
СБОРНИК С ДОКЛАДИ

20 ноември 2025

Шеста национална научно-техническа конференция

Минералните ресурси  
и устойчивото развитие

НАУЧНО-ТЕХНИЧЕСКИ СЪЮЗ ПО 
МИННО ДЕЛО, ГЕОЛОГИЯ И МЕТАЛУРГИЯ



������-��	�
����
 �
��  
�� �
��� ����, ������
� 
 ��������
� 

�������	
����	 
�
�
���	� �� ������-�
��	�
��	�
 ���
	��������	
� 

��������� ����
�	� �� ����	�
 
��������� �	���-�
������ ������ 

�	���-�
�����	 ��	�
��	�
� "��. ���� �	���	" 
���
 �� ��
�	�
 � ������	� 

�����
� � ������
 
����� ���������� ���!��-�"#��!"$%� %��&"'"���( 

“�
������
�� ������
 
 ����)�
*��� 
���*
�
�” 

�����+
���� �
*�� 
�%�.. 
0�� ��1�'!"0,����	
�����
��������������

���	
�����
�����������������
�������������������������
���
�.-'����
��'"2"�� �"."�(��0�,�

.��. .-' ������� ���!����,���3. 4"'5� 4"'"0 

ISSN: 2534-9295 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 



ФЕДЕРАЦИЯ
НА НАУЧНО-ТЕХНИЧЕСКИТЕ

СЪЮЗИ В БЪЛГАРИЯ

140
години



��������	
 
 
 
 
 

1 ������ 
�
��
� ����� ��

��	 ���	 �
������		 �� 
�������������
 �� ��	�	��	 �����	�	  
������ �	��
���� 

1 

2 �
�	�
 �� ������	�� ����	�	
 �� 2030 �.: �������	 
�
��
��		, ���	�����	 
�
�	��	���
����� 	 ������ 
�� �	����� 	������	� 

��� ��������, ������ ����� 

7 

3 ����

�	� �� �����������
 �� WEB-���	���� 
�	��
�� �� ��	�	��	 	 �����
�	�
��	 �����	�	 � 
������	� 
�������� ������� ������ ���	��, ������� ���	��, �	���� 
������, ������	�� �	�	�� 

16 

4 	��
����	���	��� �� „�	�
����	�
 ��
����	” �� 
�������	��, ����������
�� 	 �
������	��� �� 
�
���- ��
����� �� ����	�����
 �� �����	����� 
���� �� �. ������	� 
�!"���� �. #�
	�, $��	%�� &. ���
	��-#�
	�� 

22 

5 
����	����� �� ������	�� ����	�	
 
�!"���� �	�
	� 

27 

6 �
��	�	��	 	 �	�
������-�
��	�	��	 	��	�����	 � 

�������
�� �� �����	�� �� ��	�	��	 	 
�����
�	�
��	 �����	�	 � ������	�: ����	�	
 �� 
�
���	�	 	 
�	���
�	�  
#�	�� �	�
	��, ������ '����, �������� ���
	�, ����� 
&	����	�, 
���� ��	(�����, ��������� ��������, ������� 
���(�����, �	������ #����� 

32 

7 ���	�	�	���
 �� ����	�� � �
� �����������
 �� 
����	�
 �� 
�
��	� �� ���	� �� ��	�	��	 	 
�����
�	�
��	 �����	�	 � ������	� (���	������ 
������ 
�������: ��	�	��	 	 �����
�	�
��	 
�����	�	 �� �
�
� 
�
��� 	 ������	�� ����	�	
) 
#�	�� �������, �	���� �)��������, ������ *��
	� 

42 

 



8 ����	���� � ��
����	� 
�
��	
� �	�� – ����
�	
 	 


��

��	�	 
��������� ��)����, #��� ������, 
���� �+��	��� 

50 

9 ������	� ���� �����	�
� ���	��� �� 
�	���
� ��� 
����	� ������ 

58 

10 BIOREMEDIATION OF MINING WASTEWATER THROUGH 
BIOELECTROCHEMICAL SYSTEMS 
Kaloyan Nikolov, Petia Genova, Rosen Ivanov, Sotir Plochev 

72 

11 �	�
���
� 	 �	�	�
� ������ �� ���	�	�	 �� 
�����	�
 ��������, ����� 
���	��, ���	������ 
������	� 
������ ��������, ��	%�� �!������, �!"���� ��/�����, 
��������� ��������� 

79 

12 
�	���
�	E �� �
�	��� 
�	�	���� �

�����
��	� � 
	�����	��� �������� 
����� � ���	���� 
������
�	
 	 �	���� ����
���
 
�	 �
�
�
���
 �� 
�
�	� � ���	��
�	
�	 	 �
��	 ����
�����	 
$������ �	��
����, 0��� �	�	��, �	���� �����%��, 
�	��(�� �	��
���, $���� ��������� 

87 

13 ����� �
���� �� ������� �� ��	��
��	� �
��� � 

�	������� ������ �
����	� 
*����� *������� 

96 

 



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 „ “, -  „ . “,
 1700, ; E-mail: polina.velichkova@mgu.bg 

,
, ,

.
, . -

 PEACOC ,
,

, .
.

: , , ,
,

 2020 .  34,81 ,
 - 412,5 ppm.  50% - ,

. , ,
.

 ( ) ,
. ,

 (Dou et al., 2023).  

. . . „ “  ( ,
, / , , , , , , , , , ,

, , , , , , , , , , , ,
, , , , , , ,

, ,
2024 .), .

,  - 
 (Hund et al., 2020). 

 70 ,  8–17 .  1 
 16 , 350 , 35  15 .

, ,
,  (Zaman and Lehmann, 2011; Dou et al., 2023). ,
, , , , .;

, , ,
; ;

; ,
,

, - . (WTO Blog). 
,  3 

 2050 . (Prassl, 2020), 
,  500%  2050 .,

1



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 .
 90%,  Li, Mn, Co  Ni 

-  (Kamran et al., 2021; Dou et al., 2023). 
- ,

, ,
.

.

, , ,
.

.
,

. ,
, ,

.
, , . ,

, , , , .

.
-

( ), ,
, , .

, ,
.  90%  60% 

 (ESGnews.bg). 
. ,

,
.

.

,

,  (
). - - :

 (Szab , 2025). 
 (  200 )

( , , , ),  ( ,
, , , , )

 ( , , , , , , .)
,

.
,

, .
,

, ,
.  20 

 260 , 230 
, 44  (  6 ).

 (Perrin et al., 2024) 

2



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

  (ETH) 
-

 („e waste“).  (
)  99% .

 (PGMs, , .) ,
,  (https://www.peacoc-h2020.eu/) 

 PEACOC –  „

“  „  2020“  18  9 .

( , , .) ,
, , .

PEACOC ,
 TRL 5  PLATIRUS: 

(PGM),  (DES),  (MWAL) 
 (GDEx). 

 MWAL PEACOC 
,  VITO,  CEINNMAT  MONOLITHOS. 

 VITO ,
,  CEINNMAT  MWAL, 

. ,
, ,  MONOLITHOS, 

,  PGM .
,

.
 MWAL ,

,
. , MWAL ,

,
, .

, -
, MWAL  CEINNMAT ( )

. ,
MONOLITHOS , , ,

.  2025 .  PEACOC 
,

.
 GDEx 

. ,
 PEACOC  PGM, .

 2 
, 10  0,5-1 .

,
,

 3D- ,
. ,

, .
GDEx, ,

 ( )  100 ppm. 
,

 FIREFLY. 
. ,  GDEx, 

3



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 , ,
.

, ,
PEACOC. 

 NOVA,  ( )  COMET Group 
( ) -  (PCBA), 

. ,
,

.
, , .  NOVA 

 94% 
, /

.

 (CORDIS, https://cordis.europa.eu/project/id/642201)
 OptimOre,  „  2020“, 

,
, ,

 12%  5% .
-

.
 (Li et 

al., 2022; Hayat et al., 2024) 
 (rGO) 

 (
99%).

,  (PreZero; 
TriFluorium) 

, ,
. PreZero 

. ,

, .
,

, .

. .
.

,
. ,

.
TriFluorium ,

,  - , ,
, .

,
, ,

,
 1% .

 REXPro 
,

4



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 .

,
.

- , ,

.

,
,

, . -
,

.
.

,
.

,
, , , ,

, , , , , , .

( ) „ “,
 508/18.07.2024 . .

1. CORDIS. Increasing yield on Tungsten and Tantalum ore production by means of advanced and flexible 
control on crushing, milling and separation process. DOI: 10.3030/642201. 
https://cordis.europa.eu/project/id/642201

2. Dou S., Xu D., Zhu Y., Keenan R., 2023. Critical mineral sustainable supply: Challenges and governance. 
Futures, 146, 103101-103115. https://doi.org/10.1016/j.futures.2023.103101. 

3. ESGnews.bg - 
? https://esgnews.bg/evropa-kritichni-surovini/

4. Hayat M., Waseem M., Arif S., Ali J., Sattar A., Dilpazir S., Hussain K., Tabassam L., 2024. Turning trash 
into Treasure: Extracting precious metals from e-waste with Electrochemically Exfoliated graphene 
derivatives. Chemical Engineering Journal, 500, 156957-156972, https://doi.org/10.1016/j.cej.2024.156957. 

5. Hund K., La Porta D., Fabregas T.P., Laing T., Drexhage J., 2023. Minerals for Climate Action: The Mineral 
Intensity of the Clean Energy Transition. World Bank. http://hdl.handle.net/10986/40002. DC, USA: 
Washington,.

6. Kamran M., Raugei M., Hutchinson A., 2021. A dynamic material flow analysis of lithium-ion battery metals 
for electric vehicles and grid storage in the UK: Assessing the impact of shared mobility and end-of-life 
strategies. Resources, Conservation and Recycling, 167, 105412-105426. 
https://doi.org/10.1016/j.resconrec.2021.105412

7. Li F., Zhu J., Sun P., Zhang M., Li Z., Xu D., Gong X., Zou X., Geim A.K., Su Y., Cheng H-M., 2022. Highly 
efficient and selective extraction of gold by reduced graphene oxide. Nature Communications, 13, 4472-
4480. https://doi.org/10.1038/s41467-022-32204-4

8. PEACOC. https://www.peacoc-h2020.eu/ 
9. Perrin M.A., Dutheil P., Wörle M., Mougel V., 2024. Recovery of europium from E-waste using redox active 

tetrathiotungstate ligands. Nature Communications, 15, 4577-4584. https://doi.org/10.1038/s41467-024-
48733-z 

5



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 10.Prassl, V. (2020). Minerals for Climate Action: The Mineral Intensity of the Clean Energy Transition. The 
World Bank. https://documents.worldbank.org/en/publication/documents-
reports/documentdetail/099052423172525564/p16627806f5aa400508f8c0bdcba0878a3e

11.PreZero. https://prezero-international.com/en/about-us#our-vision 
12.Szab , L., 2025. Deep-Sea Mining and the Sustainability Paradox: Pathways to Balance Critical Material 

Demands and Ocean Conservation. Sustainability, 17(14), 6580-6613. https://doi.org/10.3390/su17146580
13.TriFluorium. https://trifluorium.eu/
14.WTO Blog - High demand for energy-related critical minerals creates supply chain pressures. 

https://www.wto.org/english/blogs_e/data_blog_e/blog_dta_10jan24_e.htm 
15.Zaman A.U. and Lehmann S., 2011. Urban growth and waste management optimization towards “zero 

waste city”. City, Culture and Society, 2, 177–187. https://doi.org/10.1016/j.ccs.2011.11.007
16. .

. https://www.consilium.europa.eu/bg/infographics/critical-raw-materials/ 
17. . . https://www.consilium.europa.eu/bg/policies/eu-

industrial-policy/

6



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 2030 .: ,

1,2, 1,3 
1 „ - “ , . , ,

2 ,  ( ), ,  –
stoyanova.elia@gmail.com 

3 -  „ . “, ,  – vvitov@abv.bg

( )  2025 .,
. ,

, ,
, ,

.
, ,

.
, - ,

 2030 .
: SDGs, , , ,

SUSTAINABLE DEVELOPMENT GOALS BY 2030: GLOBAL TRENDS, NATIONAL CHALLENGES, AND 
THE ROLE OF THE MINING INDUSTRY 

Elia Stoyanova1,2, Viktor Vitov1,3 
1 „Ellatzite-Med“ AD, Mirkovo village, Sofia region, Bulgaria 

2 University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia, Bulgaria -
stoyanova.elia@gmail.com 

3 University of Mining and Geology “St. Ivan Rilski”, Sofia, Bulgaria - vvitov@abv.bg 

ABSTRACT
This study presents global progress towards achieving the Sustainable Development Goals (SDGs) by 2025, 
the state of their implementation in Bulgaria and the importance of the mining industry for sustainable 
development. While the world reports partial but insufficient progress, Bulgaria demonstrates solid results in 
social areas such as education, health and no poverty, but lags behind in innovation, sustainable production 
and environmental protection. The mining sector makes a significant contribution to economic growth and 
employment, but at the same time raises challenges related to resource efficiency and environmental damage. 
The study highlights the need to integrate sustainable practices, transparency and closer cooperation between 
the state, business and society to realize the SDGs by 2030. 
KEY WORDS: SDGs, ecology, sustainable development, mining

 ( )/Sustainable Development Goals (SDGs) ,
 2015 .

7



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 2030 .
, .  17 

 169 . [5] ,
,

.
, ,

.
, .

, ,
,

, .
,

 2030 . ,
.

, - ,
, ,

.
,

,
.

 2025 .,
,

, .
 2025 .

 2025 . (Sustainable Development Report 2025) [3] 
,

, .
,

,  35% 
. , ,

,  2030 .
, ,

, , ,
, ,

.
,  45 

,  54 .
,

.
,

:

;
;

;
;

, ;

8



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

.
 SDGi,  17-

 ( . 1). 
,

.
, ,

. , ,
, ,
, - ,

.
2025 . , , ,

, ,
, ,

, .
, , ,

 2030 .

,
.

. 1 

 2025:  (Sustainable Development Report 
2025: Bulgaria Country Profile) [4] 

. ,

9



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

.  76.3, 
 72.0.  41-

.
,

.  (  1) 
 0.6%  2.15 $  0.9%  3.65 $ .

 2 ( )  2.5% 
 5.2 ,

 (20.6%) 
.

 3 ,  (5.6  100 000 
) ,  (92%) 

 6.1  1000.  - 75.6 ,
 (38.7  1000 ).  

 (  4) 
,  98%.

 5 ( ) ,
 (  21.3% 

)  (  80.8% 
).  

 6 ( )  99.1%, 
 86.1%,  (40.2% ).

 (  7) 
 20.4%, .

 (  8) ,  (4%) ,
.

 9 ( , )
,  80% 

,
(0.8% ).  

 (  10) ,  39 
1.7,  (  11)  (91%), 

 (PM2.5  17.4 μg/m³).
 (  12)  (  13) 

,  CO  (5.4 
) , .

 - 
99%, .

 16 ( , )
,  (  43) 

 (  61).
 17 ( )

 9.5% , ,
 (  62.4).

,  ( . 2) ,
 - , ,

, . , ,
, ,

 2030 .

10



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

. 2 

/ The International Council of Mining and Metals 
(ICMM) [1] 

.  10-  ( . 3) 
,

- .
ICMM :

 7 ( )
;

 8 ( )
;

 9 ( , )
;

 11 ( ) ;
 12 ( )

;
 13 ( )

;
 17 ( )

.
 ICMM 

, ,
.

,
, ,

.
 „Mapping Mining to the Sustainable Development Goals: An Atlas“ [6], 

 2016 ., ,
2030 .  17 , , ,

.

11



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

. 3 

,
, , , .

, ,
, .

 ( )  17-
 ( . 4), ,

. ,
, ,

.
,  ( ,

, ,
) . :

, , ,
. ,

, ,
, , .

,
 ( , , ), 

, , , ,
 - , .

,
, ,

,
 „ “  „

“. ,
,

, ,

12



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

,
, , , .

. 4  17-

, ,
, ,

 2030 . , ,
, - .

- , ,
, , , ,

.
, , ,

, ,
.

 „Mining and the SDGs: A 2020 Status Update“ [2]. ,
2030 . ,  38 
(  28% ),

,
 ( . 5).  

, -
,

, . ,
 „ “,

,
, .

13



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

,  „ “ (  4)  „ “
(  17) - ,

,  „ “ (  3), „ “ (  5), 
„ “ (  6)  „ “ (  14) -

, .
:

,
,

,  COVID-19 
,

.
,

,
, .
- , - ,

,  ( ), 

.

. 5 ,  (  38- )

, ,
 2030 .  – ,

. ,
.

,
, ,

14



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

, . ,
,

, ,
.

,
, - ,

, .

1. International Council on Mining and Metals - Official website - https://www.icmm.com/
2. Responsible Mining Foundation and Columbia Center on Sustainable Investment. Mining and the SDGs: A 

2020 Status Update. 2020 
3. Sachs, Jeffrey D., Guillaume Lafortune, Grayson Fuller, and Guilherme Iablonovski. Sustainable 

Development Report 2025. Bertelsmann Stiftung and Sustainable Development Solutions Network, 2025. 
DOI: 10.25546/111909. 

4. Sachs, Jeffrey D., Guillaume Lafortune, Grayson Fuller, and Guilherme Iablonovski. Sustainable 
Development Report 2025: Bulgaria Country Profile. Bertelsmann Stiftung and Sustainable Development 
Solutions Network, 2025. DOI: 10.25546/111909. 

5. United Nations - Official website - https://sdgs.un.org/2030agenda
6. United Nations Development Programme. Mapping Mining to the Sustainable Development Goals: An 

Atlas-Executive Summary. UNDP, July 2016 

15



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 WEB-

¹ ¹, ¹, 2, ¹
¹ , ,  1113, 

-mail: mkatsarov@geology.bas.bg, rvatseva@ geology.bas.bg, atoteva@geology.bas.bg, 
apeneva@geology.bas.bg 

2 , , ,
 1113, -mail: davis.dinkov@geophys.bas.bg 

CONCEPT FOR THE DEVELOPMENT OF A WEB-BASED SYSTEM FOR CRITICAL AND STRATEGIC 
RAW MATERIALS IN BULGARIA 
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ABSTRACT 
Within the framework of the National Scientific Program “Critical and Strategic Raw Materials for Green 
Transition and Sustainable Development” (2024–2029), a geospatial database has been designed and 
partially implemented in the ArcGIS 10.5 environment. The database ensures efficient integration and compact 
storage of diverse spatial datasets derived from national institutions, international projects, and open-access 
sources. Critical raw materials are represented through point, line, and polygon features, enabling advanced 
thematic mapping and spatial correlation analyses. The GIS-based approach contributes to a more 
comprehensive assessment of Bulgaria’s mineral potential and supports informed decision-making for future 
exploration and sustainable resource management. The next step is to implement the developed file 
geodatabase into a database management system (DBMS). 
Keywords: Critical raw materials, GIS, Bulgaria, georesources, web-based system 
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 2005 2006 2007 2008 2009 2010 
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  ( . ) 25102 27336 26853 27223 27152 27405 

 (%) 19,85 19,83 18,88 17,72 22,09 22,63 

.
, , , , , , ,

., .
, -

:
  -  - " ”, „ ” – ; ” ”, " ” "„ ”, . -
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  - , " " – ; „ ”, „ ” „ ”., " ” . - ;
  -  ( )- „ ”, „ ”, „ ” - ;
  -  ( )-  „ ”, „ ”- .

.
. 2  (8) 
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 % 

SiO2 Al2O3 CaO MgO Fe2O3 Na2O K2O Pb Zn Cu 
 64,36 16,96 3,38 2,31 3,58 2,6 4 - - 0,04 

 73,01 10,88 0,78 0,94 5,56 0,1 2,77 0,07 0,1 0,2 
 50.82 12,35 5,95 6,74 11,63 0,8 2,8 0,01 0,05 0,06 

 45.00 14,3 5,6 4,56 13,41 2,1 3,9 0,03 0,02 0,065 
.  39,26 8,58 8,74 2,95 15,64 0,45 0,9 0,02 0,09 0,085 
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- - . -

 (11). ,  87 .
.

.
- -  (12).

-  - „ ” - .
 700 .t. ,

, .
- ,

640 .t. - ,
( ).  3. (13)

 3. -  " ”

Cu S Fe CaO MgO SiO2 Al2O3 Na2O K2O Pb As Zn 

- , % 
0.35-
0.60 

0.30-
0.60 

44-
50 1-2 

0.5-
1.0 24-32 

1.5-
4.0 <1.2 <0.7 

0.20-
0.60 

0.02-
0.1 

1-
3

 16% . .
,

,
.  4. (14) 

 4. ,
„ ”

 %  g/t 
Cu S Fe SiO2 CaO MgO Ai2O3 Sb As Pb Zn Co Mo Ag Au 
0,50-0,55 1,5 38 37 1,7 1,3 6 0 0,06 0,07 0,05 0,08 0,15 4 0,2

 - .
, .

, ,
 4% . ,

 SiO2-  92%, .
,

-
.

. ,  138,35t .

24



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

3. .

, , -
,

. ,
.

.

( ); - . .
 ( ), -  ( ).

- .  1 
.

 1. .
 : - 8, 10, 2, 12; - 1, 3, 7;  ( )- 4, 5, 6; 

( )- 9, 11. 

.
, - :

; ;
;

, , .

.

.
,

, .
, ,

. ,
 (Sb, Be, Co, Ga, Mg,  PGMs . ).

25



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

- , , ,
, .

,
.

 - , , . ,
. ,

, . , ,
:

- ;
- ;
-  ( );
- ;
-  -

.

 ( , , . .), .

- .

:

1. Paial Sampat,  State of the World 2003, A Worldwatch Institute Report on Progress Toward a Sustainable 
Society, pp 157-180, W. W. Norton & Company, New York, 2003
2. . . , , , .  „ ”, .272, 2001 
3. Gary Gardner, State of the World 2013, A Worldwatch Institute Report on Is Sustainability Still Possible? Pp 
113-124, Island Press, Washington, DC, 2013 
4. Michael Renner, State of the World 2004, A Worldwatch Institute Report on Progress Toward a Sustainable 
Society, pp 148-181, W. W. Norton & Company, New York, 2004 
5. UN, Report of the United Nations Conference on Environment and Development: Agenda 21, Rio de 
Janeiro, 3-14 June, 1992 
6. , -  2014,  2015 , .5-8,

- , 2015 
7. Eurostat, http://ec.europa.en/eurostat/, 2010  
8. - ,

, , . 11-12, , 1978 
9. , - ,

,  2010 
10. -  „ ” ,  31  2004 . . 221, 

, 2005 
11. . , , , .10-11, -Daily,
2011
12. European Commission, Reference Document on Best Available Techniques for Management of Tailings 
and Waste-Rocks in Mining Activities, January, 2009
13. http://bulgaria.aurubis.com/bg/nashijat-biznes/produkti/zhelezen-silikat-fajalit/  
14. . . , , .31, , , 1971 

26



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

,

„ , , , .“
         

.
- , - ,
:

„ ,
.“

!
 „ “ :

 „ “, ,
- .

 ( )
.

 „ “  „ “

.

: „ -
, .“

! ,
?

, ,  - !
, :

!
, , , ,

.

.
, ! !

, .
 „ “

. ,
 - .

, ,
-

.
,

1972 , ,
,

, .
1987  " ",
" " .

27



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 13 ,
 „  2000“. 

.
 2000 - :

1.
;

;
;
;

;
.

2. ,
3. ;
4. ;
5. , ;
6. ;
7. ;
8. .

.
 2015 .

, ! , ,
, .

.
 2015 – 2030 :

 2015-2030 . 17 ......169 !
 17-

.
1.  /  „ “, /

!
2.  / ? !/

,
.

3.  / ./
 „ “ - .

.
. ,

.
4.  /  – 

?/

- -
.

5.  / , /
.

.
, , !

6. -  / !/
-  – .

28



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

, .
!

, !
7.  / ,  ? / 

! ,  - .
,  „ “ ,

!
8.  /  „ “/ 
„ “ .

,  „ “ .
?  5 %  2024 .,  3%,  3%,  0,4 

 1,3%. !
9. ,  / ?/

 „ “ - .
, ,

. , .
, , ,

, .
10.  /  „ “/

, ,
, . .  ( )

. ,
.

- ,
!

11.  /  ?/ 
, !

12.  / ?/
.

-
 „ “. .

 „ “?
14.  / ?/

,
, , .

15.  / ! ?/
 „ “ , , ,

, - .
 „ “ -
 „ “, . . .

16. ,
 PAX Americana, , ,,

.
17.

, , .
 „ “  – .

13.  /13 /
„ , ?!“

,
,  „ “

29



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

„ “,
.

!
, .

 (  169 ,
)  13 

.
 13. - !

....... !
 2015 .

.
 „  2015 .

.“
!

. . ,
, ,

.
. -

, ,
. ,

.
-

 „ “.
 1970 .  -   „

“ !

. „ “

 2004  „
“.

!

1.
 2005-2007 

,
.

, .
„ “  „ “,

.
 2025 

- . .
, !

 „ “.
?  „ .“ ?

!
 „ “ .

30



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

.
, .

 „ “.
: ,

. !
,  140 !

 – ,
:

.  „ “
„ “,  „ ..“  „ “. ? , ,

. . ! ,
, .

: , ,
!

!
!

.
 - !

31



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

-
:

1, 1, 1, 1, 1,
1,2, 2, 3

1 , , ipeytcheva@geology.bas.bg 
2  – 

3 -

GEOCHEMICAL AND MINERAL-GEOCHEMICAL INDICATORS IN THE STUDY OF DEPOSITS OF 
CRITICAL AND STRATEGIC RAW MATERIALS IN BULGARIA: DEVELOPMENT OF METHODS AND 

APPLICATIONS

Irena Peytcheva1, Atanas Hikov1, Radoslav Kalchev1, Stoyan Georgiev1, Elitsa Stefanova1,  Anastasya 
Stoyanova1,2, Mariana Trifonova2, Desislav Ivanov3

1 Geological Institute, Bulgarian Academy of Sciences, ipeytcheva@geology.bas.bg 
2 Dundee Precious Metals Chelopech 

3 Assarel Medet AD 

ABSTRACT 
The demand of critical and strategic raw materials (CSRMs) for high-tech European products defines the 
increased interest on innovative technologies for their effective exploration, extraction and processing. This 
study presents data on the possible use of geochemical indicators in rocks and minerals to optimize the 
methods of geological exploration of CSRMs. Characteristic tendencies in the concentration of major elements 
in zones of hydrothermal alteration are validated. Conclusions are drawn about the potential of hydrothermal 
rutiles as a complex raw material for CSRM such as Ti, Nb, Ta, V, W. The study of rare earth elements and 
yttrium in zircons from hydrothermal alteration zones reveal their mobility in advanced and even moderate 
argillic alteration zones.

.
 2010-2025 , 34 ,  17 

e  (Grohol and Veeh, 2023). 
( )  ( . ), 

, , ,
(SCRREEN, Factsheets Updates 2023).  Li, Co, Ni, Mn, 
V, Al, Cu, Ag, In, Se, Te, Zn, Pb, Nd , ,

,  (Herrington, 2021; World Bank Report in 2020) 
.

,
, .  ( ) 2024/1252 

 11  2024 
 (  -  - 2024/1252 - EN -
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 (Sillitoe, 2010; Hedenquist and Arribas, 2017). 
, ,

,  „ “
 (Sillitoe, 2005, 2010). 

 (Proffett, 2009; Richards, 2003; Seedorff et 
al., 2005; Sillitoe, 2010; Halley et al., 2015 .) ,

,
. ,

- -
,

.
,

,  „ “ ,
- , /

- . -
-

 ( . Sillitoe, 2010; Halley et al., 2015; Wilkinson et al., 2015). 

,
- .

,  Mo, W, Se, Te, Bi, As  Sb 
.

Hikov (2013)  (2014)  Sr/Rb .
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.
-  LA-ICP-MS 

- .
 ( . . „ “ ), , , ,

 ( . Sr, Ti .)
(Wilkinson et al., 2015). ,

, , .
 ( )

.
 REXPro ,

 ( )  ( - , -
 LA-ICP-MS)  50 ,

( /REE), - .
, ,

.
,

, /REE -
 – , , , , .

,
-  LA-ICP-MS .

 – 
-  ( )  Cu-Au ,

 ( . 1). ,
, ,

- - -  (ABTS) (Popov et al., 2000; ., 2012; Gallhofer et al., 2015).

 1. 
 ( : ).
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 Cu-Au  (Marton et al., 2016). 

, .

 Leica DM750P 
 ( - ).  ( . )

-
 Cathodyne (NewTec Scientific, France) .

(XRF) -
“ . ”  LiBO2/Li2B4O7  EDXRF Epsilon 3XLE, Omnian 3SW 

. -
(SEM-EDS) - -  (EPMA/SEM-
WDS), , ,

, , .
 LA-ICP-MS (Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry) - .  New Wave Research 193 
nm Excimer UP-193FX  Perkin-Elmer ELAN DRC-e ICP-MS (Inductively coupled plasma 
mass spectrometry – ).

NIST SRM 610,  - ,  XRF 
 EPMA/SEM-EDS,  ( . 15.2% Si ).

 SILLS ver. 1.1.0 (Guillong et al., 2008). 

 ( )
 (  „ “, , - , -
 ( ) , - -  (APS) 

)  Cu-Au .
-  MnO ( . 2 ), Na2O

( . 2 ), MgO,  CaO,  „ “
. -

.  AAAI 
(Williams and Davidson, 2004)  SiO2 ,

.
- . -

,  APS . -
- .  CaO 

 Na2O,  (Sr) 
- -

,  Hikov (2004)  Georgieva and Hikov (2016).  Hikov 
(2013)  Sr/Rb (  Rb/Sr )

. , Rb/Sr 
-

- ,  Rb/Sr  ( .2 ).
 Y/Sr  ( .2 ),  Rb/Sr 

,  Sr .

35



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 2.  ( ) -
 (  LOI) 

. )  LOI  MnO; )  LOI  Na2O; )
LOI  Rb/Sr; )  LOI  Y/Sr. 

 ( .  V/Sc), 
 (  Y 18,  Sr/Y  La/Yb  40  20, ),

 ( . Defant and Drummond, 1990; 
Richards, 2011).  Y  La 

,
,  Sr .

,
.  V/Sc 

, , - . -
  V/Sc  12  14,  18.

-
 – , ,  (Strashimirov 

et al., 2002). - ,
.

 – - , - , -
,  ( ., 2012; Hikov, 2013) 

Wilkinson et al. (2015, 2020) - ,

36



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

- . ,

. -  (Wilkinson et al., 
2015)  Ti – 1140 ppm  Sr – 3,51 ppm. 

 0,32.  Ti 2/Sr -
, ,

.
 Wilkinson et al. (2015). 

,
- .

. 3.  Ti 2/Sr .

-
( ) . -

, -
, .

,
, , , .

 10  50 m. .
,  TiO2  1%.  LA-ICP-MS 

,  (ppm): Sc – 148,1; V – 2300; Rb – 44,4; Sr – 
15,9; Y – 25,79; Zr – 699,3; Nb – 4328; Mo – 186,4; Sn – 592,4; Ba – 104; La – 12,7; Ce – 29,4; Hf – 33,2; Ta 
– 348,3; W – 1058. . 4  V, Mo, W  Ta  Nb .

 Nb  V  4 : (1) 
 V (>6700 ppm) +  Nb (<2300 ppm) – ; (2)  V (2000 - 

3000 ppm) +  Nb (>4600 ppm) - - ; (3)  V (2000 - 3000ppm) + 
Nb (<2300 ppm) - 08a – ; 4)  V (<1100 ppm) + 
Nb (<2300 ppm) – - .
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. 4.  V/Nb, Mo/Nb, W/Nb Ta/Nb .

-
- ,

 REE, Ti, U, Th, Y, Nb, Ta, Zr, Hf ,
.

 ( ) .
,

 (Dilles et al., 2015). 

. -
 Cu-Au 

 (  „ “, , -
, - ,  APS- - -

)
(Kalchev et al., 2024).  Ce, Sm, Nd, Dy 

.,
 ( . Lu et al., 2016). 

 ( )
.

.5,  ( ).

,
 ( . 5 , , ).

,  Ce, Sm, Nd 
 ( . 5 , )

.
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. 5.  ( , )
( ) . - : -

 Ce, Sm,  Nd; )  Eu/Eu*  (Ce/Nd)/Y 
; )  Eu/Eu*  Dy/Yb 

Eu/Eu*>0.3 ( ,
 Klimentyeva et al. (2022). 

1. -
 ( . ) ,

. -
 Rb/Sr (  Sr/Rb) ,
 (APS , , ).  Sr, Y, La, V, Sc 

,
- .

2.
- - .

,  – ,
Nb, Ta, V, W. 

3.
 ( - ).

,
,

, .

:  REXPro: 
, -

:  (https://www.geology.bas.bg/en/projects-
116/show-125(20)),  (NextGenerationEU) 

,  BG-RRP-2.011-0040-C01/02  29.05.2024 .
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 – stopalov@gmail.com, ,

ABSTRACT
The significant share of solid fuels in the global economy is undeniable - they provide 38% of global energy 
consumption, and include coal, peat, wood waste and others, wile coal providing 28.3% of it. Many forecasts 
for future consumption are pessimistic and assume a gradual decrease in their share in the energy balance 
due to the penetration of renewable energy sources. It is inevitable to check such pessimistic scenarios for 
their use, especially given the relationships between coal consumption data and various factors - for example, 
world population and renewable energy production. It is necessary to quantitatively account for the relationship 
between the volume of energy produced from coal, world population and renewable energy production in 
different regions of the world. A number of studies have found a decline in coal consumption and a 
simultaneous increase in renewable energy consumption only in Europe, while in many other regions the 
relative share of coal has either increased or remained stable. 
Key words: coal, solid fuels, energy consumption, renewable resources, correlation, correlation-regression 
model
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BIOREMEDIATION OF MINING WASTEWATER THROUGH BIOELECTROCHEMICAL SYSTEMS 
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ABSTRACT 
Bioelectrochemical systems (BESs) represent a transformative opportunity for environmental protection and 
more specifically for treatment of waters influenced by and mining extractive industry. BES innovative 
technologies use the metabolic activity of microorganisms to drive electrochemical reactions. Unlike 
conventional treatment systems at which formed waste products are considered as a burden, BES turn them 
into an energy and resource source. 
Key words: bioelectrochemical systems, bioremediation, green technology, acid mine drainage 

Introduction
Wastewater influenced by mining and extracting industry pose a major environmental concern in both 

active and abandoned mining areas. The presence of sulfide minerals is decisive for the production of acid 
and thus forming acid mine drainages (AMD) due to the oxidation of the ore mass when it comes upon 
exposure to air, water, and chemolithotrophic acidophilic bacteria. The oxidation of sulfide minerals, mainly 
pyrite (FeS2), but also chalcopyrite (CuFeS2), sphalerite (ZnS), galena (PbS), arsenopyrite (FeAsS), cinnabar 
(HgS), etc., leads to the generation of waters that are acidic, with a high content of sulfates, Fe, Mn, Al, Cu, 
Zn, Pb and other toxic elements. Mine wastes (including materials from open-pit and underground operations, 
waste rock, and tailings) are also significant sources of such waters (Favas et al., 2018). Conventional 
treatment technologies for such effluents typically rely on the use of neutralizing reagents to induce the 
precipitation of heavy metals and metalloids in the form of hydroxides, carbonates, or sulfides. In addition to 
these chemical methods, various alternative and advanced approaches have been explored, including 
bioremediation, phytoremediation, electrodialysis, reverse osmosis, ultrafiltration, adsorption, and passive 
treatment systems (Rambabu et al., 2020). Despite the extensive range of available technological solutions, 
many remain economically unfeasible due to high operational and maintenance costs, while others generate 
considerable quantities of sludge and secondary waste streams that require additional treatment and disposal.  

Anaerobic bioremediation with sulphate-reducing bacteria (SRB) is a promising strategy for AMD treatment, 
as sulfate is reduced to sulfide, which precipitates heavy metals and facilitates their removal from 
contaminated wastewater. Despite the promising outcomes observed to date, several challenges persist in the 
application of this approach - the maintenance of optimal operational conditions, effective management of 
hydrogen sulfide toxicity, and the economic feasibility of large-scale deployment (Timmers et al., 2018; Zhou et 
al., 2022). In addition, despite the high sulfate content of AMD, the low pH values and significant 
concentrations of heavy metals are not favorable for the activity of sulfate-reducing bacteria (Sheoran et al., 
2010; Liang et al., 2013).These limitations could be crossed by optimizing SRB through genetic approaches, 
coupling bioremediation with complementary technologies and establishing cost-effective and sustainable 
approaches for wastewater remediation (Mafane et al., 2025). 

Bioelectrochemical systems (BESs) represent a transformative opportunity for environmental protection 
and treatment of waters impacted by mining (Blázquez et al., 2019). BES innovative technologies use the 
metabolic activity of microorganisms to drive electrochemical reactions. Unlike conventional treatment systems 
at which formed waste products are considered as a burden, BES turn them into an energy and resource 
source.

BES types
There are several types of BES, each designed for specific applications such as wastewater treatment, 

energy recovery or resource recovery. Generally, BE systems could be classified into two main categories 
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based on the type of catalyst employed (Zheng et al., 2020). The first includes devices utilizing 
microorganisms as catalysts, while the second relies on enzymes to drive the reactions (Tabl  1).

Table 1. Classification of bioelectrochemical systems based on the type of catalyst used 

BES Operational mode 
Microorganisms as catalysts 

Microbial Fuel Cell 
(MFC) 

Electricity generation through use of electroactive microorganisms - electrogenic 
microorganisms oxidize organic matter at the anode, releasing electrons and protons. 
Electrons travel through an external circuit to the cathode, producing current; protons – through 
a membrane. In the cathode reduction reaction occurs among the electrons, electron acceptor 
(such as oxygen) and protons producing H2O

Microbial Electrolysis 
Cell
(MEC) 

Hydrogen production and water electrolysis with additional application of voltage to enable the 
reduction of products at the cathode with potentially higher energy yield. Electrons and protons 
recombine at the cathode to form hydrogen gas or other reduced products. 

Microbial Desalination 
Cell
(MDC) 

Water desalination and energy production; separation of the microbial processes and the flow 
of the treated waters into separate volumes, incorporation of an additional desalination 
chamber between the anode and cathode. 

Microbial
Electrosynthesis
(MES)

Chemical biosynthesis with external electricity applied via electro-active microorganisms using 
electrons supplied by a cathode to reduce CO2 and convert it into valuable organic compounds, 
such as methane, acetate, or other chemicals. 

Microbial solar cells 
(MSCs) 

Use of photoautotrophic microbes or higher plants to entrap and convert solar energy into 
electricity or products through photosynthesis alongside environmental remediation. 

Plant-Microbial Fuel 
Cell
(P-MFC) 

Energy production in plant-associated systems, conversion of solar energy into electricity using 
a symbiotic relationship between plants and soil rhizospheric bacteria. 

Enzymes as catalysts 
Enzymatic Fuel Cell 
(EFC) 

Electricity generation through the use of purified enzymes to catalyze anodic and cathodic 
reactions instead of traditional metal-based catalysts. 

Enzymatic
Bioelectrosynthesis 
(E-BES)

Chemical biosynthesis via enzymes for target chemicals production -  extracellular electron 
transfer mechanisms to enhance cellular metabolic processes. 

Hybrid Enzymatic-
Microbial Systems Combination of microorganisms and enzymes for enhanced activity and stability. 

BES perspectives for environmental protection
Bioelectrochemical systems (BESs) have been demonstrated to effectively remove both organic and 

inorganic pollutants from wastewater (Mohan et al., 2018). Their development has been driven by the growing 
need for sustainable solutions to environmental challenges such as water pollution, energy scarcity, and 
greenhouse gas emissions. The core process involves the transfer of electrons released from the oxidation of 
an organic electron donor which instead of being transferred to conventional natural electron acceptors (such 
as oxygen, sulfates, ferric ions, or nitrates,) are directed toward an insoluble anode within a BES. The process 
is mediated by diverse electroactive microbial communities, including mixed microbial consortia isolated from 
natural environments (Kumar et al., 2015). 

Bioelectrochemical systems (BES) offer significant environmental advantages, particularly in the 
wastewater treatment, resource recovery, and greenhouse gas mitigation. Unlike traditional treatment 
methods, which are often energy-consuming, BES technologies such as microbial fuel cells (MFCs) and 
microbial electrolysis cells (MECs) can convert organic pollutants directly into electricity or produce hydrogen 
and other fuels. These processes not only facilitate effective waste treatment but also contribute to energy 
recovery, thereby reducing operational costs and enhancing sustainability in wastewater management (Jalili et 
al., 2024). Furthermore, BES play an arising role in resource recovery, aligning with circular economy 
principles. These systems enable the extraction of valuable resources from wastewaters, including nutrients 
like nitrogen and phosphorus from municipal wastewaters, metals from industrial and mining effluents, and 
value-added chemicals such as acetate and ethanol through microbial electrosynthesis (MES). By 
transforming wastewater into a source of reusable materials, BES support sustainable resource management 
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and contribute to the reduction of environmental pollution (Li et al., 2025). BES also are considered as an 
innovative greenhouse gas mitigation strategy. By replacing energy-intensive aeration processes used in 
conventional treatment systems, BES reduce associated carbon emissions. Moreover, certain BES 
configurations facilitate the conversion of CO  into organic compounds, contributing to carbon capture and 
utilization efforts. These systems also produce less sludge compared to traditional activated sludge processes, 
thereby reducing disposal requirements and associated environmental impacts (Aulenta et al., 2025). Other 
well-known and widely applied, and commercially available applications of BES, is their use as biosensors 
(Adeloju, 2024). Typically, these devices are developed by combining biological recognition elements such as 
enzymes, DNA, antibodies or antigens, microorganisms and whole cells with electrochemical transducers, 
enabling highly sensitive and selective detection of a broad range of organic and inorganic analytes. 

Factors Influencing the Performance of Bioelectrochemical Systems (BES)
In recent years, multiple research teams have focused on optimizing the operational performance of 

various types of BES – biological, electrochemical, operational, and environmental factors affecting (Angelov 
et al., 2013; Brewster et al., 2018; Hemalatha et al., 2020; Finkelstein et al., 2022). These factors collectively 
determine the efficiency of microbial electron transfer, the extent of electricity generation or consumption, and 
the effectiveness of contaminant removal (Logan et al., 2019; Rabaey and Rozendal, 2010). 

Biological Factors
The biological composition and activity of the microbial community play a huge role in BES performance. 

The presence of electrogenic or electrotrophic microorganisms such as Geobacter and Shewanella species 
facilitates efficient extracellular electron transfer and enhances system stability (Shi et al., 2016). Use of 
electroautotrophic sulfate reducing bacteria as biocatalysts has been successfully demonstrated in SRM-
based BES technologies (Agostino and Rosenbaum, 2018). The formation of dense and well-adhered biofilms 
on electrode surfaces improves electron transport pathways, leading to higher current densities and greater 
substrate utilization. On the other hand, the substrate characteristics (type, concentration, and 
biodegradability) strongly influence microbial metabolism and energy recovery efficiency. Anaerobic metabolic 
pathways typically favor electron donation to anodes, whereas aerobic conditions may limit electron availability 
due to competing oxygen reduction reactions. Additionally, the presence of toxic metals, salts, or other 
inhibitory compounds can suppress microbial activity or induce community shifts, negatively affecting system 
performance (Huang et al., 2011). 

Electrode-Related Factors
Electrode materials and properties are critical determinants of BES electrochemical performance. Carbon-

based materials such as graphite felt, carbon cloth, and carbon nanotubes are frequently employed due to 
their high conductivity, biocompatibility, and chemical stability (Santoro et al., 2017). Increased surface area 
and porosity promote biofilm attachment and enhance current generation, whereas reduced electrode spacing 
minimizes internal resistance and improves power output. The electrocatalytic activity of the electrode surface 
also influences redox reaction kinetics and overpotential losses. Durability and resistance to fouling are 
essential for maintaining long-term performance and minimizing maintenance costs. In bioelectrochemical 
systems (BES), oxygen in the cathodic chamber serves as the preferred electron acceptor because of its high 
positive standard reduction potential of +1.23 V compared to Standard Hydrogen Electrode. Nevertheless, 
several metal ions such as Cr³  (+1.33 V), Cu²  (+0.286 V), and Mn²  (+1.56 V) also possess positive 
reduction potentials, allowing them to act as alternative electron acceptors under suitable conditions 
(Mathuriya and Yakhmi, 2018). The electrochemical reduction of dissolved heavy metals commonly present in 
acid mine drainage (AMD) can therefore occur on the cathode surface. In MFC mode, spontaneous reduction 
is feasible for metals with relatively positive potentials, such as Cu²  (+0.286 V) and Cr³  (+1.33 V), while in 
MEC mode, where an external voltage is applied, the reduction of metals with lower or negative potentials, 
such as Ni²  ( 0.25 V), Cd²  ( 0.40 V) and Zn²  ( 0.764 V), becomes thermodynamically favorable (Kumbhar 
et al., 2021). 
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Electrochemical and Design Parameters
Electrochemical parameters such as internal resistance, external load, and electrode potential directly 

affect BE system efficiency. Lower internal resistance, which reflects minimized ohmic, activation, and 
concentration losses, corresponds to higher power densities. Other important factors are reactor configuration 
(whether single-chamber, dual-chamber, or stacked) determines mass transport characteristics and often 
scalability of the device, as membrane properties, including ion selectivity and conductivity, influence ion 
transport and pH stability. Membraneless designs may reduce cost but increase the risk of oxygen diffusion to 
the anode. In microbial electrolysis and synthesis systems, the control of electrode potential drives specific 
redox reactions, such as hydrogen evolution or product formation (López Zavala and Cámara Gutiérrez, 
2023).

Environmental Factors
Environmental conditions significantly influence microbial and electrochemical dynamics. Temperature 

affects both microbial metabolic rates and electrochemical reaction kinetics, with higher temperatures 
generally enhancing activity up to an optimal rates (Gadkari et al., 2018). Dissolved oxygen plays a dual role: it 
could serve as an electron acceptor at the cathode, but could act as an unwanted electron sink if it diffuses 
into the anodic chamber. Salinity and conductivity influence ion transport and osmotic stress; higher 
conductivity often reduces internal resistance. Neutral to slightly acidic pH ranges are typically crucial for 
maintaining microbial function and electrode performance (Liang et al., 2013). Redox conditions affect 
microbial metabolism and electrochemical efficiency. 

Operational and Process Mode
Operational parameters, including hydraulic retention time (HRT), flow rate, mixing intensity, and 

operational mode, have strong impact on BES performance. Longer HRTs promote higher substrate utilization 
and treatment efficiency, whereas excessive flow rates can induce shear stress and biofilm detachment 
(Angelov et al., 2013). Start-up and acclimation periods are required for stable biofilm development, directly 
impacting early-stage performance. Scaling up from laboratory to pilot or full-scale reactors introduces 
challenges such as increased internal resistance, non-uniform flow distribution, and complex operational 
control. The choice of operational mode (batch, continuous, or fed-batch) determines the overall stability and 
productivity of the system. 

Contaminant Characteristics
In BES used for treating mining or industrial wastewater, the nature and concentration of contaminants play 

a huge role on systems performance. Heavy metals, sulfates, and organic pollutants interact differently with 
microbial consortia and electrode surfaces. High metal concentrations can be toxic to microorganisms, 
whereas low to moderate levels can be reduced electrochemically at the cathode. Mixed contaminant streams 
containing both metals and organics may exhibit synergistic or antagonistic effects on overall system efficiency 
(Huang et al., 2020). 

Relevance of BES in Mining Wastewater Treatment
In BES, the treatment of mining wastewater involves several interrelated electrochemical and biological 

processes. One key mechanism is the reduction and recovery of metals. In MECs or the cathodic 
compartments of BES, metal ions such as Cu² , Zn² , and Cr  are electrochemically reduced to their 
elemental or less toxic states. Electrons released from the oxidation of organic substrates at the anode are 
transferred, either directly or via an external circuit, to the cathode, where metal deposition occurs. This 
process enables the selective recovery of valuable metals as solid deposits while simultaneously detoxifying 
contaminated water. For instance, copper can be recovered from acid mine drainage (AMD) with high current 
efficiencies and metal purity (Blázquez et al., 2019, Leon Fernandez et al., 2021). Another important function 
of BES in mining wastewater treatment is the reduction of sulfate and acidity. Acid mine drainage typically 
contains elevated sulfate levels that contribute to acid generation. When sulfate-reducing bacteria (SRB) are 
incorporated into BES, they can facilitate the conversion of sulfate to sulfide at the cathode. The resulting 
sulfide can react with dissolved metals to form insoluble metal sulfides, thereby decreasing metal mobility and 
acidity. This biocathodic process not only mitigates AMD formation but also stabilizes the pH of effluents, 
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reducing the demand for chemical neutralization agents such as lime. BES can also contribute to the removal 
of organic matter and co-contaminants. In mining effluents that contain residual organic compounds, such as 
flotation agents or processing reagents, anodic biofilms can oxidize these organics, providing electrons for 
cathodic reactions. This dual functionality enables a synergistic process, where organic degradation supports 
simultaneous metal recovery and water purification (Santoro et al., 2017). 
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Figure 1. Application of BES for mining wastewater treatment 

Different BES configurations have been developed to address the diverse characteristics of mining 
wastewaters. Microbial fuel cells (MFCs) are suitable for low-strength wastewaters, where electricity 
generation occurs concurrently with pollutant removal. Microbial electrolysis cells (MECs) are more appropriate 
for acidic and metal-rich effluents, as the application of a small external voltage enhances the reduction and 
recovery of metals. Microbial desalination cells (MDCs) are effective for saline mine waters, allowing 
simultaneous desalination and treatment. Hybrid configurations, such as MEC-SRB systems or MFC-
constructed wetlands, can handle complex effluents containing mixtures of metals, sulfates, and organic 
matter. Furthermore, microbial electrosynthesis (MES) systems are being explored for the conversion of 
carbon dioxide in tailings water into value-added products (Li et al., 2025). 

Conclusions
The integration of BES into mining wastewater treatment enables a transition toward resource recovery and 

circularity. Valuable metals such as copper, zinc, nickel, chromium, etc., can be recovered in their elemental 
form at the cathode, offering economic value and reducing the environmental burden of metal discharge. 
Sulfide and elemental sulfur produced through sulfate reduction may also be recovered and reused in 
industrial applications. In addition, energy can be recovered through electricity generation in MFCs or through 
the energy-efficient operation of MECs. Treated water from BES can be recycled within mining circuits, 
reducing freshwater consumption. Beyond resource recovery, BES contribute to significant environmental 
protection benefits. They reduce metal toxicity and acid load in effluents, minimize sludge generation 
compared with conventional treatments, and lower the overall carbon footprint through reduced chemical 
usage and potential energy generation. By stabilizing mine tailings water and recovering valuable products, 
BES help mitigate long-term environmental liabilities associated with mining operations. 
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, ,

1, 2, 3, 1
1  „ “, ,  1113, 

. „ . “ . 24; e-mails: martin@geology.bas.bg; radi@geology.bas.bg 
2 „ -97“ ,  1504, .  43; e-mail: snezhan_vl@abv.bg 
3 -  „ . “,  1700, , . „ .

 1“; e-mail: l.mihailov@mgu.bg  

 ( ),
 ( ), .
, ,

.  2024 .
.

.
 ( ),

.
 (XRD) 

: , , , .
.

-
 (ICP-OES). ,

-
, - ,

.

,  3 km -
. , .  – ,

.
Na  ( ),  – ,

.
,

, - .  „ “
 (Turner, 1896) ,

.  (800-600° ), 

 ( , 2013). 
, ,

: Dencheva (2017); Pristavova et al. (2019); Szopa et al. (2020); 
(2023).

,
.

 2024/1252 ,
 ( , 2024), 

.
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,
. .

 1982-1986 . ( ., 1986- ).
, e

 ( ., 1994).  2025 .
1:50 000, 

 ( ., 2025). 
 (Kamenov et al., 2010) ,

- , .
.

: ,
.

 (Kamenov et al., 2010).

 (  Kamenov et al., 2010): 
. (1994; 1994 ) ( . 1) , -

, , ,
 - . ,

, a .
 Gerdjikov & Ivanov (2000), . (2001), Gerdjikov (2005). 

,
,

.

. 1:  ( ., 1994). 
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 U-Pb 
,  – 300 Ma (Peycheva et al., 2016)  295-296 Ma (Bonev et al., 2017). 

 Pristavova et al. (2019)  298.4±1.6 Ma 
.

Pristavova et al. (2019) 
,

.  (Ca-Mg 
), , , , . ,

.
,

. ,
. ,

, , ,  ( . 2), , , .,
. .

Szopa et al. (2020) 
 149±7 Ma  114±1 M .

, ,
.

 (2017), -
, . -

 – ,
. ,

. , ,
.

 ( ), ,

.
.

.
.

. 2:  (101)  - a {100}, m {110}  e {101}. 
. .

 (  1-3) ,
 –  4  5 ( . 3). 

, ,  Leica DM750P 
 – .

 –  Huber G670 Imaging Plate Guinier Camera, 
 ( )  - Cu K 1 = 1.5405981 

Å,  40 m  40 kV. 

81



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 4  100° 2  0,005° 2 ,  30 
.

 „ ”  „ . ”,
 ICP 720- S, , Agilent Technologies, 

 105° , -
.

. 3: , . .  -  01.01.2024 
. 1:1000, " -97" .

 1 .
 (  Kamenov et al., 2010). 

 1: : 1 2 – ; 3-5 – . 6-
7:  (  Kamenov et al. 2010); 6 – ;

7 – .
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. 4 
. : , , , .

.

. 4: . Ab – ; Tr – 
; Qz – ; Tlc – ; Clc – .

 ( . 5). 
, . ,

,
. - ,  (Taylor, 

2009). 

. 5: : a –  3 ( ); b –  2 
( ).

83



@���� ��+
������ ������-��	�
����� ���A����+
� “�
������
�� ������
 
 ����)�
*��� ���*
�
�” 
20 ����*�
 2025 

 
���!��-�"#��!"$%� $<=> ?� 2���� ."��, 1"���1�( � 2"����'1�( 

 

 

 ( . 6) : , , ,
, , . ,
 0.4-0.8 mm . ,

 0.3-0.7 mm, . ,
 0.1-0.4 mm, ,

. ,  0.2 mm, 
, . - ,
. .

 0.2-0.8 mm,  - 
.  0.6 mm. 

. 6:  3 ( ): a – x 15, PPL; b – x 15, CPL. Ab – ; Qz – 
; Rt – ; Ttn – ; Clc – .

, , ,
 ( . 7). ,  0.3-0.8 mm 

.
0.2-0.6 mm, .

 <0.1-0.8 mm, , -
.  0.1-0.4 mm, 

. ,
0.2 mm, , .

. 7:  2 ( ): a – x 10, PPL; b – x 10, CPL. Ab – ; Qz – ;
Amp – ; Rt – .
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:

- , , -
, .

,
, , , .

:
-  1 –  – 89.7 %,  – 6.8 %,  – 3.5 %;
-  2 -  – 90.5 %,  – 9.3 %,  – 0.2 %; 
-  3 -  – 90 %,  – 4.3 %,  – 3.8 %,  – 1.1 %,  – 0.9 %;
-  4 -  – 92.9 %,  – 5.2 %,  – 1.9 %;
-  5 -  – 94.6 %,  – 5 %,  – 0.4 %. 

,
, , , . ,

, , , , .

,
.

,
 ( ) - , .

- .
,

 ( ). : , , , , .
-

, , - ,
.

- ,
,  ( )  ( ),  - -

. ,
.

:  " -97"
. .
.

, . (2013). . -  „ . “,
„ , “, 195 .

, ., . , . , . . 2025. 
1:50 000 , . .

– ,
, . 2024. :

. - . . . - , 85, 3, 15-18. 
, ., 2017. . ., . „ . . ”, 330 .
, ., . , . . 2001. 

, . – . . ., 91, 1, . ., 35-80. 
, ., . , . , . . 1994. ,  1:100 000. 

. .
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*, *, *, **, **
* , , , niaveli@geology.bas.bg

** , , ,
nonidas@hotmail.com

 HR-ICP-OES 
.  Re II 197.248, 

Re II 221.426  Re II 227.525 nm. 
,

: Mo, Al, Ti, Fe, Mg, Ca  Cu. Q-
. ,

. ,  HR-ICP-OES -
 (TRXRF). 

RHENIUM DETERMINATION IN MOLYBDENUM AND COPPER CONCENTRATE BY HIGH RESOLUTION 
RADIAL VIEWING INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION SPECTROMETRY  

Nikolaya Velitchkova*, Olga Veleva* , Metody Karadjov* , **, **
* Geological Institute, Bulgarian Academy of Sciences, Sofia, Bulgaria; e-mail: niaveli@geology.bas.bg

** Institute of General and Inorganic Chemistry, BAS,  Sofia, Bulgaria; e-mail: nonidas@hotmail.com

ABSTRACT 
The applicability of high-resolution inductively coupled plasma optical emission spectrometry HR-ICP-OES, for 
the determination of rhenium in molybdenum and copper concentrates was investigated. The hyperfine 
structure (HFS) of the most prominent rhenium emission lines: Re II 197.248, Re II 221.426, and Re II 227.525 
nm were resolved. The individual HFS components were employed as independent analytical lines to minimize 
spectral interferences from complex matrices containing Mo, Al, Ti, Fe, Mg, Ca and Cu. The Q-concept was 
applied to quantify spectral interferences and for optimal line selection. Samples were decomposed by 
microwave-assisted acid digestion. The analytical performance of HR-ICP-OES was evaluated in terms of 
accuracy, precision, and detection limits using certified reference materials. Comparative results demonstrated 
superior detection capability of HR-ICP-OES over total reflection X-ray fluorescence (TXRF). 

1.

.
,

.  „ “
, ,

. ,
, - . [8, 9]. 
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,
 ReS .

, - ,  – .
- ,  0,01 – 

0,02% -  0,002 – 0,0035%. , -
.

, .
,  [7]. 

,
 [11]. 

 (1–5%), .
,

. , ,
.

,
, .

 ICP-OES 
 40,68 MHz 

 - 
.

2.
2.1.

 5 pm  - 
ICP-OES Horiba, Jobin Yvon, 

 - 40,68 MHz, : ULTIMA 2. -
200 nm  [5].

 1. ICP-OES , ULTIMA 2, HORIBA Jobin-Yvon
 1.  ICP-OES , HORIBA Jobin-Yvon, ULTIMA 2 

HORIBA Jobin-Yvon, ULTIMA 2
Czerny-Turner,  1 m

, 2400  mm 1

0.015 / 0.02 mm
0.020 / 0.08 mm

 -  5 pm in the 2nd  160nm  320nm;  10 pm 
 1st  320  800 nm 

 PMT 
 RF 40.68MHz 

 40.68 MHz, 0.5–1.55kW 
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-
 2000 μg/mL Mo, Al, Ti, Fe, Mg, Ca  Cu, 

(  1  2).  
 Q-

Boumans  Vrakking -  [2, 3].  Q-
 (CL,true)

 Eq. 1 

CL, true = 2/5 J QIJ ( a) CIJ +2 2 0.01 RSDB [BEC+ J QIJ( a) CIJ + J QWIJ( a) CIJ ]            (1)

 Eq. 2: 
CL, conv=2 2 0.01 RSDBL  [BEC + J QIJ( a)  CIJ + J QWIJ( a)  CIJ ]    (2) 

 Eq. 3: 
CL = 2 2  RSDB  0.01  BEC   RSDB = 1%.         (3),   

2.2.

(SINEO MDS-8 Microwave Chemistry Workstation, ).
 0,2 g .  6 ml HNO�  2 ml HCl. 

24 ,
, .

: 10  70°C, 5  90°C, 5 
 110°C, 5  130°C  10  150°C. 

 0,45 m .
 50 ml  0,2 mol·L-1 HNO�  ICP-OES.

, , ,
. ,

.
, .

, ,
.  Cu 20–30%, Fe 15–25% S 25–35%. 

 Al  Si  1–5%, Mg  Ca  0,5–2%,  Mo  Zn. 
 Mo 40–60%, Fe 5–10%, Cu 0,5–2%  S 8–12%,  Al  Si 

1–5%, Mg  Ca  0,5–2%,  Zn. 

2.3.
a) Certified Reference Material “Mo B”, Molybdenum concentrate “CGL-202” (CRM Molybdenum 

concentrate “CGL-202”), Central Geological Laboratory, Mongolia 
b) Standard Reference Material 332, Copper concentrate (SRM 332 Copper concentrate), National 

Institute of Standards and Technology (NIST), USA. 

3.
3.1.

.  [Xe] 4f14 5d5 6s2. 

 ( , , ), 
.
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 (HFS) 
,

,  Mo, Al, Ti, 
Fe, Mg, Ca  Cu. 

Re II 197.248:  Re II 197.252, Re II 197.248,  Re II 197.245 
Re II 221.426: Re II 221.431, Re II 221.426, Re II 221.423 
Re II 227.528: Re II 227.534, Re II 227.528, Re II 227.522 

1. 2.

 2. : 1. Re II 227.525 nm  2. Re II 221.426. 
.

 2.1.  Re II 227.525 nm 
 (Re II 227.534 nm, Re II 227.528 nm  Re II 227.522 nm)  Re II 221.426: Re II 221.431, Re II 

221.426, Re II 221.423,  - .
 ICP ( )  40.68 

MHz  Czerny-Turner  = 5 pm (FWHH). 

(HFS) ,
,  Mo, Al, Ti, 

Fe, Mg, Ca  Cu. 

1. 2.
 3. : 1. Re II 227.525 nm  2. Re II 221.426 nm, 

 8 pm. 
 Re II 221.426 nm. 
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3.2.

. ,
.

 - Mo, Al, Ti, Fe, Mg, Ca  Cu, , -
.

, .

 2000 μg/mL Mo, Al, Ti, Fe, Mg, 
Ca  Cu, . 1, 2. 

 Q-  Boumans  Vrakking -
 [2, 3]. 

 2.  Q - QIJ ( a) QIW ( a)

1. ICP-OES  40 MHz ICP, 
,

, Czerny Turner ,
5 pm (FWHM),

2. ICP-OES  27 MHz ICP, 
,
, CCD, 

,
 8 pm, 

, nm – QIJ ( a) QIW ( a) , nm 

ICP-
[1, 4, 12]. 

QIJ ( a) QIW ( a)

W =197.299 nm =197.299 nm 

Re II 197.251 3.4  10-6 2.4  10-5 Mo

Re II 197.248 

Re II 197.251 

6.12  10-5

2.95  10-5
2.25  10-5

2.55  10-5

Re II 197.251 0 2.0  10-5 Fe 3.65 10-6 

1.00 10-6
1.66  10-5

6.24 10-6

Re II 197.251 0 2.5  10-5 Cu 3.1 10-6

3.8 10-6
7.5 10-6

1.47 10-5

W=221.486 nm W=221.486nm
Re II 221.432 1.5  10-4 2.0  10-5 Mo

Re II 221.426 
1.6  10-2 2.0  10-5

Re II 221.432 0 7.6  10-6 Fe 2.0  10-5 2.0  10-5

Re II 221.423 4.7  10-4 1.6  10-4 Cu 7.3 10-4 6.0 10-5

W=227.495 nm    W=227.495nm
Re II 227.534 0 2.7  10-5

Re II 227.528 
Re II 227.534 

4.98 10-6 

2.9 10-5
4.14  10-5

2.13  10-5

Re II 227.534 4.0  10-5 8.2  10-6 Fe 2.27 10-4

7.41 10-5
4.98 10-5

0

Re II 227.534 0 2.4  10-5 Cu 6.23 10-6

1.48 10-5
2.86 10-5

0

 2.  ICP-OES 
, , .

 1  40 MHz .
 Czerny–Turner,  - 
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. 5 pm (FWHM),
- .

,
.  2  27 MHz .

 8 pm, -
, - .

 (Rowland circle), ,
CCD , .

, .
 Q-  QIJ ( a)  QIW ( a),

.
- -

. - ,
,

, .

3.3.

,  Mo, Al, Ti, Fe, Mg, Ca  Cu. 

 Q-  [2,3]. ,
 HFS , :

Re II 197.245 nm, Re II 197.248 nm  Re II 197.251 nm 
 Mo  Al. 

,  — 
QICu( a) = 0. 

Re II 221.423 nm, Re II 221.426 nm  Re II 221.432 nm 
 Mo  Cu. 

.
Re II 227.522 nm, Re II 227.528 nm  Re II 227.534 nm 

 Fe  Ca .

3.4.

 (  1, 
) -

 (  2).  2 
(ng·ml ¹)

 HFS. 
 (1)  (2).  (3) 

.  3 
 (g·ml ¹)

.
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 3.  ( g ml-1)

, g ml-1

CRM Molybdenum 
concentrate "CGL-202" 

SRM 332 Copper 
concentrate

 - 

Mo 1912 25.6 12 
Fe 117 -* 480
Cu 68 1136 960 
Al 104 - 43 
Ca 11 - 8.6 

*

 4. 

,
, nm 

CL, ng ml-1
CL true , ng ml-1

CRM Molybdenum concentrate 
"CGL-202"  - 

Re II 197.245 1.3 170 5.1
Re II 197.248 1.2 15 5.1
Re II 197.251 1.1 10 5.0 
Re II 221.423 27* 6 350 264 
Re II 221.426 1.5 13 123 335 
Re II 221.431 1.8 160 460 
Re II 227.522 1.9 26 95 
Re II 227.528 24* 26 34 
Re II 227.534 0.2 2.5 10 

* OH –  OH – 

 4 
.  1  (nm),  2: 

 (CL, ng·ml ¹),  3:  (CL, true, ng·ml ¹)
 CRM Molybdenum concentrate „CGL-202“,  4:  – 

 3. 
:

Re II 197.251 nm (CL_true = 10 ng·ml ¹) Re II 227.534 nm (CL_true = 2.5 ng·ml ¹)
:

Re II 197.245 nm (CL_true = 5.1 ng·ml ¹), Re II 197.248 nm (CL_true = 5.1 ng·ml ¹)
Re II 197.251 nm (CL_true = 5.0 ng·ml ¹), Re II 227.534 nm (CL_true = 10 ng·ml ¹)

,
.

3.5.

 5  6. 

 „SRM 332 -  (  5),  SRM „CGL-202“ - 
 (  6). ,  HR-ICP-OES, 

 X  n = 6 , X
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 P = 95%  f = n  1 = 5 .  t-

 (  5  6,  4  6). 

 5.  ICP-OES, JY ULTIMA 2  SRM 332 Copper concentrate 

,
, nm 

CL solid / 
g t-1

CL true (solid)
g t-1

ICP- ES
X ± X, g t-1

RSD, 
% ,

g t-1
Re II 197.251 0.50 1.25 9.96 ± 0.5 5 10.2 
Re II 227.534 0.25 2.5 9.98 ± 0.5 5 10.2 

 6.  ICP-OES, JY ULTIMA 2  CRM Molybdenum concentrate „CGL-202“, 

, , nm 
CL solid
g t-1

CL true (solid)
g t-1

ICP- ES
X ± X, g t-1

RSD,
% ,

X ± X, g t-1
Re II 197.251 0.50 2.5 490 ± 19 4 500 ± 70 
Re II 227.534 0.25 0.60 495 ± 20 4 500 ± 70 

CRM Molybdenum concentrate „CGL-202“, : 1. HR-ICP-OES [6]  2. 
 (TXRF) [10].

 HR-ICP-OES  TXRF 
- .

,
.

 7. , μg g -1,
 CRM Molybdenum concentrate „CGL-202“,  HR-ICP-OES [6] 

 (TRXRF) [10]. 

, μg g -1

 HR-ICP-OES [6] 
 (TRXRF) [10]. 

Re 0.63 6.0 

4.
-

 (ICP-OES) 
 - 40,68 MHz, 

 (  5 pm). 
- ,

,
.

.
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, ,
. ,

HR-ICP-OES (40,68 MHz ICP)  (TRXRF) 
 CRM Molybdenum concentrate „CGL-202“ .

 HR-ICP-OES, 
 TXRF 
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