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INTRODUCTION 

The mining industry has long been a corner-
stone of economic development, yet its environ-
mental footprint remains a profound sustainability 
concern. In response, recent research increasingly 
emphasizes waste valorization strategies, particu-
larly the incorporation of industrial byproducts 
into construction materials (Mashaan and Yogi, 
2025). Among these, coal mine tailings (CMTs) 
the residual materials from coal extraction and 
processing have emerged as a promising alterna-
tive aggregate for road construction (Srivastava 
and Jha, 2025). These tailings, often stored in 
dams or disposal facilities, represent both an envi-
ronmental burden and an underutilized resource. 
When poorly managed, they pose significant eco-
logical threats, including particulate emissions, 
acid mine drainage, and heavy-metal leaching.

Recent research underscores the growing 
potential of mine tailings as valuable inputs for 
sustainable construction materials. A global 

bibliometric analysis by Zetola et al. (2024) re-
vealed a significant increase in studies exploring 
the recovery of mining waste particularly tailings 
for use in construction, with notable attention 
to concrete production (El Machi et al; 2024).  
heavy-metal stabilization, and durability perfor-
mance. Building on this trend, Guo et al. (2025), 
provided an in-depth evaluation of the physico-
chemical properties, activation methods, and en-
vironmental safety of mine tailings incorporated 
into cementitious (Guan et al., 2021) and alka-
li-activated systems. Their findings demonstrate 
that, when appropriately processed, tailings can 
replace substantial proportions of conventional 
raw materials while improving mechanical per-
formance and reducing environmental impacts, 
thereby aligning with circular economy and sus-
tainability goals.

In the context of southwestern Algeria, the her-
itage of coal mining presents both environmental 
risks and opportunities for resource recovery (El 
Fehem et al., 2024). Following the discovery of 
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coal deposits in Béchar by Flamand in 1907, inten-
sive mining from 1918 to 1975 generated approx-
imately 3.7 million cubic meters of CMTs (ON-
RGM, 2003). These tailings now occupy roughly 
20–70% of land viable for urban development in 
Béchar and Kenadsa, fueling environmental pres-
sures through spontaneous combustion (Jelínek et 
al., 2015) and heavy-metal contamination of sur-
face and groundwater (Nelson, 2013). Traditional 
disposal methods  including relocation and mine 
re-injection—have proven both costly and envi-
ronmentally precarious (ONRGM, 2003). None-
theless, earlier regional studies have demonstrated 
the technical feasibility of using CMTs in construc-
tion, with experimental road sections exhibiting 
satisfactory performance (Benkhedda and Rikioui, 
2011; Himouri et al., 2013; Slimane et al., 2013). 
However, the environmental implications particu-
larly regarding water quality of such applications 
remain inadequately studied.

This investigation addresses that gap by pur-
suing two key objectives: (1) developing opti-
mal CMT–tuff mixtures stabilized with cement 
or lime for road construction, and (2) evaluating 
their environmental impact on water resources. 
We employ modified leaching tests (CEN/TS 
16637-2, 2014) to assess the mobility of heavy 
metals (Cd, Pb, Zn), with a focus on immobiliza-
tion mechanisms through cement hydration (Tay-
lor, 1990) and lime stabilization. The outcomes 
aim to inform sustainable CMT utilization strat-
egies that balance engineering performance with 
environmental protection in mining-affected re-
gions advancing circular economy approaches in 
mine-waste management.

MATERIAL AND METHODS

The materials utilized in this study were 
sourced locally. Specifically, coal mine tailings 
were collected from former coal mining sites 

located in Kenadsa, near the town of Béchar in 
southwestern Algeria. Mining operations in this 
region commenced in the 1930s and were discon-
tinued shortly after Algeria gained independence.
The tuff used in this study was supplied by the 
SARL PRODAG200 company. It is a silico-cal-
careous material commonly employed as a base 
layer in pavements and for embankment con-
struction in the Béchar region. The cement uti-
lized was CEM I 42.5 N-SR3, a Sulfate Resisting 
Portland Cement (SRPC), chosen for its durabil-
ity in sulfate-rich environments. The burnt lime, 
primarily composed of calcium oxide (CaO) and 
calcium hydroxide [Ca(OH)₂], was used as a sta-
bilizing agent. The major chemical compositions 
of the coal mine tailings (CMTs), tuff, cement, 
and lime are summarized in Table 1. Tuff exhibits 
a high content of calcium oxide (CaO, 43.89%) 
and silicon dioxide (SiO₂, 16.73%), which sup-
ports its application in embankment construc-
tion. CMTs are characterized by elevated levels 
of SiO₂ (23.54%) and aluminum oxide (Al₂O₃, 
10.30%), with significant amounts of carbon 
dioxide (CO₂, 44.15%) and iron oxide (Fe₂O₃, 
8.46%). The cement is predominantly composed 
of CaO (63.58%) and SiO₂ (20.60%). Lime con-
tains more than 80% CaO, with less than 2% SiO₂ 
and Al₂O₃, aligning with its primary function in 
soil and material stabilization.

A geotechnical study was conducted to deter-
mine the optimal dosage of CMT and tuff. The op-
timal composition was 75% Tuff and 25% CMT 
(designated as CMT-T), which yielded acceptable 
geotechnical characteristics for road base materi-
al (Bella et al., 2020). Cement and lime were used 
separately to treat the optimal CMT-T soil mix-
ture to immobilize toxic elements and mitigate 
impacts on surface and groundwater quality. The 
soil mixtures studied are summarized in Table 2.

Leaching tests were carried out on four com-
pacted soil types: T, CMT-T, CMT-TC, and CMT-
TL. For each type, three replicate specimens were 

Table 1. Major composition of CMTs, tuff, cement, and lime
Oxide (%) Tuff CMTs Cement Lime

SiO2
Al2O3
CaO
Fe2O3
MgO
Na2O
SO3
K2O
CO2

16.73
3.67

43.89
1.15
0.81
0.01
0.43
0.44

33.85

23.54
10.30
1.79
8.46
1.52
0.11
7.94
1.63

44.15

20.60
4.64

63.58
4.29
3.31
0.21
2.57
0.79
2.21

< 2
< 1

> 80
/

> 5
/
/
/
/
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prepared in cylindrical rigid plastic molds (11 cm 
in diameter and 22 cm in height; Figure 1a). Ap-
proximately 3 kg of soil was compacted in three 
successive layers using a standard Proctor ram-
mer. Each layer received 30 blows from a 2.5 kg 
hammer with a flat circular face (50 mm diam-
eter) dropped from a height of 0.305 m.

The experimental procedure followed the meth-
od described by Bellagh (2017), which is based on 
the CEN/TS-16637-2 (2014) protocol. Each com-
pacted specimen was immersed in a leaching re-
actor containing distilled water at a liquid-to-solid 
(L/S) ratio of 10. Individual samples were placed 
in separate sealed containers (30 L buckets) filled 
with distilled water, ensuring a clearance of at least 
5 cm between the specimen and the container walls 
and maintaining a water layer of no less than 5 cm 
above the specimen surface (Figure 1b).

The immersion start time was recorded as t₀. 
After six hours, 300–400 mL of leachate was col-
lected for analysis, and an equal volume of dis-
tilled water was replenished to preserve the L/S 
ratio. This sampling process was repeated at the 
standard leaching intervals of 6, 24, 54, 96, 120, 
140, and 168 hours (CEN/TS-16637-2, 2014).

Analyses of the leachates included mea-
surements of pH, electrical conductivity, total 
dissolved solids (TDS), and salinity using an 

EXTECH Exstik EC500 multimeter (Extech In-
struments Corporation, Nashua, NH, USA). Chlo-
ride, sulfate, and total suspended solids (TSS) 
concentrations were also determined. Heavy met-
als (Cd, Pb, and Zn) were quantified by flame 
atomic absorption spectrometry (Agilent 240 FS 
AA, USA), with each measurement performed in 
triplicate to calculate average concentrations.

RESULTS 

Potential of hydrogen measurement (pH) 

Figure 2 illustrates the temporal evolution of 
pH in the leaching solutions. The pH results indi-
cate two distinct leachate behaviors: Tuff, CMT-
T, and CMT-TL produced near-neutral values, 
suggesting minimal alteration of the leachate’s 
acidity–alkalinity balance, while CMT-TC yield-
ed strongly alkaline leachates, consistent with the 
release of hydroxyl ions from cement hydration.

Conductivity, total dissolved solids and 
salinity 

Figures 3, 4, and 5 depict the temporal 
changes in conductivity, total dissolved solids 

Table 2. Studied soil mixtures
Parameter Tuff CMT+Tuff CMT+Tuff+Cement CMT+Tuff+ Lime

Abbreviation CMT-T CMT-TC CMT-TL

Tuff (%) 100 75 75 75

CMT  (%) / 25 25 25

Cement (%) / / 4 /

Building lime (%) / / / 4

Water (%) 8 8 8 8

Figure 1. Plastic rigid molds (a) and soil Specimen placed in a bucket and the buckets with lids (b)



237

Journal of Ecological Engineering 2026, 27(2) 234–242

Figure 3. Conductivity of leachates solutions, AS: Algerian standard, OR: other research, and UL: upper limit

Figure 4. TDS of leachates solutions, UL: upper limit

Figure 2. pH of leachates solutions, LL:lLower limit and UL: upper limit

(TDS), and salinity, respectively. The curves for 
all soil types exhibited similar shapes, as TDS 
and salinity are derived from conductivity mea-
surements. Most treatments showed low con-
ductivity, indicating limited ion release, while 

CMT-TL exhibited higher and increasing con-
ductivity over time. TDS patterns followed a 
similar trend, with only the control soil consis-
tently remaining within WHO limits; CMT-TL 
exceeded these limits at all times, and CMT-TC 



238

Journal of Ecological Engineering 2026, 27(2), 234–242

Figure 5. Salinity of leachates solutions, UL – upper limit

Figure 6. Chloride content of leachates solutions, UL – upper limit

surpassed them after 7 days. Salinity results also 
identified CMT-TL as the only treatment consis-
tently above recommended thresholds.

Chloride, sulfate and total suspended solids

Figures 6, 7, and 8 illustrate the temporal evo-
lution of chloride, sulfate, and total suspended 
solids (TSS) contents in the leachate solutions, 
respectively.

Chloride content

The World Health Organization (WHO, 2017) 
recommends a maximum chloride content of 250 
mg/L for drinking water, while the Algerian stan-
dard (JORADP, 2011) sets a limit of 500 mg/L. 
All studied soils met these standards. The CMT-T 

soil mixture exhibited the lowest chloride content 
after 168 hours (7 days). Soils treated with ce-
ment and lime showed slightly higher contents 
but remained below the recommended limits. 

Sulfate content

WHO (2017) recommends a sulfate content 
limit of 500 mg/L, while the Algerian standard 
(JORADP, 2011) sets a limit of 400 mg/L. The 
sulfate content in CMT-T soil remained below 
500 mg/L after 6 and 96 hours, decreasing to be-
low 100 mg/L after 168 hours. For CMT-TL soil, 
sulfate content was approximately 650 mg/L after 
6 hours, 800 mg/L after 96 hours, and 400 mg/L 
after 168 hours. CMT-TC soil exhibited sulfate 
content below 100 mg/L after 6 and 96 hours, in-
creasing to approximately 700 mg/L after 168 
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Figure 8. TSS content of leachates solutions, UL – upper limit

Figure 7. Sulfate content of leachates solutions, AS – Algerian standard, UL – upper limit

hours. The observed sulfate behavior in CMT-TC 
can be explained by cement hydration reactions 
(Taylor, 1990). Initially, calcium sulfate reacts 
with tricalcium aluminate (3CaO·Al2O3 or C3A) 
to form ettringite (Ca6Al2(SO4)3(OH)12·26H2O). 
After calcium sulfate depletion, ettringite reacts 
with remaining C3A to form calcium monosulfate 
(Ca0·Al2O3·CaSO4·12H2O or C4Al2H12), result-
ing in elevated sulfate content in the CMT-TC soil 
leachate solution. This effect can be mitigated by 
using low C3A content cement or cement additives.

Total suspended solids (TSS)

TSS in leachate solutions represent solids that 
can be trapped by a filter (Shvets et al., 2025). While 
neither WHO (2017) nor local standards (JORADP, 

2011) provide recommended TSS values, Rossi et 
al. (2006) suggest a maximum limit of 25 mg/L. 
All soil leachate solutions met this condition, with 
CMT-TC exhibiting the lowest TSS value.

Heavy metal content

Atomic absorption spectroscopy (AAS) anal-
ysis of heavy metal content in the leachate solu-
tions and the corresponding limits set by WHO 
and local standards are summarized in Table 3. 
The selection of tested heavy metals was based 
on the chemical composition of CMT (Table 3). 
All soil leachate solutions exhibited zinc (Zn) 
content below the standard maximum limits. 
However, lead (Pb) and chromium (Cr) content 
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exceeded the maximum limits for all soil samples, 
with CMT-TC showing the lowest values among 
the tested soils. It’s important to note that all soils 
were tested after a 4-day curing period. The use 
of lime (specifically burnt lime or quicklime) to 
treat CMT-T soil did not demonstrate significant 
improvement in heavy metal retention. 

DISCUSSION 

This study examined the leaching behav-
ior of untreated and treated coal mine tailings 
(CMT) in relation to water quality indicators, 
including pH, ionic content, major anions, total 
suspended solids (TSS), and heavy metal mobil-
ity, to assess their potential environmental suit-
ability for road construction applications. The 
near-neutral pH values recorded in Tuff, CMT-T, 
and CMT-TL leachates indicate good chemical 
stability, suggesting a reduced risk of acidifica-
tion in adjacent water bodies. Conversely, the 
strongly alkaline pH of CMT-TC leachates is 
attributed to the presence of cement hydration 
products such as calcium hydroxide, which can 
promote the immobilization of some contami-
nants but may adversely impact aquatic life if 
discharge is not properly managed (Shively et 
al., 1986; Yilmaz et al., 2023). The conductiv-
ity, total dissolved solids (TDS), and salinity 
patterns highlight that cement treatment (CMT-
TC) initially limits ionic release compared to 
lime treatment (CMT-TL), which showed con-
sistently higher levels of dissolved solids. This 
aligns with previous findings that lime-treated 
materials can exhibit higher ionic mobility over 
time due to gradual dissolution of lime phases 
(Li et al., 2022). The consistently low chloride 
content across treatments supports the hypoth-
esis of chloride incorporation into cementitious 
phases such as Friedel’s salt (Suryavanshi and 
Swamy, 1996), although partial remobilization 
is possible under certain environmental condi-
tions (Dehwah, 2006). A late-stage increase in 
sulfate in CMT-TC leachates is likely linked to 

the transformation of ettringite to monosulfate 
during prolonged curing (Taylor, 1990; Neville, 
2011). While the observed TSS values indicate 
that all treatments generated relatively clear 
leachates, cement treatment showed the high-
est particle retention efficiency. However, heavy 
metal analyses revealed that Pb and Cd concen-
trations exceeded WHO permissible limits in all 
cases, despite reductions achieved by cement 
treatment. This finding is consistent with reports 
that cement-based stabilization often reduces 
but does not entirely eliminate heavy metal 
leaching (Butler et al., 2010; Sun et al., 2021). 
Potential mitigation strategies include extending 
curing durations (Bellagh, 2017), incorporating 
supplementary cementitious materials (SCMs) 
such as fly ash or slag, or exploring alternative 
binders like hydraulic lime, which have demon-
strated improved heavy metal retention capaci-
ties (Arulrajah et al., 2020). Overall, the results 
suggest that cement-treated coal mine tailings 
can satisfy several water quality standards—
particularly for pH, chloride, sulfate, and TSS 
but further optimization is essential to minimize 
Pb and Cd release before large-scale road con-
struction use can be considered environmentally 
sustainable.

CONCLUSIONS

This study assessed the environmental risks 
and potential reuse of coal mine tailings (CMTs) 
from Béchar and Kenadsa, Algeria, as pavement 
base layers or embankment materials. The results 
revealed that CMTs present considerable health 
and environmental hazards, mainly through sur-
face and groundwater contamination. Incorpo-
rating CMTs into construction materials offers 
a promising pathway to reduce these impacts. A 
mixture of 25% CMT and 75% tuff (CMT-T) ex-
hibited satisfactory geotechnical properties for 
road base applications; however, in its untreated 
form, it showed limited capacity to retain heavy 
metals under flooding conditions. Treating CMT-T 

Table 3. Content of heavy metals of different treated soil
Parameter CMT-T CMT-TL CMT-TC WHO and Algerian standards

Zn (mg/L) 0.0010 0.0051 0.0006 3 (5)*

Pb (mg/L) 0.0400 0.0650 0.0250 0.01

Cd (mg/L) 0.0525 0.0510 0.0430 0.003

Note: * limit of Algerian standard.
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with 4% cement significantly enhanced heavy met-
al and toxic element retention, effectively mini-
mizing leaching and protecting water resources. 
Conversely, burnt lime treatment did not yield sub-
stantial improvements. Overall, cement-stabilized 
CMT-T mixtures demonstrate strong potential for 
sustainable road construction and embankment 
use, providing both environmental protection and 
waste valorization. Future research should explore 
the performance of hydraulic lime as an alternative 
binder, the influence of extended curing on heavy 
metal retention, and the long-term durability and 
environmental impact of treated CMT materials 
under field conditions.
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