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Abstract 
This study employed an innovative electrocoagulation method to treat landfill leachate, utilizing uniquely designed aluminum 
electrodes. The investigation focused on the effects of various parameters on treatment efficiency, including initial pH, cur-
rent density, NaCl concentration, and stirring rate. Results demonstrated that the initial COD concentration of 9600 mg/L 
was reduced to 282 mg/L at a pH of 5, 40 mA/cm2, 0.1 M NaCl concentration, and stirring rate of 60 rpm with the removal 
efficiency of 97%, meeting direct discharge limits. Additionally, successful removal of phosphorus and nitrogen was achieved, 
underscoring the comprehensive treatment capabilities of electrocoagulation. Furthermore, electrocoagulation sludge was 
repurposed for geopolymer production, highlighting the potential for sustainable waste management practices. These findings 
offer valuable insights for optimizing landfill leachate treatment strategies while promoting environmental sustainability and 
presenting an excellent opportunity for industrial symbiosis.

Highlights 

–	 An innovative electrocoagulation method was employed for the treatment of landfill leachate, utilizing uniquely designed 
aluminum electrodes.

–	 Successful removal of COD, phosphorus, and nitrogen was a noteworthy achievement that meets the criteria for direct 
discharge into water bodies.

–	 Treatment efficiency was optimized by examining the effects of parameters such as initial pH, current density, NaCl 
concentration, and stirring rate.

–	 The utilization of electrocoagulation sludge as raw material for geopolymer production represents a sustainable approach 
to waste management and resource utilization.
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Introduction

Landfill wastewater or landfill leachate, is primarily gener-
ated by rainfall, surface runoff, and groundwater infiltration 
as it percolates through the landfill (Li et al. 2011). Landfill 
leachate presents a significant environmental challenge due 
to its highly complex and toxic composition resulting from 
the decomposition of organic waste materials. Numerous 
contaminants, including heavy metals, organic compounds, 
nitrogen, phosphorus, and microorganisms, are present in 
landfill leachate and pose a significant environment and 
public health risk (Li et al. 2017; Asaithambi et al. 2018). 
Effective landfill leachate treatment is imperative to prevent 
groundwater, surface water, and soil contamination and 
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mitigate the associated environmental and public health 
risks (Mansour et al. 2021).

Landfill leachate can be treated using including biologi-
cal, physical, or chemical techniques. Biological treatment 
methods, such as anaerobic and aerobic treatments, have 
certain limitations. Due to the organic carbon’s resistant 
nature, they may not effectively treat old landfill leachate 
with limited biodegradability (Guo et al. 2022).

While physiochemical techniques such as advanced oxi-
dation, ultrafiltration, dissolved air flotation, neutralization, 
membrane filtration, reverse osmosis, and coagulation-
flocculation can be used to treat landfill leachate, they have 
limitations such as high operating costs, decreased efficiency 
in removing pollutants, and reduced process performance, 
which is why an effective and economical treatment process 
needs to be designed and developed (Faheem et al. 2021; 
Asaithambi et al. 2018).

Electrochemical technologies which have several 
advantages for wastewater treatment methods, including 
exceptional performance in eliminating persistent con-
taminants, adaptability, environmental friendliness, and 
possible cost-effectiveness (Martı´nez-Huitle et al., 2006). 
ElectroCoagulation (EC) has appeared as a promising and 
versatile method for treating of various types of wastewa-
ter, including landfill leachate (Ramprasad et al., 2019).

Several researchers performed electrochemical treat-
ment of landfill leachate. The electrocoagulation/anodic 
oxidation was performed using iron and boron-doped dia-
mond electrodes (Fernandes et al. 2015). The treatment 
of landfill leachate was also achieved by the Electro-Fen-
ton (EF) method with a COD removal efficiency of 72% 
(Atmaca 2009). Anglada et al. (2011) investigated the effi-
cacy of boron-doped diamond material for electrochemi-
cal leachate oxidation. Achieved 51% COD with a current 
intensity of 2571 Am−2 after 8 h of reaction time (Anglada 
et al. 2011). Ilhan et al. (2008) found that electrocoagula-
tion using iron and aluminum electrodes reduced chemi-
cal oxygen demand (COD) by 56% and removed 24% of 
ammonia in 30 min at 631 A/m2. Tezcan Un et al. (2018) 
treated the landfill leachate using integrated continuous 
electrocoagulation and the anaerobic treatment technique 
(Tezcan Un et al. 2018). Electrocoagulation of leachate 
was also achieved by monopolar aluminum electrodes, 
which provided 57% COD removal (Tezcan Un and 
Oduncu,, 2014).

During electrocoagulation, a direct current is applied to 
aluminum or iron electrodes that act as sacrificial anodes. 
As a result of this process, the electrodes are dissolved, 
and their cations are produced. The metal ions that are 
generated are then hydrolyzed in the electrochemical cell, 
leading to the formation of metal hydroxide ions, as shown 
in reactions (1)–(3) (Tezcan Un and Oduncu 2014; Baz-
rafshan et al. 2012).

Despite the high removal efficiency achieved through 
electrocoagulation (EC), the formation of sludge during 
the process can lead to waste management issues due to 
the high content of aluminum present in the sludge. It is 
worth noting that geopolymers utilize aluminum, which 
means that the sludge generated during the electrocoagula-
tion process can be repurposed for geopolymer production.

Geopolymers, as an alternative to Portland cement, 
often offer several advantages in terms of cost and over-
all systemic environmental implications (Jamieson et al. 
2015). Geopolymers, silico-aluminate materials created by 
simulating the natural rock-forming process, are quickly 
becoming a new class of building materials for green 
structures (Kumar et al. 2007). They are made by blend-
ing an alkaline activator containing alkali hydroxide, sili-
cates, aluminates, carbonates, or sulfates with a reactive 
aluminosilicate powder (such as fly ash, metakaolin, or 
calcined clay) (Castillo, 2022). The chemical compositions 
of the source materials affect the microstructural develop-
ment and mechanical properties of geopolymers (Nath and 
Sarker 2017). Industrial waste materials like fly ash and 
blast furnace slag can be used to produce geopolymer, 
besides natural sources such as kaolinite (Sudagar et al. 
2023). Due to the high annual production, the presence 
of amorphous phases, the sphere geometry of low-size 
particles, and the relatively stable chemical composition, 
geopolymers are more commonly produced using Class F 
fly ash (Freire, 2020; Xu et al. 2021).

Geopolymers have gained increasing attention in recent 
years for their applications in various sectors, including con-
struction, wastewater treatment, and environmental remedia-
tion (Sudagar et al. 2023). They offer advantages such as 
low cost, high strength, durability, and environmental friend-
liness, making them an attractive alternative to traditional 
materials and treatment methods.

This study aims to investigate the efficacy of electroco-
agulation for treating landfill leachate, utilizing a unique 
electrode design comprising a cylindrical aluminum ves-
sel serving as the cathode and a mechanical mixer with 
four aluminum blades acting as the anode. By examining 
the effects of parameters such as initial pH, current den-
sity, NaCl concentration, and stirring rate, this study aims 
to optimize treatment efficiency and highlight the potential 
for utilizing electrocoagulation sludge as repurposed for 
geopolymer production. This study’s unique design and 
approach distinguish it from existing literature, offering 

(1)Al → Al+3(aq) + 3e−

(2)Al+3(aq) + 3H2O → Al(OH)3(s) + 3H+(aq)

(3)nAl(OH)3 → Aln(OH)3n
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valuable insights for developing sustainable and effective 
landfill leachate treatment strategies. Afterward, to lessen 
the sludge’s environmental impacts, the sludge created dur-
ing the electrocoagulation of landfill leachate was used to 
produce geopolymer. This novel application of electrochemi-
cal sludge, is typically considered a waste product in electro-
coagulation processes and presents an excellent opportunity 
for industrial symbiosis.

Material and methods

Electrochemical treatment of leachate

Wastewater

The experiments used landfill leachate obtained from the 
Kutahya Solid Waste Sanitary Landfill area in Turkey. 
Table 1 shows the characteristics of landfill leachate and 
the limiting value according to the Water Pollution Control 
Regulation of Turkey (2004).

Experimental setup

The electrocoagulation experiments were performed at the 
aluminum reactor. The cathode was a cylindrical aluminum 
reactor with dimensions of 10 cm in diameter and 10 cm in 
height. The anode was an aluminum stirrer with four rec-
tangular blades (3 cm × 2.35 cm). The total available anode 
area (blade area) was 564 cm2. It was placed in the reactor's 
center. The experimental setup is presented in Fig. 1.

500 ml of leachate was added to the cathode vessel for 
each run. Every run was done at room temperature. The 
pH values were adjusted to the desired value using either 
H2SO4 or NaOH solutions. The anode blades are located in 
the center of the cathode vessel and submerged in the waste-
water. The sample was agitated at 80 rpm using anode blades 
connected to the mechanical stirrer (Heidolph RZR 2102). 
The anode and cathode were connected to the DC power 
source (GW Instek SPD-3606) using copper wire. During 
electrocoagulation, the pH and conductivity were measured 
with a pH meter (Hanna Ins. 301) and a conductivity meter 
(Radiometer Pioneer 30). The experiments were performed 
at 120 min. After conducting electrocoagulation of waste-
water using aluminum electrodes, the resulting sludge was 
collected and dried. The dried sludge was then utilized in 
the production of geopolymer.

Analyses

Samples were taken periodically centrifuged, and the super-
natant was analyzed to determine Chemical Oxygen Demand 
(COD) concentration using the Closed Reflux Titrimetric 
Method based on the American Society for Testing and 
Materials, 1995 (American Society for Testing and Materi-
als, 1995). All analyses were done twice, and the average 
was used. The phosphorus and nitrogen concentrations were 
determined at Hach Lange Dr 2800 Spectrophotometer using 
the relevant kits (LCK 349 and LCK 138, respectively).

The following equation was used to obtain the removal 
efficiency (RE%).

where C0 and C represent the concentrations in milligrams 
per liter before and after the treatment, respectively.

The electrical energy consumption was calculated 
as kW h per m3 of treated effluent, as seen from Eq. (5) 
(Pletcher and Walsh 2012).

(4)RE% =
C
0
− C

C
0

× 100

(5)EC =
VIt

v

Table 1   Characteristics of landfill leachate

*Water Pollution Control Regulations of Turkey (2004) (Table 20.6)

Parameter Value Limit value*

pH 7.97 6.00–9.00
COD (mg/L) 9600 700
Phosphorus (mg/L) 2.72 2.00
Nitrogen (mg/L) 49 20

Fig. 1   Experimental setup
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where EC is the electrical energy consumption (kW h/m3), 
V is the potential (Volt), I is the current (Amper), t is the 
time (hour), and v is the volume of the solution treated (m3).

Geopolymer production and characterization

In the geopolymerization process, condensation reactions 
are initiated by aluminum. Therefore, it is desirable to ini-
tially have a high aluminum content (Peng et al. 2015). For 
this reason, the goal is to evaluate the aluminum-containing 
electrocoagulation sludge obtained from the electrochemical 
treatment of leachate as substituent material for geopoly-
mer production highlights in the geopolymerization process. 
Geopolymerization was achieved using class F fly ash from 
the Thermal Power Plant in Zonguldak, Turkey. 14 M NaOH 
was used as an alkaline solution in the synthesis. The alka-
line solution was added to solid raw material at a ratio of 0.5. 
Waste material resulting from the electrocoagulation process 
was added to fly ash in varying ratios of 1%, 3%, and 5% by 
weight. Geopolymer pastes were mixed for 10 min to get a 
homogeneous paste and then cured at 100 °C for 24 h. After 
curing, pastes were aged for 28 days at laboratory conditions 
and grounded for characterization. The appearance of the 
geopolymer produced from electrocoagulation sludge after 
the aging process is shown in Fig. 2.

Crystalline phases of samples were determined by 
X-ray diffractometer (XRD) (Panalytical EMPYREAN, 
Germany) with CuKα radiation operated at 45 kV and 
35 mA in the range of 10–80°2θ. Fourier transform infra-
red spectroscopy (FTIR) (PerkinElmer Spectrum Two, 
USA) between 400 and 4000 cm−1 with a resolution of 
4 cm−1 was used to analyze the functional groups using 
the KBr method. X-ray fluorescence (XRF) (Rigaku, ZSX, 
Germany) analyses were performed using the solid sample 
method. Nuclear magnetic resonance spectroscopy (NMR) 
(JEOL ECZ500R, 11.75 Tesla) analyses were carried out 
using NMR 27 Al and Si method. HNO3, H2O2, and HF 

acids were used inductively coupled plasma mass spec-
trometry (ICP-MS) (Thermo iCAP RQ) analysis as rea-
gents. The surface morphological structure of geopolymers 
was observed by Scanning Electron Microscope (SEM) 
(JEOL JSM-5600LV).

All the above-mentioned characterization analyses of 
the geopolymer samples were carried out at Eskişehir 
Osmangazi University Central Research Laboratory Appli-
cation and Research Center.

Results and discussion

Electrocoagulation of landfill leachate

This study optimized electrocoagulation parameters 
through experimental evaluation, focusing on COD 
removal efficiency, energy consumption, and achieving a 
dischargeable effluent quality. Instead of applying math-
ematical optimization models, the best operating condi-
tions were determined by systematically adjusting key 
parameters and assessing their impact on treatment perfor-
mance. This practical, results-driven approach highlights 
the effectiveness and sustainability of electrocoagulation 
as a viable treatment method for landfill leachate.

The effect of the initial pH

The pH level of the solution undergoing electrocoagula-
tion is a critical factor, as it directly affects the generation 
of hydroxide ions (OH−). At the cathode, water reduction 
occurs, leading to the producing hydroxide ions (OH−) and 
hydrogen gas. These OH− ions play a key role in contami-
nants’ coagulation and subsequent precipitation.

Understanding the pH-dependent mechanisms at work 
during electrocoagulation is essential to optimizing the pro-
cess for efficient COD removal. The impact of the initial pH 
on the COD removal was determined at 40 mA/cm2 using 
initial pH values of 3, 5, 7, and 9.

During the electrocoagulation process, the solution’s pH 
increased, as seen in Fig. 3. The production of OH− at the 
cathode contributed to the increase in pH. The OH− gener-
ated at the cathode and Al3+ formed at the anode interact in 
the solution to form aluminum hydroxide, Al(OH)3.

Figure 4 shows the COD removal efficiencies at different 
initial pH. As seen from the figure, the highest COD removal 
efficiency of 85% was obtained at a pH of 5. The initial COD 
concentration of 9600 mg/L was reduced to the 1440 mg/L. 
Similarly, Bayar et al. found the initial pH of 5.2 more effec-
tive than the pH of 3 for removing of COD from wastewater 
(Bayar et al. 2015).

Fig. 2   Photograph of geopolymer after aging process
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This finding can be attributed to forming aluminum 
hydroxide precipitates, which effectively adsorb and coagu-
late COD. As seen in Fig. 4, the removal efficiencies were 
reduced in the more acidic or basic environments. Lower 
pH values promote H2 gas evolution, which competes with 
COD removal, ultimately decreasing the overall treatment 
efficiency. Additionally, at lower pH values, the concentra-
tion of hydroxide ions decreases, which can lead to the dis-
solution of aluminum hydroxide, making it less effective as 
a coagulant. Conversely, at higher pH values, the excessive 
concentration of hydroxide ions can lead to the formation 

of soluble aluminum complexes, which may also reduce the 
effectiveness of aluminum hydroxide as a coagulant.

The effect of the current density

The most important operating parameter is the current den-
sity, which affects how much aluminum is produced, is. 
Various studies have been conducted to determine the effect 
of current density, specifically at values of 30, 40, 50, and 
60 mA/cm2 at pH 5.

Fig. 3   The change of initial pH 
with time during electrocoagu-
lation

Fig. 4   The effect of the initial 
pH on the COD removal effi-
ciency, i: 40 mA/cm2



	 International Journal of Environmental Science and Technology (2026) 23:336336  Page 6 of 18

The experimental results, as seen in Fig. 5, indicated that 
as the current density increased from 30 to 60 mA/cm2, the 
removal efficiency of COD also increased from 82 to 92%. 
The initial COD concentration of 9600 mg/L was reduced to 
768 mg/L at 60 mA/cm2. The higher current densities result in 
a greater quantity of aluminum ions (Al3+) being generated at 
the anode due to the oxidation of aluminum as per Faraday’s 
Law (Eq. 6), which states that the amount of substance (metal 
ions) dissolved during the electrochemical reaction is directly 
proportional to the quantity of electricity passing through the 
system (Brett and Brett 1993). This increased generation of 
aluminum ions contributes to forming Al(OH)3 coagulant 
precipitates, which aid in removing contaminants from the 

wastewater. A similar result was obtained by Galvão et al. for 
the treatment of landfill leachate (Galvão et al. 2020).

where M is the molecular weight of Al (M = 27), n is the 
number of electrons that participate in the oxidation reaction 
(n = 3), i the current density (A/cm2), F is Faraday’s constant 
(96,500 C/mol), t is the time (s), and m is the amount of dis-
solved aluminum (g Al/cm2).

Current density is directly proportional to the electri-
cal energy consumption of the electrocoagulation system. 
This means that as the current density increases, the energy 

(6)m =
itM

nF

Fig. 5   The effect of the current 
density on the COD removal 
efficiency, pH: 5, 80 rpm

Fig. 6   The energy consump-
tions for different current densi-
ties, pH: 5, 80 rpm
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consumed by the process also increases. The energy con-
sumptions were 46.7, 59.4, 82.6, and 148.0 kW h/m3 for 30, 
40, 50, and 60 mA/cm2 at the end of 120 min, respectively, 
as seen in Fig. 6. Therefore, balancing the desired removal 
efficiency with energy consumption is crucial for optimiz-
ing electrocoagulation processes. Evaluate whether the 
improved removal efficiency justifies the increase in energy 
usage regarding sustainability and carbon footprint. Because 
of the energy consumption, subsequent experimental studies 
were carried out at 40 mA/cm2.

The effect of the supporting electrolyte concentration

Electrocoagulation relies on the flow of electric current 
through the wastewater to drive the electrochemical reac-
tions at the electrodes. One primary role of the supporting 
electrolyte, NaCl, is to increase the electrical conductivity 
of the solution. Higher conductivity reduces the electri-
cal resistance within the system, ensuring a more efficient 
transfer of electrons and ions during the process. The effect 
of NaCl concentration on the COD removal efficiency was 

Fig. 7   The effect of the support-
ing electrolyte concentration on 
the COD removal efficiency, i: 
40 mA/cm2, pH: 5, 80 rpm

Fig. 8   The energy consumption 
for different supporting electro-
lyte concentrations, i: 40 mA/
cm2, pH: 5, 80 rpm
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investigated using 0.1 M, 0.05 M, and 0.025 M NaCl con-
centrations at 40 mA/cm2 and pH 5. The experiment was 
also performed without using NaCl; the results can be seen 
in Fig. 7.

As seen from Fig. 7, as the NaCl concentration increases, 
so does the removal efficiency of COD. The removal effi-
ciency of 85% obtained without NaCl was increased to 
97.0% with 0.1 M NaCl. The significant reduction of the 
initial COD concentration from 9600 to 282 mg/L with the 
use of 0.1 M NaCl as the supporting electrolyte indicates 
the remarkable success of the electrocoagulation process in 
wastewater treatment.

This low COD value signifies that the treated effluent 
meets the criteria for being directly dischargeable into the 
water bodies, underscoring the effectiveness and envi-
ronmental significance of the electrocoagulation process. 
Additionally, the higher concentration of Cl− ions gener-
ated at the anode accelerates the breakdown of organic 
contaminants, contributing to the higher removal effi-
ciency. Increasing the NaCl concentration improved both 
chemical oxidation and electrocoagulation. Similarly, Li 
et al. demonstrated that raising the Cl concentration from 
819 to 2500 mg/L increased the COD removal effective-
ness from 29.8 to 38.9% (Li et al. 2011).

Higher NaCl concentrations significantly enhance the 
solution’s electrical conductivity, reducing resistance. This 
promotes more effective electrocagulation with increased 
contact between organic materials and coagulants. As seen 
in Fig. 8, the electrical energy consumption of 59.4 kW h/
m3 was reduced to 30.7 kW h/m3 with the use of 0.1 NaCl.

The effect of the stirring rate

The stirring rate within the reactor is one of the critical 
operational parameters that can significantly influence the 
transportation of dissolved ions from the electrode surface 
to the bulk solution. The effect of stirring rate on the removal 
of COD was evaluated using stirring rates of 60, 80, and 
100 rpm in the presence of 0.1 M NaCl at pH 5 and 40 mA/
cm2.

As seen in Fig. 9, the removal efficiency was reduced 
from 97 to 90% with the increasing stirring rate from 60 to 
100 rpm. Lower stirring rates allow for gentler agitation, 
which can lead to the formation of larger and more stable 
flocs. Larger flocs have a higher capacity to capture and 
entrap COD, resulting in more efficient removal (Liu et al. 
2017). On the other hand, a higher stirring rate can create 
higher shear forces within the solution, potentially break-
ing apart or disintegrating the flocs prematurely, reducing 
their effectiveness in capturing COD. Lessoued et al. 2021 
used aluminum electrodes to treat leachate in the electroco-
agulation (EC) process to treat leachate. The process was 
conducted at mixing speeds ranging from 100 to 200 rpm, 
with the most favorable outcome being achieved at 150 rpm, 
resulting in a 90% removal of COD (Lessoued et al. 2021).

The phosphorus and nitrogen removal

Treating phosphorus and nitrogen in landfill leachate is of 
utmost importance before discharge due to the potentially 
harmful environmental impacts. The regulatory agencies 

Fig. 9   The effect of the stirring 
speed on the COD removal 
efficiency, i: 40 mA/cm2, pH: 5, 
0.1 M NaCl
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impose strict discharge limits to prevent eutrophication in 
receiving waters and safeguard both surface water qual-
ity and groundwater resources. Phosphorus and nitrogen 
removal was performed at pH 5 using different current den-
sities. As seen from Figs. 10 and 11, at the first 30 min, the 
phosphorus concentration decreased from 2.72 to less than 
0.5 mg/L at all current densities. The nitrogen concentration 
of 49 mg/L decreased to 5 mg/L after 30 min of electroco-
agulation. These final concentrations not only meet but also 
fall significantly below the stringent environmental regula-
tions in Turkey, ensuring the safe and compliant discharge of 

treated landfill leachate into the environment. This achieve-
ment underscores the effectiveness of the treatment process 
in mitigating potential environmental risks associated with 
these contaminants.

Performance comparison with literature

Comparative analysis in Table 2 reveals that many recent 
studies achieve high removal efficiencies mostly at lower 
initial pollutant loads or by employing complex multi-stage 

Fig. 10   The effect of the cur-
rent density on the phosphorus 
concentration, pH: 5, 80 rpm, 
without NaCl

Fig. 11   The effect of the cur-
rent density on the nitrogen 
concentration, pH: 5, 80 rpm, 
without NaCl
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hybrid systems e.g., (Ogedey & Oguz 2024; Pinedo-Hernán-
dez et al. 2024). In contrast, this study demonstrates that 
optimizing the electrode configuration via a mechanical 
mixer anode allows for the treatment of high-strength lea-
chate (9600 mg/L COD) with 97% efficiency in a single 
stage. This performance surpasses recently reported efficien-
cies for similar loads, such as the 87.3% removal reported 
by Kumar et al. (2025), proving the efficacy of the proposed 
reactor design. Overall, the comparison demonstrates that 
the proposed electrocoagulation system provides competi-
tive or superior treatment performance while maintaining 
operational simplicity.

Geopolymer characterization

XRF analysis

Elemental level contents of geopolymer samples were 
determined by X-ray fluorescence Spectrometer (Panalyti-
cal Zetium) and given in Table 3. The XRF analysis results 
showed that the elemental values did not change meaning-
fully. Despite the addition of waste containing Al to the 
samples, it was observed that the Al content did not change 
significantly.

XRD analysis

XRD analysis indicated that all the samples have an amor-
phous structure with a broad hump between 16° and 40°θ 
which is an indicator of an amorphous silicon-aluminum 
gel phase (Fig. 12) (Xu et al. 2021; Aouan et al. 2023b). It 
was observed that no new crystal phase was formed in the 
structures of the samples, and all samples were composed 
of quartz and mullite. As the percentage of the waste 
increased to 5%, the intensity of mullite peaks increased, 
whereas the intensity of quartz peaks decreased. However, 
the height of the hump slightly decreased with increasing 
waste sludge.

Table 3   XRF analysis results (%)

Element Reference 1% 3% 5%

Si 30.387 28.337 27.557 28.002
Al 13.115 12.789 12.752 13.289
Mg 1.115 1.026 1.012 1.027
Na 6.636 7.318 6.901 7.284
Fe 6.666 6.400 6.374 6.466
K 4.563 4.328 4.405 4.371
Ca 1.254 1.184 1.226 1.153
Ti 1.017 0.984 1.226 0.935

Fig. 12   XRD analysis charts for all samples
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In general, an increase in the waste ratio was observed 
in mullite percentage values. The mullite ratio, which 
was 57.2% in the reference sample, increased to 59.2% 
with the addition of waste material. The peak intensity of 
the aluminum-containing mullite crystal was expected to 
increase due to the aluminum content of the waste added 
to the geopolymer samples.

FTIR analysis

The peaks observed between 1200 and 800 cm−1 are related 
to Si–O-T linkage asymmetric stretching vibrations (T = Si 
or Al) (Fig. 13) (Kuswah et al. 2021). The most substantial 
peak observed between these wavelengths indicates the fin-
gerprint region of geopolymers (Ye et al. 2014; Jamil et al. 
2020). The ring systems in geopolymers appear between 
500 cm−1 and 800 cm−1 (Lecomte et al. 2006).

The prominent broad peaks observed at 1000 cm−1 are 
assigned to the asymmetrical stretching vibration of T–O 
(T=Al, Si), while T–O bending vibrations appeared at 
450 cm−1 observed in all samples (Fernández-Jiménez and 
Palomo 2005; Criado et al. 2012; Yong-Sing et al. 2023). 
The peaks observed at 450 cm−1 are ascribed to in-plane 
Si–O bending vibrations in SiO4 tetrahedra (Lecomte et al. 
2006). The peaks observed approximately at 550 cm−1 are 
attributed to the octahedral aluminum in mullite existing in 
fly ash (Fernández-Jiménez and Palomo 2005; Kuswah et al. 
2021). Two weak peaks indicating the presence of SiO2 in 
the glassy phases were observed at 694 cm−1 and 777 cm−1. 
The indistinct peaks observed at 797 cm−1 are attributed to 
O–Si–O regarding zeolites or geopolymers (Xu et al. 2021).

The bands at 1480 cm−1 and 870 cm−1 in all specimens 
are related to the out-of-plane bending of CO3

2− (Xu et al. 
2021; Liu et al. 2023). The broad peaks observed between 
and 3600 cm−1 are assigned to the O–H bond, and peaks 
seen approximately at 1650 cm−1 are attributed to H–O–H in 

the free water adsorbed on the surface or captured between 
the pores of the geopolymer samples (Aouan et al. 2023a).

It was observed that the peak was sharper in the refer-
ence sample and became more expansive as the amount of 
waste increased. This may indicate that side reactions occur 
due to the amorphous structure of the gel, indicating the 
replacement of Si4+ by Al3+ (Temuujin et al. 1999). The 
percentage of Al that can bind with Si increased with the 
amount of waste, but the shift to lower wavelengths can not 
be evaluated. While it was expected that the wavelength of 
the battery would shift to lower values as aluminum was 
added to the structure, this situation could not be observed 
(Poggetto et al. 2023).

SEM analysis

In the SEM image of the reference sample, it was seen that 
the texture of the sample was grainy (Fig. 14). The needle-
shaped crystals were observed on the surface of the unre-
acted fly ash particle in the image of the sample prepared 
with 1% waste. Quartz and mullite crystal phases were not 
clearly observed in the structures of the samples. This may 
be due to the structure being amorphous and having a low 
degree of crystallinity (Huang and Wang 2021). It was also 
observed that more geopolymeric gel phases in a thin layer 
covered the surface of the unreacted fly ash particle.

ICP‑MS analysis

ICP-MS analysis also shows the increase in Al the geopoly-
mer structure with the increase in the waste ratio, as in the 
XRD diffractogram (Table 4). The release of Al values did 
not exceed the standards determined by the World Health 
Organization (WHO) (World Health Organization 2003). 
ICP analysis results show that aluminum waste is encapsu-
lated inside the geopolymer structure.

Fig.13   FTIR analysis charts for 
all samples

40080012001600200024002800320036004000
cm-1 
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NMR analysis

Figure 15 depicts the 27Al MAS–NMR spectrum for geo-
polymers synthesized with aluminum-containing waste. The 
resonances of aluminum atoms are the same in all geopoly-
mer samples.

In the 27Al MAS-NMR spectrum for geopolymers, AlO6 
(octahedral coordinates) signals are observed at 0–16 ppm, 
while AlO4 (tetrahedral coordinates) are seen at 55–80 ppm 
(Singh et al. 2005). The characteristic signals of geopoly-
mers are Al(IV) or Al(4Si) signals in the reaction products 

that appeared around at 60 ppm, meaning aluminum atoms 
surrounded by four tetrahedral silicons (Criado et al. 2012; 
Peng et  al. 2015; Dong et  al. 2020). The characteristic 
Al(IV) signals observed for all alkali-activated aluminosili-
cates are assigned to aluminum in the mullite phase in fly 
ash (Peng et al. 2015).

The signals observed in the spectrum at 14 ppm and 
65 ppm are attributed to hexa-coordinated and tetra-coordi-
nated Al, respectively. The intensity of the signal of AlO4 
(tetrahedral coordinates) slightly increased and shifted as the 
waste amount increased. The chemical shift of tetrahedral 
Al indicates its incorporation in the Si–O–Al bond of the 
geopolymeric gel phase (Xu et al. 2002).

Conclusion

This study demonstrates the effectiveness of an innovative 
electrocoagulation method for treating landfill leachate while 
promoting sustainable waste management by repurposing 
electrocoagulation sludge in geopolymer production. The 

Fig.14   SEM images of the sam-
ples (×10,000 magnitude)

Table 4   ICP-MS analysis results

Reference 1% 3% 5%

Al concentra-
tion average 
(ppb)

78.197 89.701 104.333 156.323

Al final quan-
tity (ng)

4656 4194 4366 4828
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electrocoagulation process achieved significant pollutant 
removal efficiencies by optimizing key operational param-
eters, highlighting its potential as a viable and environmen-
tally friendly treatment solution.

The experimental results revealed that the electrocoagu-
lation process successfully removed 97% of COD, reduc-
ing its concentration from 9600 to 282 mg/L using pH 5, 
a current density of 40 mA/cm2, a NaCl concentration of 
0.1 M NaCl, and a stirring rate of 60 rpm, ensuring com-
pliance with direct discharge regulations. Additionally, 
significant reductions in nutrient pollutants were observed, 
with phosphorus decreasing from 2.72 to below 0.5 mg/L 
and nitrogen levels dropping from 49 to 5 mg/L, meeting 
stringent environmental discharge standards.

Energy efficiency was also evaluated, revealing that 
increasing current density improved COD removal, and 
raised energy consumption. The study demonstrated that 
using 0.1 M NaCl as a supporting electrolyte reduced energy 
consumption from 59.4 to 30.7 kW h/m3, showcasing the 
potential for cost-effective and sustainable electrocoagula-
tion applications.

In addition to effective pollutant removal, the electroco-
agulation process generated aluminum-rich sludge, which 
was successfully repurposed for geopolymer production. 
The sludge was incorporated into fly ash-based geopol-
ymers at varying ratios (1%, 3%, and 5%) to assess its 
impact on material properties. XRF, XRD, FTIR, SEM, 
ICP-MS, and NMR analyses confirmed that the aluminum-
containing sludge could be effectively integrated into the 

geopolymer matrix, contributing to structural stability 
while maintaining desired mechanical and chemical prop-
erties. The results indicated that mullite content increased 
with waste addition, improving the geopolymer’s durabil-
ity and sustainability. Additionally, the encapsulation of 
aluminum within the geopolymer structure minimized 
potential environmental concerns associated with its dis-
posal, aligning with circular economy principles.

The findings of this study present a dual benefit: (1) a 
highly efficient and cost-effective method for landfill lea-
chate treatment, reducing contamination risks to soil and 
water bodies, and (2) a sustainable approach to waste val-
orization, where electrocoagulation sludge is transformed 
into a valuable material for industrial applications. By 
integrating electrocoagulation with geopolymerization, 
this research provides a practical and scalable solution for 
wastewater treatment and sustainable material production. 
Future research can explore the long-term mechanical per-
formance of geopolymer materials derived from electro-
coagulation sludge and assess the economic feasibility of 
scaling up this integrated treatment approach.
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