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Abstract. Mining wastewater, characterized by elevated salt levels, necessitates effective treatment to prevent contamination of under­

ground and surface water. Traditional methods for treating large volumes of mining wastewater with high total dissolved solids 
are expensive, and cost-effective alternatives are limited. In this study, we propose a solution to this challenge: the sorption 
of dissolved substances using a carbonaceous sorbent derived from waste, specifically rice husk biochar. To enhance the sorbent’s 
efficiency, we subjected it to electromagnetic activation, resulting in increased carbon content (from 43.3 to 78.5 % compared 
to the initial biochar), reduced impurities, and particle size reduction to the nanoscale (1–50 nm) with the formation of mesopores 
(mean diameter from the adsorption isotherm is 167 Å) and micropores (4.92 Å). This process contributes to improved composi­
tional homogeneity. The effectiveness of the proposed sorbent was validated through the treatment of wastewater from Kirov Mine 
(Novoshakhtinsk, Rostov Region) under laboratory conditions. The removal rates for dissolved heavy metal ions (iron, zinc, manga­
nese) were found to be 89, 84 and 26 %, respectively. A recommended two-stage sorption treatment involves: (1) static sorption using 
electromagnetically treated rice husk biochar at a concentration of 0.5 g/dm3; (2) subsequent reagent treatment of the suspension 
(SKiF-180 reagent, 1.0 mg/dm3), addition of potassium permanganate for manganese removal, settling for 30 min, and non-pressure 
filtration with a rice husk biochar filter. 

Keywords: mining wastewater, water pollution, static sorption, dynamic sorption, industrial waste, rice husk, electromagnetic treatment, 
activator
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IntroductionIntroduction
Discharge of highly concentrated mining waste-

water into the environment poses a significant hazard 
due its elevated levels of heavy metal ions, including 
iron, manganese, zinc, nickel and others, as well as high 
total dissolved solids (5.0–15.0 g/dm3) [1; 2]. 

Groundwater contamination by heavy metal ions, 
such as soluble Fe2+ and Mn(II) compounds, further 
exacerbates the environmental impact. Russian envi­
ronmental standards specify maximum allowable con­
centrations (MAC) for iron (0.3 mg/dm3) and manga­
nese (0.1 mg/dm3) in drinking water [3; 4]. 

It is essential to recognize that the treatment of mine 
wastewater is a multifaceted process. The initial stage 
involves mechanical treatment, including clarifica­

tion, filtration, and the separation of solid particles 
through centrifugal forces. Subsequent stages encom­
pass chemical processes (coagulation, flocculation, 
sorption, neutralization, decontamination), physi­
cal treatments (ultrasonic, UV, magnetic exposure), 
and biological treatments [5; 6]. A mandatory step in 
the treatment of mine and quarry wastewater involves 
decontamination through chemical methods (ozo­
nation) and physical methods (UV) before discharge 
into the environment [7–9]. 

This study proposes a sorption process for removing 
heavy metal ions dissolved in wastewater. The process 
utilizes a carbonaceous sorbent derived from agro-
industrial waste and subjected to electromagnetic treat­
ment. The suggested solution can be applied in mining 
wastewater treatment plants. 

  arpis-2006@mail.ru
Аннотация. Загрязненная шахтная вода с большим количеством солей делает непригодными для хозяйственно-питьевых 

нужд подземные и поверхностные источники воды. В связи с необходимостью огромных затрат на очистку высокомине­
рализованных вод и недостаточной разработанностью дешевых технологий обезвреживания крупных объемов попытки 
очистить сбрасываемые или стекающие шахтные воды до безопасного уровня оказываются практически безрезультат­
ными. В данной работе предложено одно из решений этой проблемы – сорбция растворенных в воде веществ на углерод­
содержащем сорбенте, полученном из отходов производств. В качестве сорбционного углеродного материала применен 
биоуголь из плодовых оболочек зерен риса (рисовой соломы). Для наиболее эффективного действия сорбента выбран 
способ его подготовки электромагнитным методом в установке активации процессов, что позволило повысить содержание 
углерода в сорбенте с 43,3 до 78,5 % по сравнению с исходным биоуглем, снизить концентрации в нем примесей, а также 
измельчить его до 1–50 нм с образованием мезопор (средний диаметр по десорбции – 167 Å) и микропор (4,92 Å), тем 
самым улучшив однородность состава. Подтверждена эффективность полученного сорбента при обработке им сточных 
вод шахты им. Кирова (г. Новошахтинск, Ростовская обл.) в лабораторных условиях, в частности достигнуто снижение 
количества растворенных ионов тяжелых металлов – железа, цинка, марганца, на 89, 84 и 26 % соответственно. Рекомендо­
вана двухступенчатая сорбционная обработка шахтной воды: (1) сорбция в статических условиях с применением биоугля 
из плодовых оболочек зерен риса с электромагнитной обработкой дозой 0,5 г/дм3; (2) последующая реагентная обработка 
полученной суспензии СКиФ-180 дозой 1,0 мг/дм3, ввод перманганата калия с целью удаления содержащегося марганца, 
затем отстаивание в течение 30 мин в отстойных сооружениях и доочистка фильтрованием через безнапорный фильтр, 
загруженный биоуглем из рисовой соломы. 

Ключевые слова: шахтные сточные воды, загрязнение водоемов, сорбция в статических условиях, сорбция в динамических 
условиях, отходы производств, плодовые оболочки зерен риса (рисовая солома), электромагнитная обработка, установка 
активации процессов
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Materials and methodsMaterials and methods
We utilized biochar derived from rice husks (rice 

straw) as the carbonaceous sorbent. This biochar was 
produced by carbonizing pre-washed rice husks in a 
muffle furnace at 600 °C for 30 min, followed by treat­
ment in an activator (Fig. 1). A portion of the biochar 
was then mixed in distilled water, transferred to a non-
magnetic cylinder containing ferromagnetic particles 
with a weight of m = 200 g, and subjected to a rotat­

ing electromagnetic field for 30 s within the activator. 
Subsequently, it was dried in a desiccator for 4 h at 
t = 105 °С (Fig. 2).

The rotation of ferromagnetic particles in the elec­
tromagnetic field induces a magnetostrictive effect, 
leading to the reduction of oxides on the particle sur­
face. This process results in an increase in the carbon 
content of the sorbent from 43.3 to 78.5 %, as compared 
to the initial biochar, and a reduction in impurities, 
including silicon, from 8.2 to 2.1 % (refer to Table 1).

Table 1. Chemical composition of rice husk biochar samples with and without electromagnetic activation 
Таблица 1. Химический состав полученных образцов биоугля из плодовых оболочек зерен риса  

с электромагнитной обработкой и без нее

Sorbent sample
Content, wt. %

С O Si K Ca Mg Na Cl Fe Al
Original biochar 43.3 42.5 8.2 1.0 1.1 0.9 0.4 0.1 – 2.7

After electromagnetic activation 78.5 18.5 2.1 0.5 0.1 0.1 0.1 – 0.1 –

Fig. 1. The activator
a – general view, b – body 

Рис. 1. Установка активации процессов
а – общий вид, b – рабочий корпус

Fig. 2. The sorbent at each stage of preparation
a – after carbonization of the initial fruit shells of rice grains in a muffle furnace at t = 600 °С;  

b – after processing in the PAU; c – after drying in an oven at t = 105 °С 

Рис. 2. Внешний вид сорбента на разных стадиях подготовки
а – после карбонизации исходных плодовых оболочек зерен риса в муфельной печи при t = 600 °С;  

b – после обработки в УАП; c – после просушивания в сушильном шкафу при t = 105 °С

Powder Metallurgy аnd Functional Coatings. 2024;18(2):35–44 
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The alterations in the chemical composition of bio­
char stem from various processes occurring within 
the activator. The increase in carbon content can be attri-
buted to the disruption of intermolecular bonds [10]. 
Additionally, the interaction of SiO2 with ferromagnetic 
particles leads to the formation of chemical compounds 
on their surface layer, resulting in a reduction in silicon 
content [11]. The activation process not only pulverizes 
the sorbent into the nanoscale range (1–50 nm) but also 
generates mesopores (with a mean diameter of 167 Å) 
and micropores (4.92 Å) while enhancing the homo­
geneity of the composition. Following the preparation 
of the carbonaceous sorbent as described above, we 
assessed its effectiveness for mining wastewater treat­
ment under laboratory conditions.

Table 1 presents the properties of the initial bio­
char derived from rice husks and the biochar following 
electro magnetic activation 1.

We conducted thermogravimetric analysis (TGA) 
of the sorbent, and the summarized results are provided 
below:

Ash content, % . . . . . . . . . . . . . . . . . . . . . 35.8
Moisture content, % . . . . . . . . . . . . . . . . . Not found
Specific surface area, m2/g . . . . . . . . . . . . 7.45
The relative volume of pores 
up to 900 Å in dia., cm3/g . . . . . . . . . . . . . 0.034
Average mesopore diameter 
from the adsorption isotherm, Å . . . . . . . 196
Micropore volume, cm3/g . . . . . . . . . . . . 0.0026
Average micropore diameter, Å . . . . . . . . 4.08
Iodine adsorption, % . . . . . . . . . . . . . . . . . 24
Methylene blue adsorption, % . . . . . . . . . None

The sorbent sample, post-activation, underwent cal­
cination at t = 450 °С for 3 h. During this process, its 
color transitioned from black to brown, and there was 
a slight reduction in volume. The observed 0.7 % loss 
upon heating to 450 °C suggests the potential pres­
ence of a minimal amount of moisture absorbed during 
sample preparation. Given the requirement for a very 
small sample size (less than 20 mg) in thermal analy­
sis, even a minor influence from ambient air moisture 
during sample preparation could impact the results. 
Upon heating to 500 °C, the calcined sample experi­
enced almost negligible weight loss. In the temperature 
range of 500 to 688 °C, a weight loss of approximately 
3.3 % occurred, as indicated by the endothermic effect 
in the DSC curve (Fig. 3). 

The observed process is likely analogous to trans­
formations occurring at t = 620÷685 °C, involving 
the release of chemically bound moisture and some 

organic volatiles. Continued heating to 950 °C led 
to a gradual decline in the rate of weight loss. The resi-
dual weight at 950 °C was determined to be 95.76 %. 
Notably, the TGA curve does not reach a plateau, indi­
cating ongoing decomposition of the sample.

In this study, the wastewater sourced from the 
Kirov mine (Novoshakhtinsk, Rostov Region) was 
employed. The mine generates an estimated daily 
volu me of approximately 40,000 m3 of wastewater, 
which is pumped from the mine and directed to the pri­
mary settling basin for the removal of suspended solids. 
Despite undergoing clarification, the treated wastewa­
ter remains unsuitable for discharge into the environ­
ment, leading to the imposition of environmental pol­
lution penalties. 

An illustration of the mine wastewater composition 
post-treatment at the existing treatment plant is provided 
in Table 2. Notably, this composition does not adhere 
to the stipulated environmental requirements [12; 13].

Our investigation encompassed both the steady-
state and dynamic reduction of dissolved heavy metal 
ion concentrations, specifically iron, manganese, cop­
per, and zinc, under laboratory conditions. In static 
conditions, a fluid element remains stationary rela­
tive to the sorbent particle, indicating that they move 
together. Conversely, in dynamic conditions, the fluid 
element moves relative to the sorbent particle, with 
the absorbed substance present in a mobile liquid phase 
that is filtered through the sorbent layer.

Condition 1. Static sorption conditions: 
– introduction of rice husk biochar, subjected 

to electromagnetic treatment, into the original mine 
wastewater at various amounts (0.1; 0.3; 0.5; 0.7 
and 1.0 g/dm3), followed by mixing in a flocculator 
at 45 rpm for 30 min;

Fig. 3. TGA derivatogram of the sorbent sample 1 

Рис. 3. Дериватограмма термогравиметрического анализа 
образца 1 приготовленного сорбента
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Table 2. Composition of mine wastewater before and after treatment at the existing water treatment plant 
Таблица 2. Состав шахтных вод до и после существующей водоочистки

Mine 
wastewater

Concentration of contaminants, mg/dm3

рН
Total 

hard ness, 
mg eq/L

Susp en-
ded solids

Dissol ved 
oxygen

Chloride 
ions

Sulfate 
ions

Total 
iron

Ca2+ 

ions
Mg(II) 

ions BOD5

Petro-
leum 

products
Original 52 11.58 443 2805 3.5 386 320 17.5 0.06 7.7 40.1

After 
treatment 28 10.63 252 2641 0.95 362 309 2.5 0.04 7.9 40.1

Environ-
mental 
require -
ments*

0.75 4.0 350 500 0.3 3.5 20 20 0.3 6.5–8.5 –

* Standard values for recreational water and water bodies in populated areas [12; 13].

– treatment of the resulting suspension with 
the SKiF-180 reagent, consisting of aluminum poly­
oxychloride as the coagulant and polydiallyldimethyl­
ammonium chloride (PolyDADMAC) as the cationic 
flocculant, at a dosage of 1.0 mg/dm3. This treatment 
involves stirring for 2 min at 200 rpm and an additional 
10 min at 45 rpm;

– allowing the wastewater to settle for 30 min 
to facilitate coagulation;

– filtration through a quartzite pressure filter.
Condition 2. Dynamic sorption conditions (filt    - 

ration):
– treatment of the initial wastewater with the 

SKiF-180 reagent (1.0 mg/dm3) through stirring for 
2 min at 200 rpm and an additional 10 min at 45 rpm;

– settling the wastewater for 30 min to induce 
coa  gulation;

– filtration through a non-pressure filter containing 
rice husk biochar particles sized 1–3 mm.

Results and discussionResults and discussion
All mine drainage samples collected during testing 

were analyzed by a certified laboratory, following stan­
dard test procedures for total iron (PND F 14.1:2:4.50-96), 
manganese (PND F 14.1:2:61-96), copper (PND F 
14.1:2:4.48-96), and zinc (PND F 14.1:2:4.60-96). 
The laboratory employed a UNICO 1201 spectropho­
tometer (UNITED PRODUCTS & INSTRUMENTS, 
USA).

Table 3 presents the concentrations of the men­
tioned chemical elements in mining wastewater after 
static sorption using rice husk biochar (condition 1). 
A notab le reduction in iron ion concentration, ranging 
from 44 to 89 % compared to the initial concentra­
tion, was observed. The optimal treatment efficiency 

was achieved at a sorbent concentration of 0.5 g/dm3. 
The largest decrease in zinc ion content, by 84 %, 
resulted in a concentration of 0.059 mg/dm3. A mar­
ginal drop (4–26 %) in manganese ion concentration 
occurred when 0.3, 0.7 and 1.0 g/dm3 of the sorbent 
were added, while in other cases, the concentration 
increased. Therefore, it is recommended to oxidize 
manganese using potassium permanganate. To remove 
1.0 mg of Mn(II), 1.88 mg of KМnО4 is required. 
As the initial copper ion concentration in the waste­
water is below the rated threshold, evaluating copper 
removal efficiency is not feasible.

Fig. 4 depicts concentration curves illustrating 
the variation of controlled chemical elements (iron, 
manganese, zinc, and copper) in relation to the amount 
of sorbent (rice husk biochar after electromagnetic 
treatment). 

Throughout the tests, we monitored the following 
parameters:

– redox potential, serving as an indicator of the sub­
stance’s ability to accept or donate electrons (oxidation-
reduction capability);

– total dissolved solids, quantifying the amount 
of salts dissolved in water, measured using a TDS-3 
meter, and pH levels. 

The summarized results of these measurements are 
presented in Table 4 and visually represented in Fig. 5. 

It is established that when a certain critical thresh­
old of the hydrogen ion concentration (pH) is reached, 
doubly and triply charged simple and hydrolyzed cati-
ons react to form practically or poorly soluble metal 
hydroxides [14]. However, the measured pH values fall 
within the range of 6.15 to 6.39, indicating a neutral 
environment. The total dissolved solids (TDS) range 
from 258 to 271 mg/dm3, which falls within the cate gory 
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TDS may be necessary to establish a relationship with 
the amount of sorbent. 

Upon introducing the coagulant (SKiF-180 reagent 
with рН = 0.5÷3.0), the redox potential shifts from neg­
ative to positive, signifying a transition from reducing 
to oxidizing water properties. With an increase in sor­
bent quantity, the water’s oxidizing properties intensify. 
However, at a biochar dose of 0.5 mg/dm3, the redox 
potential decreases from +108 to +50 mV. This reduc­
tion is attributed to the decline in iron concentration at 
this specific sorbent quantity (Fig. 5).

Table 4. Results of mining wastewater treatment under Condition 1 
Таблица 4. Результаты контроля параметров среды после обработки в режиме 1

Property Initial mining 
wastewater

Wastewater after sorbent treatment, g/dm3

0 0.1 0.3 0.5 0.7 1.0
pH 6.76 6.35 6.39 6.30 6.35 6.15 6.20

TDS, mg/dm3 267 278 258 262 271 266 262

Table 3. Results of mining wastewater treatment under Condition 1 
Таблица 3. Результаты испытаний обработки шахтных сточных вод в режиме 1

Property Initial mining 
wastewater

Wastewater after sorbent treatment, g/dm3

(Removal efficiency, %)
0 0.1 0.3 0.5 0.7 1.0

Total iron, 
mg/dm3 36.47 ± 3.65 22.82 ± 2.28

(37 %)
20.34 ± 2.03

(44 %)
18.88 ± 1.89

(48 %)
3.99 ± 0.60

(98 %)
17.92 ± 1.79

(51 %)
11.46 ± 1.715

(69 %)
Manga­

nese, 
mg/dm3

5.619 ± 1.124 5.288 ± 1.058
(6 %)

7.356 ± 1.471
(–)

4.150 ± 0.83
(26 %)

6.047 ± 1.209
(–)

4.321 ± 0.864
(23 %)

5.386 ± 1.077
(4 %)

Copper, 
mg/dm3 0.012 ± 0.002 0.007 ± 0.002

(42 %)
0.008 ± 0.002

(33 %)
0.023 ± 0.005

(–)
0.016 ± 0.003

(–)
0.011 ± 0.002

(8 %)
0.012 ± 0.002

(–)
Zinc, 

mg/dm3 0.376 ± 0.128 0.177 ± 0.060
(53 %)

0.064 ± 0.022
(83 %)

0.185 ± 0.063
(51 %)

0.059 ± 0.02
(84 %)

0.147 ± 0.05
(61 %)

0.153 ± 0.052
(59 %)

Fig. 4. Concentrations of iron and manganese (a),  
zinc and copper (b) ions vs. sorbent amount

1 – Fe, 2 – Mn, 3 – Cu, 4 – Zn 

Рис. 4. Зависимости концентрации ионов железа  
и марганца (а), цинка и меди (b) от количества  

введенного сорбента
1 – Fe, 2 – Mn, 3 – Cu, 4 – Zn

of low TDS, resembling potable water conditions [15]. 
Notably, these TDS values exhibit independence from 
the amount of sorbent used. Given these findings, it can 
be inferred that a broader range of values for pH and 

Fig. 5. Redox potential of water vs. sorbent amount 

Рис. 5. Зависимость ОВП обрабатываемой воды  
от количества введенного сорбента
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Table 5. Sorption capacity and iron  
removal efficiency vs. sorbent amount 

Таблица 5. Определение сорбционной емкости  
и эффективности удаления железа  

в зависимости от количества введенного сорбента

Property
Sorbent concentration, g/dm3

0.1 0.3 0.5 0.7 1.0
Sorption capacity, 

mg/g 161.3 58.63 64.96 17.92 11.46

Removal 
efficiency, % 44.23 48.23 89.06 50.87 68.58

Table 6. Results of mining wastewater treatment under Condition 2 
Таблица 6. Результаты испытаний обработки шахтных сточных вод в режиме 2

Property Initial mining 
wastewater

Rated 
concentrations, 

mg/dm3

Coagulation 
(SKiF-180 

reagent)
D = 1.0 mg/dm3

Filtration through the 
sorbent

Removal 
efficiency, %

Total iron, mg/dm3 36.47 ± 3.65 0.3 22.82 ± 2.28 0.60 ± 0.09 98.35
Manganese, mg/dm3 5.619 ± 1.124 0.1 5.288 ± 1.058 2.693 ± 0.539 52.07

Copper, mg/dm3 0.012 ± 0.002 1.0 0.007 ± 0.002 0.020 ± 0.004 –
Zinc, mg/dm3 0.376 ± 0.128 5.0 0.177 ± 0.060 0.181 ± 0.062 50.68

Redox potential –0.07 – +073 +215 –
pH 6.76 – 6.35 8.47 –

TDS, mg/dm3 267 – 278 262 –

Using iron as an example, we calculated its removal 
efficiency (E, %) and the sorption capacity of the sor­
bent (А, mg/g) using the following formulas:

         (1)

where С0 and С are the initial and equivalent concentra­
tions of iron, mg/dm3; V is the volume of the adsorbate 
volume, dm3; m is the weight of the sorbent, g;

      (2)

where С0 and С are the iron concentrations in the initial 
and treated wastewater, mg/dm3.

The results of these calculations are presented in 
Table 5. 

Based on these computations, we generated curves 
illustrating the sorption capacity and iron removal effi­
ciency as functions of the amount of sorbent (Fig. 6). 

The results from tests conducted under Condition 2 
are presented in Table 6. The most effective removal was 
observed for divalent iron, with an efficiency of 98 %, 
leading to a residual concentration of 0.6 mg/dm3. While 
this slightly exceeds the maximum allowable concen­
tration, it suggests that a two-stage sorption process 
may be advisable. Manganese removal efficiency from 
the initial mining wastewater reached 52.07 %, meeting 
the maximum allowable concentration of 5.619 mg/dm3 
(actual concentration: 2.693 mg/dm3). As the cop­
per concentration in the initial wastewater is below 
the threshold, evaluating copper removal efficiency is 
not feasible. 

Analyzing the obtained data, the following observa­
tions can be made. After coagulating the initial waste­
water with the acidic SKiF-180 reagent (pH = 0.5÷3.0), 
the redox potential of the solution changes its sign 

from “–” to “+”, indicating oxidizing properties. The pH 
value of the water experiences a slight change from 6.76 
to 6.35, remaining within the rated range. Following fil­
tration, the redox potential further increases from +73 
to +215, along with a rise in the pH value (8.47), cor­
responding to a slightly alkaline environment.

As previously mentioned, the optimal sorbent 
amount for iron and zinc removal is 0.5 mg/dm3. 

Fig. 6. Sorption capacity (1) and iron  
removal efficiency (2) vs. sorbent amount 

Рис. 6. Зависимости сорбционной емкости (1) 
и эффективности удаления (2) железа 

от количества введенного сорбента
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However, when increased to 0.7 mg/dm3, the efficiency 
of biochar sharply decreases. Iron removal efficiency 
drops from 89.06 to 50.86 % (Fig. 4, a and Fig. 6), and 
zinc removal efficiency drops from 84.31 to 60.9 % 
(Fig. 4, b). A similar drop in zinc removal efficiency 
is observed with increasing sorbent dose in the 0.1 
to 0.3 mg/dm3 range. This phenomenon might be attri-
buted to a reduction in the effective specific surface area 
accessible to metal ions due to overlapping or aggrega­
tion of adsorption centers, thereby increasing the diffu­
sion path length for these ions [16]. This aggregation 
tends to increase with the weight of the sorbent. Another 
plausible explanation is that a higher quantity of sorbent 
provides more active adsorption centers, causing them 
to remain unsaturated after adsorption [17–19]. 

Using equation (2), we estimated the removal effi­
ciency for iron, manganese, copper, and zinc under 
static conditions using rice husk biochar as the sorbent 
in a range of concentrations, followed by electromag­
netic treatment in condition 1 and filtration in condi­
tion 2 (Fig. 7).

ConclusionsConclusions
In summary, the following conclusions can be drawn.
1. The proposed electromagnetic activation of rice 

husk biochar [20] demonstrates efficiency in treating 
mining wastewater under laboratory conditions. 

2. The sorbent exhibits a chemical composition that 
is comparable to activated carbon, widely utilized in 
water treatment, affirming the applicability of the sor­
bent in water treatment plants. 

3. To optimize the efficiency of mining wastewater 
treatment, we recommend a two-stage sorption process: 
static sorption utilizing electromagnetically treated rice 
husk biochar at a concentration of 0.5 g/dm3 (Table 3) 
(Stage 1), followed by reagent treatment of the suspen­
sion (SCiF-180 reagent, 1.0 mg/dm3), addition of potas­
sium permanganate for manganese removal, settling for 
30 min, and non-pressure filtration with a rice husk bio­
char filter (dynamic sorption, Stage 2).

4. Implementation of this process in mining waste­
water treatment facilities is anticipated to reduce 
the concentrations of dissolved heavy metal ions, par­
ticularly iron, zinc, and manganese, below the maxi­
mum allowable concentrations, enabling the discharge 
of treated water into the environment.
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