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Abstract:

Hydrometallurgical plants in the arid Navoi region recirculate large volumes of process water that
accumulate sulfate, chloride, suspended solids and dissolved metals. This study evaluated a liquid
iron(111) chloride coagulant obtained by hydrochloric acid processing of a local iron-bearing ore
(32.81 % FeCls) for treating three process streams of the Navoi Mining and Metallurgical
Company: the circulating water of Hydrometallurgical Plant No. 4 (GMZ-4), the water of its
tailings ponds 1-2, and the recycled technical water of the BIOX shop of Hydrometallurgical Plant
No. 3 (GMZ-3). Each stream was analysed before and after laboratory coagulation and compared
with the plant regulation targets or maximum permissible concentrations (MPC). In GMZ-4
circulating water sulfate decreased from 816.8 to 380.4 mg/dm3 (53.4 %) and suspended solids
from 31.2 to 13.3 mg/dm3 (57.4 %); in the tailings-pond water sulfate fell from 1645 to 403
mg/dm3 (75.5 %) and chloride from 226.4 to 57.8 mg/dm? (74.5 %), meeting the regulation targets.
In the BIOX water Mn and Cu were removed by 85 % and Pb by 80 %, but As (20.0 — 10.0
mg/dm?), Ni (5.0 — 2.0) and Co (2.4 — 1.3) remained far above the MPC. Per 1000 m3 of treated
water, 1242 kg of sulfate and 168.6 kg of chloride (pond water) and 10.0 kg of arsenic and 3.0 kg
of nickel (BIOX water) are kept out of the receiving environment. Pre-oxidation and pH
adjustment to 8-9 are recommended for arsenic- and nickel-rich streams.
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Introduction

Water scarcity makes the treatment and reuse of industrial process water a priority for the Navoi
region of Uzbekistan, where irrigation, mining and energy compete for limited resources [1]. Water
quality monitoring of the transboundary Zarafshan River has shown the cumulative pressure of
agricultural and industrial discharges on the basin [2]. The Navoi Mining and Metallurgical
Company (NMMC) reported a water intake of 122,550 thousand m?3 and a wastewater discharge of
5,157.1 thousand m3 for 2022 and acknowledged that all its water sources are located in water-
stressed areas [3].

Hydrometallurgical process waters differ from acid mine drainage, but share some of its problems:
high sulfate, dissolved metals and metalloids, and suspended solids [4], [5], [6]. Tailings storage
facilities concentrate these contaminants and pose long-term environmental risks if seepage or
overflow occurs [7]. Among treatment options, chemical coagulation with iron(l11) salts is attractive
because it is simple, inexpensive and also removes arsenic: Qiao et al. studied the effects of pH,
As/Fe ratio and co-existing solutes on arsenate and arsenite removal by FeCls [8], and Ge et al.
highlighted the difficulty of removing arsenic from wastewater by FeCls and alum coagulation [9].
Applied research in the mining industry continues to optimise clarification and treatment schemes
[10], and sorbent systems have been tested for sulfate and metal removal from mining wastewater
[11].

Uzbekistan does not produce iron(l11) chloride, although local iron-bearing ores are available. The
authors have developed a process in which an ore from the Tebinbulak deposit is leached with 28 %
hydrochloric acid at a 1 : 2.0 mass ratio for 120 min to obtain a liquid product containing 32.81 %
FeCls. Similar routes to iron coagulants from secondary iron sources have been reported [12], [13].
The aim of this work was to test the locally produced coagulant on real process waters of NMMC
hydrometallurgical plants and to quantify the treatment effect against plant regulation targets and
MPC values.

Materials and Methods

Coagulant. The coagulant was the liquid phase obtained by treating the ore (41.4 % Fe.Os on
average; hematite as the main iron mineral) with 28 % HCl at a 1 : 2.0 ore-to-acid mass ratio for 120
min. It contained 32.81 % FeCls and had a density of 1.349 g/cm®.

Water samples. Three NMMC process streams were studied: (i) the circulating water of GMZ-4, an
alkaline stream (pH 10) carrying sulfate, nitrite and nitrate; (ii) the water of GMZ-4 tailings ponds 1—
2, a more mineralised stream (dry residue 2750 mg/dm3); and (iii) the recycled technical water of the
BIOX (bio-oxidation) shop of GMZ-3, the stream most contaminated with metals and arsenic.

Coagulation tests. Laboratory coagulation followed the conventional sequence: the coagulant
solution was added at the calculated dose, the sample was mixed rapidly, then slowly to form flocs,
and allowed to settle; the clarified water was analysed. The initial dose was selected from published
alum dose tables according to suspended solids and permanganate oxidisability and refined in
preliminary jar tests.

Analyses and calculations. pH, dry residue, suspended (non-settleable) solids, chloride, sulfate,
nitrite, nitrate and metals (Ni, Zn, Mn, Cu, Pb, Co, As) were determined. The treatment efficiency for
each parameter was calculated as

T] — Cingcout . 100 % (1)

where Cj, and C, are the values before and after treatment. The mass of a pollutant kept out of the
environment per 1000 m? of treated water was calculated as
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M; = V- (Cn — Cout) 1073 (2)

where V = 1000 m3 and concentrations are in mg/dms? (g/m3), giving M; in kg.

Results and Discussion

1. GMZ-4 circulating water and tailings-pond water. The main results are summarised in Table 1
and Fig. 1. The circulating water of GMZ-4 was alkaline (pH 10) and contained 816.8 mg/dm3
sulfate, 31.2 mg/dm3 suspended solids, 18.6 mg/dm? chloride, 19.4 mg/dm? nitrite and 28.4 mg/dm3
nitrate. After treatment with the coagulant, sulfate decreased to 380.4 mg/dm?3 (53.4 %), suspended
solids to 13.3 mg/dm? (57.4 %), chloride to 7.4 mg/dm? (60.2 %), nitrite to 9.3 mg/dm? (52.1 %) and
nitrate to 18.2 mg/dm3 (35.9 %), while pH fell to 8.4. All parameters reached the plant regulation
targets (sulfate 604.5, suspended solids 30, chloride 10 mg/dm?3), and the treated water was better

than the regulation for every listed parameter.

Table 1. Composition of NMMC process waters before and after treatment with the local FeCls

coagulant

Parameter, mg/dm3 Before Target/ MPC After

Efficiency, %

GMZ-4 circulating water

pH 10 10.9 8.4
Dry residue 614 1628 518
Suspended solids 31.2 30 13.3
Chloride 18.6 10 7.4
Sulfate 816.8 604.5 380.4
GMZ-4 tailings ponds 1-2
pH 9.4 8.0 7.7
Dry residue 2750 1980 1974
Suspended solids 69.4 37.6 31.4
Chloride 226.4 156 57.8
Nitrate 21.4 9.7 7.3
Sulfate 1645 1528 403
GMZ-3 BIOX technical water
Arsenic 20.0 0.05 10.0
Nickel 5.0 0.1 2.0
Cobalt 2.4 0.1 1.3
Lead 1.0 0.03 0.2
Manganese 0.4 0.1 (0.5) 0.06
Copper 0.2 1.0 0.03
Zinc 4.0 5.0 3.0

15.6
57.4
60.2
53.4

28.2
54.8
74.5
65.9
75.5

50.0
60.0
45.8
80.0
85.0
85.0
25.0
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Note: for GMZ-4 streams the comparison value is the plant regulation target; for GMZ-3 BIOX
water it is the MPC.

The tailings-pond water was considerably more mineralised: dry residue 2750 mg/dm3, sulfate 1645
mg/dm3, chloride 226.4 mg/dm?3 and suspended solids 69.4 mg/dm3. After treatment sulfate fell to
403 mg/dm? (75.5 %), chloride to 57.8 mg/dm? (74.5 %), suspended solids to 31.4 mg/dm3 (54.8 %),
nitrate to 7.3 mg/dm3 (65.9 %) and nitrite to 0.6 mg/dm?3 (60.0 %); dry residue decreased to 1974
mg/dm? (28.2 %). The difference from the regulation target was largest for sulfate: 403 mg/dm3
against the target of 1528 mg/dm3, i.e. the treated water was 3.8 times below the target.
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Figure 1. Sulfate, chloride and suspended solids in GMZ-4 circulating water and tailings-pond water
before treatment, according to the plant regulation and after treatment with the local FeCls coagulant
(logarithmic scale)

The reductions in suspended solids (54.8-57.4 %) are consistent with sweep coagulation by
precipitating iron(l11) hydroxide, which is the dominant mechanism of hydrolysing metal coagulants
at neutral to alkaline pH [14]. The large decreases in sulfate and chloride, however, require careful
interpretation. Coagulation with FeCls adds chloride to the water: by our calculation, 1 kg of the
32.81 % solution introduces 328 g FeCls and 215 g chloride, i.e. 215 mg/L when dosed at 1 kg/m?.
That chloride nevertheless decreased in both streams indicates that the dose used was much smaller
than 1 kg/m3 and that part of the anions was removed with the sludge. Uptake of sulfate by freshly
formed iron hydroxide flocs is a plausible contribution, but the observed sulfate removal of 53-76 %
is high for coagulation alone; it should be confirmed by replicate tests with a closed mass balance
(sulfate in sludge) before it is used for design.

2. GMZ-3 BIOX technical water. The BIOX water was the most contaminated stream: arsenic 20.0
mg/dm?3 (400 times the MPC of 0.05 mg/dm3), nickel 5.0 mg/dm3 (50 times), cobalt 2.4 mg/dm3 (24
times) and lead 1.0 mg/dm3 (33 times), together with zinc 4.0, manganese 0.4 and copper 0.2 mg/dm3
(Table 1, Fig. 2). Treatment reduced manganese to 0.06 mg/dm3 (85.0 %), copper to 0.03 mg/dm3
(85.0 %) and lead to 0.2 mg/dm3 (80.0 %); nickel decreased to 2.0 mg/dm? (60.0 %), arsenic to 10.0
mg/dm3 (50.0 %), cobalt to 1.3 mg/dm?3 (45.8 %) and zinc to 3.0 mg/dm? (25.0 %). Copper and zinc
met their MPC values (1.0 and 5.0 mg/dm3); manganese met the 0.5 mg/dm? limit but not 0.1
mg/dm3, while Pb, Ni, Co and As remained above the MPC.
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Figure 2. Metals and arsenic in GMZ-3 BIOX technical water before and after treatment with the
local FeCls coagulant; horizontal bars show the MPC, labels show the removal efficiency
(logarithmic scale)

The selectivity pattern agrees with the chemistry of iron(l11) hydroxide. Lead and copper are strongly
bound by hydrous ferric oxide; on ferrihydrite the affinity sequence Pb > Cu > Zn > Cd > Ni has
been reported [15], whereas nickel, cobalt and zinc require higher pH for hydroxide precipitation or
adsorption; in coagulation-based primary treatment nickel removal is generally limited at neutral pH
[16]. Only 50 % of arsenic was removed. Iron(l11) chloride removes arsenate much more effectively
than arsenite, and the outcome depends strongly on pH and the As/Fe ratio [17]; in the BIOX circuit,
where sulfide minerals are oxidised biologically, the arsenic speciation and pH of the recycled water
determine the result. Moreover, Ge et al. showed that achieving low residual arsenic in wastewater
by coagulation is difficult even with optimised FeCls doses. For this stream we therefore recommend
(a) a pre-oxidation step to convert As(lll) to As(V), (b) a higher Fe/As molar ratio, and (c) pH
adjustment to 8-9 to improve Ni, Co and Zn removal.

3. Pollutant load reduction and dosing. Equation (2) gives the pollutant mass kept out of the
environment per 1000 m?3 of treated water. For the GMZ-4 circulating water this is 436.4 kg sulfate,
17.9 kg suspended solids, 11.2 kg chloride, 10.1 kg nitrite and 10.2 kg nitrate; for the tailings-pond
water 1242 kg sulfate, 168.6 kg chloride, 38.0 kg suspended solids and 14.1 kg nitrate; and for the
BIOX water 10.0 kg arsenic, 3.0 kg nickel, 1.1 kg cobalt, 1.0 kg zinc, 0.8 kg lead, 0.34 kg
manganese and 0.17 kg copper. Since arsenic- and nickel-bearing sludge is generated, its leaching
behaviour must be tested before disposal.

Based on these tests and on the model-solution experiments, a dose of 1.0-2.0 kg of 32.8 %
coagulant per m3 (328-656 g FeCls/m?; 113-226 mg/L Fe; 215-430 mg/L CI added) is proposed for
streams with heavy metals above 10 mg/L, such as the BIOX water, and 0.1-0.3 kg/m3 (33-98 ¢
FeCls/m?®) for weakly polluted sulfate—chloride streams such as GMZ-4 waters. The chloride
introduced with the reagent is a design constraint for streams that are recirculated; the dose should
therefore be set for each stream by jar testing [18].

4. Limitations. The results were obtained in laboratory coagulation tests, and seasonal variability of
the stream composition was not studied. Sludge composition and settling characteristics were not
determined.
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Conclusion

A liquid iron(IIT) chloride coagulant (32.81 % FeCls) produced from a local iron-bearing ore was
tested on three hydrometallurgical process streams of the Navoi Mining and Metallurgical Company.

In GMZ-4 circulating water and tailings-pond water, the coagulant reduced suspended solids by
54.8-57.4 %, sulfate by 53.4-75.5 % and chloride by 60.2-74.5 %, bringing all monitored
parameters within the plant regulation targets; the high sulfate removal requires confirmation by
mass balance.

In GMZ-3 BIOX water, Mn and Cu were removed by 85 % and Pb by 80 %, whereas As, Ni and Co
removal was 45.8-60.0 % and their residual concentrations remained above the MPC; pre-oxidation,
a higher Fe/As ratio and pH adjustment to 8-9 are recommended.

Per 1000 m3 of treated water, 1242 kg sulfate and 168.6 kg chloride (tailings-pond water) and 10.0
kg arsenic and 3.0 kg nickel (BIOX water) are kept out of the environment. Doses of 1.0-2.0 kg/m3
for metal-rich streams and 0.1-0.3 kg/m3 for weakly polluted streams are proposed for pilot testing.
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