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1 Neutralization Potential Ratio, NPR
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Table 2. The concentration of major oxides and sulfur (%) in the spoil samples of the coal washing wastes of

Mehmandust plant
K:O TiO2 S P20s Fe03 MgO CaO AlOs SiO:2 L.O..

1 3.2 11 05 01 6.1 1.0 0.9 169 377 122
2 3.2 1.1 04 01 4.8 0.9 0.3 18.1 435 108
3 2.7 09 03 01 4.3 0.9 0.4 18.1 387 9.4
4 24 11 04 0.08 6.6 1.4 0.4 198 426 112
5 4.0 1.1 05 01 7.0 0.9 0.6 144 36.0 124
6 1.7 10 03 0.7 3.3 0.5 0.7 132 258 106
7 3.6 12 04 0.09 5.2 1.0 1.2 172 419 118

Average 2.9 1 0.4 0.09 53 0.9 0.6 168 38.0 112
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Table 3. The concentration of major and trace elements in the coal washing wastes of Mehmandoost plant in
comparison with the average concentration of elements in the Earth's crust (values in mg/kg)

As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn
1 9 09 9 115 128 22200 229 17 53 36 18 82
2 9 07 7 128 74 19500 164 21 62 64 20 126
3 8 08 9 130 90 17900 139 10 60 41 17 99
4 19 09 8 137 69 34100 273 8 69 67 20 129
5 9 09 7 124 79 17400 176 7 58 71 18 115
6 9 07 8 134 89 17400 146 7 57 75 19 117
7 8 08 9 137 56 8500 85 13 64 43 18 89
Average 113 08 80 133 733 19571 170 88 620 64 188 1125
Mean Crust * 1 02 25 100 55 50000 950 1 75 13 0.2 70

*Mason and Moore, 1982
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S g g 555l polie 4 axg5 b g ames, ol wlwl 5 (Chenetal., 2021) wos L Sogl > 40
dawgie Sogll slls CILS 5 JS 4 i o Sogll 08l 155 § o yolic ) Cod o9d e slaalbl (Y JS5)
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Table 4. Enrichment factor of potentially toxic elements in coal washing wastes
As Cd Co Cr Cu Mn Mo Ni Pb Sb Zn
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Fig. 2. The classification of the potentially toxic elements on the coal wahery waste samples bases on the average
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yoie; bl sladiges owlb S

S oad sanlie Gandlgw S Ll (Sl (5,98 CoSuwg e Jawgi Jio ablio 5,554 sla gw)p 4 azg5 b

Lol ;o SB nl jlade b osgy oy w8 LY o led Bua dilog; aiged 9 ¥ oojled v allocid ;o digad .l Co yu
)P g F Y o )led gy50,8 slaalbl yo Copm lgls polie jeax F JSE 4 asgi b (Y JSD) Sl o5 L

¥ dige 2 Olal o spao rigren e g Gl |y aalll (al )5 sl la alg Jlato (F digad 5o ey

Olyd (IS yeb 4 aiS s azgi s 1 (V Jouz) bdiged plu b aslin [0 diged opl 10 iz polic cdale yog iy

Qﬁmu;o OML..M.A ‘_g\.\.».:‘?.uo‘)S ul.po.?u 9 )‘..\liwd.o.u—Jiwu;' Lng)ﬁL u)}oo LY d.iLan.A .))5.9 6[.@449.44 )0 09_‘>9.A w).u
OgelinST Jloix ol 5 IS o Co i S 4> 2 IS jeb a4y aiin ailog 5 o IS ded g IS0 o sl 1
st (505 sl KnSs sl o o 1,3 uimen (LOttermoser, 2010) ol yiin ouml Glay LSi5 4 o

g LS 5 olael jo (g GialeST STas 155 s oo G381 HaewlaenST  (Soslen olas ) Jleisl ol ol oS


http://dx.doi.org/10.22034/JEG.2023.16.4.1019211
https://ndea10.khu.ac.ir/jeg/article-1-3068-fa.html

[ Downloaded from ndeal0.khu.ac.ir on 2026-06-15 ]

[ DOI: 10.22034/JEG.2023.16.4.1019211 ]

s sladdbl b 5 gl Sl W5 Jeily L)) o

a5 Wl Heax e 59,5 Dlress Ojgo 4 GoSemel 3 slais o (LOttermoser, 2010) aas o 7, o ,a>
i el 3 il o Gl )T (6 pdy STy ames )0 5 W)l (hz s BB (rlas Cols (1,5 oS ojluil Lo
Bz il diges 5 F oY o)lads melaw ailoc)o ladiges 1o oo ym g9 ol (Widodo et al., 2010) oisS o odgs

05.»»64) oanlin Y o)Lo..‘Z:

Y digei D gV digei @, oy ¥ SS
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Fig. 3. Pyrite in a: sample no. 13, b: sample no.2, c: sample no. 4, d: sample no. 5, e: sample no. 6
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Fig. 5. XRD spectra of coal washing waste samples of the Mehmandoost plant. a: sample no. 1 contained quartz, kaolinite,
illite, calcite, gypsum, clinochlore, muscovite. b: sample no. 2 contained quartz, kaolinite, illite, clinochlore. c: sample no.
3 contained quartz, muscovite, kaolinite, clinochlore, gypsum. d: sample no. 4 contained quartz, muscovite, clinochlore,
calcite, kaolinite, gypsum, illite. e: sample no. 5 contained quartz, pyrite, kaolinite, illite, montmorillonite, muscovite. f:
sample no. 6 contained quartz, kaolinite, illite, clinochlore, muscovite, montmorillonite. g: sample no. 7 contained quartz,
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Table 5. The values of pH and EC in saturated paste samples and the assessment of acid generation potential

pH  EC (uS/cm) Acid generation

potential
1 28 2384 Positive
2 33 2241 Positive
3 56 1515 Negative
4 24 2120 Positive
5 27 2040 Positive
6 38 2085 Positive
7 58 1842 Negative
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Table 6. The results of acid production or neutralization tests (North American method).

MPA ANC NAPP ANC Acid generation

(KgH2S504t?) (KgH2S04th) (KgH2S04th) MPA potential
1 16 8.8 +7.2 0.5 Positive
2 12.3 14 +10.9 0.1 Positive
3 13 18.1 -5.1 13 Negative
4 12.2 9.8 +2.4 0.8 Positive
5 16.9 2.9 +14 01 Positive
6 11.3 4.9 +6.4 0.4 Positive
7 10.6 14.7 -4.1 13 Negative
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Table 7. The results of static ABA tests

adgi Joudly 5l aalbly oyl

NP Acid
AP NNP NPR= .
ot (KgCaCOat 3 generation

(KgCaCoOst?) 1) (KgCaCoOst?) NP/AP potential
1 16.4 -167.8 -185.1 -10.2 Positive
2 12.6 -11.3 -23.9 -0.8 Positive
3 10.8 +125 +114.1 +11.5 Negative
4 125 -42.5 -55 -34 Positive
5 17.3 -420 -437.3 -24.2 Positive
6 11.6 -37.2 -48.9 -3.2 Positive
7 10.2 +96.5 +83.2 +7.2 Negative
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Table 8. The results of Net Acid Generation (NAG) Test

NAG Basg vcﬁzsrﬁe NAG NAG genﬁ?ﬁion
pH molarity (mi) (KgH2S04tY)  NAPP potential
1 3.1 0.5 5.8 56.8 7.8 Positive
2 3.8 0.1 354 69.3 6.3 Positive
3 5.0 0.5 6.7 65.6 -16.4 Negative
4 2.9 0.1 323 63.3 26.3 Positive
5 3.2 0.1 41 80.3 57.3 Positive
6 2.7 0.5 6.4 62.7 9.7 Positive
7 4.7 0.5 5.2 50.9 -9.9 Negative
(NAP) Lol apl adgi 9051 @l A Jgar
Table 9. The results of Net Acid Production (NAP) test

bg‘:'re vc?lis;ze Base_ NAP genﬁ?ﬁion

titration (ml) normality  (KgCaCOat”) potential

1 1.1 5.8 0.1 27.8 Positive

2 1.2 35.4 0.1 26.5 Positive

3 24 6.7 0.1 64.9 Negative

4 1.4 32.3 0.1 29.6 Positive

5 15 41 0.1 29.2 Positive

6 1.8 1.8 0.1 255 Positive

7 3.9 5.2 0.1 56.2 Negative



http://dx.doi.org/10.22034/JEG.2023.16.4.1019211
https://ndea10.khu.ac.ir/jeg/article-1-3068-fa.html

[ Downloaded from ndeal0.khu.ac.ir on 2026-06-15 ]

[ DOI: 10.22034/JEG.2023.16.4.1019211 ]

s sladdbl b 5 gl Sl W5 Jeily L)) o1

2lordig b loged jlesliiwl b (guaml ooy uadgi Jommiliy (o) 2
NNP b oladiges Ygone ol ous sols (Las (NNP) Lalls (g 5bo o5 Jeasliy Blio ,o glesl JSpH ca s JSi 5o
VoY ladises ol plo ol o5 oyl gy aul adgs Jlaast g o0 /0 51 pcs glesl J5 pH Gl & 5l 5555
e Sl Slg iy 280
NAG F/8 oS 5,90 ;0 ol ot ools les NAG pH Llie ;5 (NNP) Lol 55l s Joily b & IS o
sladiges jo aSul 4 axg5 L .(Hajizadeh Namaghi and Li, 2016) s,ls 54>3 (souml wlaj oy s sl pH <
il Sl 0ds Ll 611 badgas ol el NAG PH < F/0 F 50 F Y ) ol
JSPH > NAG pH a5 sladiges ( IS job 4 .l oas ool Las NAG pH Lilae ;o glosl S pH €& JSo jo
ebaiges o umen (Plante etal., 2012) el o5 o] )0 sowl oy adgs Sl g oais 003lsn yieS il gl
b b el oS )T adlgw slgime Yool e o8 o 51,3 b o) Caas 3 9 Canl B10 51 iy glesl JS pH oS
L3 4 baiges 4> 0 (Hajizadeh Namaghi and Li, 2016) coul adgl J>le o (Sojlen b wloais oojlen JolS
€ F JSs ay azgi b el iy diged Jawgh ol Glaj adgs Jloizl 5 oad eojlse i wiily 3 Suop Jolss
535l9 diges 13 Sg3ge 3,555 waS oo HLis 45 Wil e glesl S PH < NAG pH (slls & 50 F ¥ o) ol sloalbsly
ool glesl U5 pH > NAG pH l)ls 5 aies 5,05 Jolss bas 51V 5 ¥ o,leds sladiges S o ods dl 5 o0
el o L3 Vol albly o Loguasts anl 0y Jlois! cnl plo il oo
adsi ANAF) sl adsi pas 05,5 aiz 51 (s o boalbl «d £ Jss) NAG pH e ,o NAPP Jlsgas ull
slalbl d 7 JSo wlsl ,» (Hajizadeh Namaghi and Li, 2016) 4,5 . 1,8 (UC) Laswisl 5 (PAF) ol
53wl a3 pas) NAF 63, 10 Y o ¥ o,leds slaalbly 5 (sl iS5 Jlozml) PAF 63, ;58 50 F (¥ o) oleds

S s
ot o0ls oLzs NPR s blie ;o NAG PH Sleosisiy (gomos, ;o asdllas 8,50 (slodiges Cousdye € F IS o
Sl 0 g5 il slyls baigas cpl o) 5SS NPR 58 50 F ¥ ) sladigas F/0 51 S NAG-PH ax45 L .o
asb oo
2ibos V5l ;S ANC/MPA s b Jolao e NAPP 555 0 lo> e NAPP I o NAPP f 7 IS o
ods il shls w8 so )13 (sl Vs ANCIMPA cocs b Jslas 45) NAPP=0 Lis 15 a5 oladiges

A (gl Ol


http://dx.doi.org/10.22034/JEG.2023.16.4.1019211
https://ndea10.khu.ac.ir/jeg/article-1-3068-fa.html

Q

[ Downloaded from ndeal0.khu.ac.ir on 2026-06-15 ]

[ DOI: 10.22034/JEG.2023.16.4.1019211 ]

AARRIRSIN g SNV g+ Ao g ol ey 4 L33

oV
200 = -
Non-Aci !\ Non-Acid
55 —r 1, Non A_“d Uncertain ! Forming
ncertain K Formmg | s L_3_ +¥7 |
= 0 . : - - - |
s 1 26 3 4 5 5 7 e ; 2 ¢
-100 6 |
% 4 [-} + 4 ‘ \
O Lo 4, Q F 5
P : ] ) = Acid Forming 6 | Uncertain
E;: 300 4 Acid Forming : Uncertain & |
£ o i
4 s i
i . - - - - -
5 i -400  -300 -200 -100 0 100 200
aste NNP (kg CaCO3/t)
C. o
Non-Acid Uncertain
5 j Forming
5e ?
: [ 3¢
=+ ] :‘ >
& 3 4
Q) 1Y 1 9 s
- 5 + +
= * s
z 2 *
NAG pH=Paste pH 5 5
1 Uncertain Potentially Acid Forming
0
0 1 2 3 4 S 6 S o 5 10 is
Bato gl NAPP (kg H2S04/¢)
e f 20 = >
0] o A NAPPZ0
Uncertain 51 Non-Acid Forming| = 16 1 4 rd - NAPP
5 7 3e 8 - /’I / 4 7
%. < m’l 12 4 o ’,/ + NAPP
% % 10 L *
L A L 4
7 s <+ 14 $37 i‘} 8 4 Sy 4 1
: 9.4 % ; ) £ A
Potentially 2 = - Uncertain Q f 7/ L
- . 7z & 4 / ’r'
Acid Forming ] g . s
¢
T T .2 T T 0 T T r T -
-30 -20 -10 o 10 20 0.1 0.2 c3 [ X3 0.5 06
NPR Total S (%)

elardsdy sbologes (0 ged o) albl adiges gaies, F S
Fig. 6. The classification of coal washing wastes in geochemical diagrams
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Abstract
Acid mine drainage (AMD) as the most important environmental issue in mining sites is

considered a significant source of environmental pollution. AMD is typically produced by the
oxidation of sulphide minerals, especially pyrite. The present study aims to investigate the acid
production potential of the wastes of Mehmandoost coal washing plant located in NE Damghan.
For this purpose, mineralogical, geochemical, and statistic tests were carried out on 7
representative coal washing waste samples. The obtained results show that although coal washing
wastes are not enriched in Cu and Mn, they are moderately enriched in Ni and Co, significantly
enriched in Cr, Sb and Zn, strongly enriched in Cd and As, and extremely enriched in Pb and Mo.
The main mineral phases presented in the studied samples include quartz, muscovite, clinochlore,
kaolinite, illite, montmorillonite, calcite and pyrite. In most of the studied samples, the pH and
electrical conductivity (EC) of the saturated paste is <3 and > 2000 pm/cm, respectively.
Moreover, in most samples the Net Neutralization Potential (NNP) is < -20. Also, in most of the
samples, the Net Acid Production Potential (NAPP) is positive and the Neutralization Potential
ratio (NPR) is < 3. The pH of Net Acid Formation (NAG pH) of these samples is < 4.5 and the
ratio of Acid Neutralization Capacity to Maximum Acid Potential Acidity (ANC/MPA) is < 1.
According to the results of static tests, there is a possibility of production of acidic drainage by
the studied samples, therefore, taking suitable management measures to control acid production
in the area is of crucial importance.

Keywords: Acid Mine Drainage, Coal Washing Waste, Mehmandoost Plant, Pollution.

Introduction
Coal is one of the most important fossil fuels that has various industrial and domestic applications.

Extracted coal needs to be processed due to the presence of some elements and mineral compounds,
the most important of which is pyrite. The presence of sulfur enhances the weight of coal and declines
its thermal energy. Therefore, in coal washing plants, coal is processed to remove such compounds.
The coal washing wastes produced during the coal washing process is a major source of acid mine
drainage (AMD) production. AMD is a significant environmental issue in the mining and mineral
processing industry and imposes some negative impacts on the environment (Mafra. et al., 2022;
Ravengai et al., 2014). The main characteristics of AMD include the extremely high acidity, the high

*Corresponding author: forghani@shahroodut.ac.ir
DOI: http://doi.org/10.22034/JEG.2023.16.4.1019211



https://jeg.khu.ac.ir/article-1-3068-fa.html
https://jeg.khu.ac.ir/article-1-3068-fa.html
https://jeg.khu.ac.ir/article-1-3068-fa.html
https://jeg.khu.ac.ir/article-1-3068-fa.html
https://jeg.khu.ac.ir/article-1-3068-fa.html
http://dx.doi.org/10.22034/JEG.2023.16.4.1019211
https://ndea10.khu.ac.ir/jeg/article-1-3068-fa.html

[ Downloaded from ndeal0.khu.ac.ir on 2026-06-15 ]

[ DOI: 10.22034/JEG.2023.16.4.1019211 ]

62 Potential evaluation of acid mine drainage production by ...

concentration of metal and metalloids (e.g., Fe, Al, Mn, Cd, Cu, Pb, Zn, As, Sb and Hg) (Li et al.,
2023; Ren et al., 2023). Therefore, AMD is a major contributor to the pollution of water resources
and soils and may impose negative impacts on living organisms (Méndez-Ortiz et al., 2007; Ravengai
et al., 2014; Yang et al., 2023). AMD is mainly produced by the oxidation of sulfide minerals,
especially pyrite, through reaction with ambient water and oxygen. (Tang et al., 2021), and occurs
when the rate of acid production is higher than the neutralization rate (Johnson and Hallberg, 2005;
Elghali et al., 2023).
The main purpose of the present study is to evaluate the potential of AMD production by the coal
washing wastes produced in the Mehmandoost coal plant, NE Iran. As a result of coal processing, a
large amount of coal washing wastes have been disposed of around the plant. Considering the negative
effects of AMD on the environment, the prediction of AMD generation by the waste materials deems
necessary.

Materials and Methods
In Mehmandoost Coal Washing Plant, two different methods including gravity separation and
flotation are applied for coal processing. Therefore, the produced wastes are different in terms of
particle size. Coarse-grained wastes (larger than 10 mm) are produced through the gravity separation
method and fine-grained wastes (1 to 10 mm) are produced through flotation method. Four
representative surface samples (0-60 cm depth) of coarse-grained wastes, two representative surface
samples of fine-grained wastes and one representative sample of deep coarse-grained waste (drill
holes of 4 m depth) were collected. The samples were oven-dried at 105°C for 2h, and then were
crushed and grinded. The samples were then passed through 200 mesh stainless steel sieve to be
homogenized. The mineralogy of the samples was studied by X-Ray Diffraction (XRD) analysis and
microscopic investigations of polished sections. X-Ray Fluorescence (XRF) analysis was applied to
determine the concentration of major oxides and total S, and ICP-OEC analysis was used to measure
the concentration of Potentially Toxic Elements (PTES) in the studied representative samples. The
accuracy of the obtained data was checked by analyzing reference materials and blank samples, and
the precision of the analytical data set was controlled through triplicate measurement of the target
elements concentration in each sample.
Static tests as the most common experimental approach for prediction of AMD were carried out on
the representative samples. The results of these tests indicate the balance between acid production
processes (i.e., oxidation of sulphide minerals) and acid neutralization processes (i.e., dissolution of
carbonates and weathering of silicates) (Banerjee, 2014). There are various static tests for AMD
prediction the most common of which include:
A- pH and electrical conductivity (EC) of saturated paste
B- Acid production and acid consumption tests (North American method)
C- Acid-Aase Accounting tests (ABA tests, Australia-Pacific method)
D- Net Acid Generation (NAG) test
E- Net Acid Production (NAP) test.
These tests were designed on the basis of standard methods of Sobek et al. (1978).

Results and Discussion
XRF analysis results show that SiO2 and AlI203 (average concentration of 38 and 16.8 %,
respectively) are the most significant oxides in the study samples, which may indicate the presence
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of silicates in the study samples. The concentration of total S in all samples is less than 1 % (with an
average value of 0.4 %), which is in accordance with other studies on the S content of coal waste
materials. Based on the ICP-OES analysis, the average concentrations of Cu, Mo, As, Cd, Cr, Sb and
Zn in the studied samples are much higher than their respective values in mean Crust composition
(Mason and Moore, 1982), which is probably due to substitution of trace elements in the structure of
sulfide and silicate minerals (e.g., pyrite, K-feldespar, clay minerals, etc.). The highest concentrations
of PTEs were recorded in sample no. 4. Based on the PTEs enrichment factor (EF) values, although
the coal washing wastes are not enriched in Cu and Mn, they are moderately enriched in Ni and Co,
significantly enriched in Cr, Sb and Zn, strongly enriched in Cd and As, and extremely enriched in
Pb and Mo. Therefore, in case of production of AMD by the studied wastes, there is a risk of soil and
water resource pollution in the study area, especially with As, Cd, Pb and Mo. The mineralogical
investigations of polished sections confirms the presence of amorphous, subhedral and framboidal
pyrites as the main sulphide mineral in the studied samples, which may enhance the possibility of
AMD production. Moreover, the abundance of pyrite in sample no. 4 explains the higher
concentration of PTEs in this sample. Moreover, pyrite particles are highly fractured which may
enhance the rate of oxidation and production of AMD. XRD analysis shows that the studied samples
contain silicate (quartz, muscovite, clinochlore, kaolinite, illite, and montmorillonite), carbonate
(calcite), sulphate (gypsum) and sulphide (pyrite) minerals. Quartz and kaolinite are the main mineral
phases which are present in all samples. The occurrence of clay minerals can be related to the
weathering of silicates. Calcite is the main AMD neutralizing mineral due to its high solubility rate,
and gypsum is one of the common secondary minerals that can be precipitated as a result of AMD
production.
Static tests show except two samples (i.e., samples no. 3 and 7), the coal washing waste samples may
produce AMD, because the pH and EC of the saturated paste is less than 4 and more than 2000 uS/cm,
respectively. Indeed, in these samples the Net Neutralization Potential (NNP) is < - 20, and the Net
Acid Production Potential (NAPP) is positive. The Neutralization Potential Ratios (NPR) of these
two samples are < 3, and their Net Acid Generation pH (NAG pH) is also < 4.5. Moreover, the ratio
of Acid Neutralization Capacity to Maximum Potential Acidity (ANC/MPA) is < 2. Based on the
results of XRF and ICP analyses, these five representative samples have a higher concentration of
total S, and the microscopic studies show that these samples contain a relatively high amount of
amorphous pyrite. There is no significant difference between the acid production potential of the
studied samples based on their particle size. Therefore, factors including the rate of crystallization
and mineral deficiencies in pyrite, are the major controlling parameters in AMD production.
Conclusions
On the basis of the experimental observations, AMD production in the study area is possible. In order
to reduce the environmental impacts of the disposed coal washing wastes in the area, some
management measures must be taken into account. Separating pyrite from the processing wastes,
insulting dry covers on the waste disposal sites, and adding alkaline materials such as lime to the
wastes are some measures to control the production rate of AMD in the study area. It is also advisable
to use the coal washing wastes for the production of light bricks which will reduce the volume of the
disposed wastes in the study area. The production of light bricks is technically justifiable due to the
high amount of Si and Al oxides in the study wastes.
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