duration (10—70 min),
and the tartaric acid-to-antimony mass ratio in stib-
nite (0.5+4.5: 1.0). The liquid-to-solid ratio (L : S) was
maintained at 6 : 1 in all experiments.

Fig. 5 presents the Pareto chart for antimony leach-
ing under the experimental conditions. The results indi-
cate that the tartaric acid-to-antimony ratio and nitric
acid concentration are the most statistically significant
factors affecting antimony leaching, while leaching du-
ration and temperature are less significant.

The dependence of antimony extraction on temper-
ature, nitric acid concentration, leaching duration, and
tartaric acid-to-antimony ratio is shown in Fig. 6.

As shown in Fig. 6, maximum antimony extraction
from stibnite (>85 %) can be achieved under the follow-
ing conditions: liquid-to-solid ratio — 6 : 1, temperatu-
re — 35 °C, nitric acid concentration — 5 mol/dm3,
leaching duration — 45 min, and tartaric acid-to-anti-
mony mass ratio — 4.5 : 1.0. The regression equation for
antimony leaching is

Sb = —36.4551 + 13.2264A4 + 1.4411 B — 0.0825433C +
+0.609196D — 0.6312074% + 0.003119794B —
—0.01013194C — 0.0722656AD — 0.0144331 B> —
—0.00313426BC + 0.000390972BD +
+0.000639506C> — 0.00089537CD + 0.00306981.D%, (6)

where A — nitric acid concentration, mol/dm3; B —
leaching duration, min; C — temperature, °C; D — tar-
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Fig. 7. XRD pattern of the leach residue after nitric acid
leaching of stibnite with tartaric acid under optimal
conditions

Puc. 7. PeHTreHorpamma HepacTBOPEHHOT'0 OCTaTKa
ocJjie a30THO-KUCJIOTHOTO BhlllleJIa4MBaHU s CTUOHUTA
¢ nob6aBJeHMEM BUHHOM KUCIOTHI ITPU ONTUMAaJbHBIX
YCJIOBUSIX

taric acid-to-antimony mass ratio. The adequacy of the
chosen model and regression equation is confirmed by
a correlation coefficient of 0.92.

To validate the optimal parameters of nitric acid
leaching of stibnite, an experiment was carried out
under these conditions. The results showed antimo-
ny extraction of 87 % and sulfur extraction of 77 %.
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100 - S 40
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Fig. 6. Dependence of antimony extraction
on nitric acid concentration (a—c),
leaching duration (a), temperature (b),

and tartaric acid-to-antimony ratio (c)
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Table 2. EDS analysis results of nitric acid leach
residues of stibnite

Tabauua 2. Pe3yabTaThl UCClIeIOBaHUS CIIEKTPOB KEKOB
a30THO-KHMCJIOTHOTO BHILIETaYNBaHUS CTUOHUTA

Content, %
Spectrum Identified phases
(0] Sb S

Without acid (see Fig. 8, a)

1 151 566 283  Sb,O5+ Sb,S;+S°
2 175 553 272 Sb,O5+ SbyS;+8°
3 164 572 264  Sb,O5+ Sb,S;+S°

With tartaric acid (see Fig. 8, b)

1 - 486 514 Sb,S; + §°
2 - 448 552 Sb,S; + 8°
3 - 543 457 Sb,S; + 8°
4 - 67.1 329 Sb,S; + S°

Of the total sulfur remaining in the leach residue,
61 % was present as sulfide and 39 % as elemental sul-
fur. The XRD pattern of the leach residue is shown
in Fig. 7.

Fig. 8 presents SEM images and EDS analysis
results at selected points (Table 2) of the leach resi-
dues after nitric acid leaching (L:S=6:1, T= 35 °C,
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Fig. 8. SEM images of the leach residue from nitric acid leaching of stibnite without tartaric acid (a)

and with tartaric acid (b)
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[HNOs] = 5 mol/dm3, T = 15 min) without and with
tartaric acid (tartaric acid-to-antimony mass ratio
4.5:1.0).

The SEM images in Fig. 8 highlight differences
in the composition of the leach residue depending on
tartaric acid addition. In the sample without tartaric
acid (Fig. 8, a), the residue contains antimony pen-
toxide (Sb,0s), stibnite (Sb,S5), and elemental sulfur
(SO). In contrast, in the presence of tartaric acid (Fig.
8, b), the residue consists mainly of unreacted stibnite
and elemental sulfur, while antimony oxides are ab-
sent. This confirms that tartaric acid binds Sb ions in
solution, preventing their hydrolysis and precipitation
as oxides.

Conclusion

The present study on nitric acid leaching of stibnite
with tartaric acid confirmed the effectiveness of this
complexing agent in improving antimony extraction.

Thermodynamic analysis demonstrated that direct
nitric acid leaching inevitably leads to the formation
of antimony oxides, resulting in metal losses. The ad-
dition of tartaric acid promotes the formation of stable
water-soluble complexes with antimony, which signifi-
cantly reduces oxide precipitation.

Statistical experimental design showed that the tar-
taric acid-to-antimony mass ratio and nitric acid con-
centration are the most significant factors affecting
leaching efficiency. Maximum antimony extraction
of 87 % was achieved under the following conditions:
temperature — 35 °C, [HNO;z] = 5 mol/dm3, leaching
duration — 45 min, and tartaric acid-to-antimony mass
ratio — 4.5 : 1.0.
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SEM and XRD analyses of the leach residue fur-
ther confirmed that tartaric acid addition minimiz-
es antimony losses. In the absence of tartaric acid,
the residue contains antimony pentoxide (Sb,0Os),
indicating oxidation and hydrolysis of Sb ions with
their conversion to insoluble forms, leading to metal
losses. In contrast, in the presence of tartaric acid,
oxide phases were not detected; the residue consisted
mainly of unreacted stibnite (Sb,S;) and elemental
sulfur (S9).

Thus, tartaric acid ensures that antimony remains
in a recoverable form by preventing its conversion into
stable oxides, thereby improving leaching efficiency.
This approach is relevant for developing more effective
processing technologies for antimony-bearing raw ma-
terials.
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