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A B S T R A C T   

This study explores repurposing municipal solid waste from the sewage, digestate, and incineration industries as 
landfill-sealing materials, aligning with circular economy principles. The main materials include digested sewage 
sludge (DSS), pretreated digested sewage sludge (PDSS), and digestate sludge (DS), with biomass bottom ash 
(BBA) and Al-anodizing waste (AAW) introduced as additives, complemented by 1.5 wt% water glass to enhance 
the sealing performance. The research evaluates the characteristics of the various treated and sourced sludges 
and additives, assessing their influence on water permeability, reaction products and the environmental con
sequences. Results demonstrate the achievement of low permeability in the sludge-based sealing materials, with 
optimal performance observed in the specimens prepared with DSS and AAW (k value = 3.78 ×10− 12 m/s). 
Thermal Pressure Hydrolysis pre-treatment in sewage plants reduces the organic content in PDSS, resulting in a 
slight increase in permeability. DS-based specimens exhibit higher permeability due to their relatively lower 
organic content in DS. Gypsum is the primary reaction product attributed to leachable sulphate in BBA and AAW. 
Water glass addition in BBA-modified specimens promotes silica gel formation, while AAW effectively reduces 
matrix permeability as an externally added gel-like substance. Additionally, heavy metals (As, Pb and Cr) derived 
from the by-products are effectively immobilized in the sealing materials owning to the coagulation effect of 
organic matter in the sludge and sulphates in the products. Overall, this novel approach to landfill sealing 
materials exhibits promising applications in the Netherlands, offering cost savings and reduced environmental 
impact by recycling industrial by-products.   

1. Introduction 

Sewage sludge is the residual solid waste after sewage treatment in 
wastewater treatment plants (WWTPs). It primarily consists of organic 
and inorganic compounds separated from the liquid influent through 
various treatment processes (i.e. primary and secondary). Additional 
treatments such as anaerobic digestion, aerobic digestion, dewatering 
and drying are often conducted to reduce the sludge volume and stabi
lize its composition [1]. In the past, sewage sludge was mostly applied to 
agricultural soils as fertilizer due to its highly valuable nutrients (N, P 
and K) [2]. However, stricter regulations (EU Sludge Directive 
86/278/EC) have been implemented in EU countries to prevent the 
uptake of pathogens and heavy metals by crops [3], which results in a 
significant shift in sludge disposal practices. In the Netherlands, sewage 
sludge production (dry solid) exceeded 300 thousand tons in 2020, with 
nearly 85% of the sewage sludge being incinerated [4]. While 

incineration significantly reduces volume and breaks down organic 
pollutants, it raises concerns regarding higher emissions of pollutants 
(nitrogen oxides, sulfur dioxide) and ash disposal costs. Consequently, 
finding environmentally friendly and cost-effective approaches for 
sludge treatment and resource utilization has emerged as a crucial sci
entific and technological challenge [5]. 

A landfill cover is a protective barrier placed over a landfill site to 
control landfill gas escape and minimize rainwater infiltration into the 
waste. It typically consists of multiple layers of materials carefully 
engineered to serve various functions (Fig. 1). Currently, compacted clay 
(clay-contained) materials and high-density polyethene (HDPE) geo
membrane are often used as the sealing layer materials in a landfill cover 
system, attributed to their low permeability and high unconfined 
compressive strength [6,7]. However, traditional compacted clay covers 
may experience shrinking or swelling under different humidity condi
tions, leading to cracks and deformations. Therefore, developing new 
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materials for landfill sealing has recently garnered widespread attention 
[8–13]. 

Utilizing sewage sludge to formulate a sealing barrier for landfill 
covers is an effective and ecological recycling strategy that aligns with 
the objectives of the European Green Deal to promote circularity in 
resource management and recovery [15]. Li et al. employed fly ash, lime 
and ferric chloride to dehydrate sludge, and the dewatered sludge was 
fabricated into a landfill covering material with a permeability coeffi
cient from 10− 10 to 10− 7 m⋅s− 1 [16]. Oh and Shin prepared the solid
ified/stabilized dye sludge char with lime, ladle slag and hydroxyapatite 
and revealed the applicability as a landfill cover material through hy
draulic conductivity and micro-structural analysis [17]. Rosli et al. 
proposed recycling sewage sludge and red gypsum as potential materials 
for temporary landfill covers. They found an optimum compressive 
strength of 524 kPa was achieved when the ratio of sewage sludge to red 
gypsum was 1:1 [18]. Kim et al. used converter slag and lime to solidify 
digested sewage sludge, and the solidified sludge exhibited desirable 
geotechnical properties as landfill cover [19]. Liu et al. used industrial 
calcium-containing waste, including slag, desulfurized gypsum and fly 
ash, to modify the municipal dewatered sludge, and the hydraulic con
ductivity of the modified sludge was characterized after six wet-dry 
cycles to ensure its long-term stability during the local rainy season 
[20]. The studies mentioned above have explored the modifications of 
sewage sludge into landfill cover material using various additives. The 
results showed that sewage sludge exhibited promising impermeability, 
and the formation of calcium silicate hydrate (C-S-H: CaO⋅SiO2⋅nH2O) 
played an important role in the binding and stabilization of the sludge 
[17–20]. However, most research has focused on various modifications 
of sewage sludge, disregarding the impact of sludge properties on seal
ing performance. Given the increasing need to recycle sludge from 
diverse industrial processes and wastewater treatment systems, it is 
crucial to investigate the application of different sludge qualities. 
Notably, the physicochemical properties of sewage sludge are influ
enced by the treatment process and the effluent source, which is further 
influenced by regional technological developments and management 
practices associated with the sludge. In the Netherlands, the main types 
of sewage sludge generated include normally digested sewage sludge 
(DSS), digested sewage sludge pretreated (PDSS) with a Thermal Pres
sure Hydrolysis (TPH) process to enhance biogas production and dew
aterability [21,22], and digestate sludge (DS) derived from the organic 
municipal waste. This research aims to contribute to the energy-efficient 
disposal of various sludges while providing fundamental theoretical 
support for regulating their applications. 

In sealing materials, achieving low permeability is crucial as it 
effectively restricts the flow of liquids or gases through the materials. 
Current strategies for enhanced sealing performance primarily focus on 
optimizing the physical compaction of the matrix and utilizing chemical 
reaction products to fill the voids [23]. Wísniewska and Stępniewski 
proposed using quick lime and water glass to effectively reduce the 
permeability of waste rock from coal mining [24]. The C-S-H gel forms 
in the void space, reducing porosity and binding the grains. However, to 
minimize the reliance on lime as an additive and explore more sus
tainable alternatives, the present study adopts a lime-containing 

industrial by-product, namely biomass bottom ash, derived from the 
biomass grate furnace. This approach minimizes environmental impact 
while still achieving the desired sealing performance. 

While there has been extensive research on the in-situ generation of 
C-S-H gel in sludge-based sealing materials, the impact of externally 
added gel (amorphous) materials is often overlooked due to the asso
ciated increase in cost. However, a viable alternative approach is to 
explore the utilization of industrial solid waste materials that possess 
similar properties, thereby alleviating cost concerns. One such material 
is Al-anodizing waste (AAW), a by-product generated during aluminium 
anodizing. AAW predominantly comprises various Al(OH)3 polymorphs, 
with approximately 80% of its structure being amorphous [25]. It is 
noteworthy that EU countries produce an estimated annual quantity of 
100,000 metric tonnes of AAW [26]. In this study, we proposed the 
application of AAW in sludge-based sealing materials, aiming to harness 
its unique characteristics, such as its amorphous structure and ultra-fine 
particle size. 

To the best of our knowledge, few studies have explored the impact 
of BBA and AAW in preparing sludge-based sealing materials. Therefore, 
this investigation aims to establish an effective system for recycling and 
reusing the above industrial waste by focusing on the sealing perfor
mance of various sludge-based materials, the influence of BBA on gel 
formation, and the feasibility of utilizing AAW as an external gel to 
enhance sealing performance. Industrial by-products from local plants in 
the Netherlands are characterized and used to develop environmentally 
friendly sealing materials that could be used in a final landfill cover 
system. Comprehensive laboratory-scale analyses are conducted to 
assess geotechnical properties, reaction processes, microstructure, water 
permeability and leaching behavior. The findings in this research con
tributes to sustainable waste management and resource utilization. 

2. Materials and experiments 

2.1. Materials 

The present work assesses the feasibility of using three types of 
sludge as sealing materials for landfill covers. The sludge types include 
Digested sewage sludge (DSS) and Pretreated digested sewage sludge 
(PDSS) obtained from Waste Water Treatment Plants (WWTPs) 
(Deventer, Netherlands), where the activated sludge with biological 
chemical phosphate and nitrogen removal process is applied for the 
digestion. The PDSS undergoes a Thermal pressure hydrolysis (TPH) 
process (8 bar, 150 ~ 160 ◦C) prior to digestion. The third type of 
sludge, Digestate sludge (DS), originates from the Municipal Solid Waste 
Plant (MSWP) (Omrin, Netherlands). 

Biomass bottom ash (BBA) and Al-anodizing waste (AAW) were 
utilized as additives in the mixture. The BBA was sourced from a local 
grate furnace, in which waste wood was incinerated for biomass fuel and 
the fly ash was removed in a cyclone. The AAW was obtained from a 
local WWTP that collects wastewater from the aluminum anodizing 
process in the alumina industry. The water glass powder with a 
composition of 20.1 wt% Na2O and 62.7 wt% SiO2 was employed, 
which has been reported to enhance reactive [SiO2] content for gel 
formation and reduce the permeability [27]. Additionally, a mixture of 
30 wt% blasting grit and 70 wt% normal sand was used as aggregate, 
both of which are considered inert, and their characterization tests are 
not included in this study. 

2.2. Sample preparation 

According to the Dutch legislation for the solid waste used in the soil 
layer, the proportion of the residue-based sealing layer is regulated to 
46 wt% sludge, 9 wt% ash/filter, and 45 wt% sand fraction. The group 
labelled DSS-B denotes specimens prepared with DSS and BBA, while 
DSS-A represents specimens prepared with DSS and AAW. Additionally, 
all mixes are supplemented with 1.5 wt% water glass, based on previous 

Fig. 1. Schematic of the layer structure in a final landfill cover system. 
(modified from [14]). 
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literature recommendations for its use in sealing materials within the 
range of 1–5 wt% [28]. The samples were externally prepared by 
Ingenieurbüro Kügler in Essen, Germany. 

Based on the results of the optimal moisture content tests for each 
mixture (see details in Section 3.2), the grain and sludge materials were 
dried accordingly to ensure that each mix reached the optimum mois
ture content before molding. Subsequently, they were well dispersed in a 
laboratory mixer. BBA/AAW and water glass were gradually added 
while stirring to ensure uniform homogenization. Next, all the materials 
were cast into a cylinder mold (D = 95 mm, h = 50 mm) and compacted 
according to DIN 18127. The compacted blends (Fig. 2) were sealed in 
plastic bags for 70 days of curing at an ambient temperature. 

2.3. Methodology 

The flowchart of the process is presented in Fig. 2. 

2.3.1. Characterization of raw materials 
Raw materials were dried at 105 ◦C until a stable mass to determine 

their moisture content. A high-temperature furnace measured the 
weight loss between 105 and 1000 ◦C. The specific density of the dried 
materials was tested by using He-pycnometer (Accupyc II 1340 
Micromeritics). 

The particle size distribution of the raw materials was measured 
using a laser light scattering technique in isopropanol (Malvern Mas
tersizer 2000). To prevent agglomeration of sludge and AAW after 
drying, the test was conducted using wet raw materials, and 10 min of 
ultrasonic dispersion was performed beforehand. Due to relatively large 
particles in the BBA, sieve towers with 0.125, 0.25, 0.5, 1.0, 2.0, and 
4.0 mm were employed to determine the particle size distribution. 

The chemical compositions of raw materials was determined using X- 
ray fluorescence spectrometry (XRF) (PANalytical Epsilon 3). The borate 
fusion method was employed for the preparation of fused beads. The 
phase composition of raw materials was characterized by X-ray 
diffraction (XRD), Thermogravimetry (TG), and Fourier transform 
infrared spectroscopy (FT-IR). The XRD test was conducted by using a 
Bruker D4 phaser, with a step size of 0.02◦ and a 2θ range from 10◦ to 
60◦ (Co-Kα, 40 kV, 30 mA). The TG test was carried out using a STA 449 
F1 instrument for all materials at a heating rate of 10 K/min under the 
N2 atmosphere. FT-IR spectroscopy was conducted by using Varian 3100 
instrument to identify the bonding in the mineral phases with the 
wavenumber range of 4000–400 cm− 1. 

The leaching behaviour of the raw materials was investigated 
following the one-batch leaching test (EN 12347–2). Raw materials 
smaller than 4 mm were mixed with distilled water in polyethene bottles 
at a liquid-to-solid (L/S) ratio of 10. The bottles were then sealed and 
placed horizontally on a linear reciprocating shaking device (Stuart 

SSL2) for 24 h, with a constant shaking rate of 250 rpm and an ampli
tude of 20 mm. Afterwards, the solids were filtered out, and the pH of 
the leachate was measured. The leachate was subsequently analyzed 
using ion chromatography (Dionex 1100) equipped with an ion- 
exchange column AS9-HS and inductively coupled plasma optical 
emission spectroscopy (ICP-OES Spectral Blue). 

2.3.2. Characterization of the blends 
The optimal water content of each mixture was determined accord

ing to the DIN 18127:2012–09 standard. The sludge materials were pre- 
dried at 40 ◦C for varying durations to adjust the water content of the 
initial material. Subsequently, all the raw materials were mixed and 
compacted. The cylindrical mould was filled with 3 kg of mixed samples, 
and each sample was prepared with three layers, each layer receiving 25 
blows. 

Permeability tests were conducted externally by Ingenieurbüro 
Kügler in Essen, Germany, following DIN18130 Part 1. The cylinder 
specimens, which had undergone 70 days of curing, were used for the 
permeability tests. These specimens were placed in a pressure cell with 
side pressure. The test duration was set at 75 days to ensure the stability 
of the permeability test results. 

Phase assemblage characterization was conducted to identify the 
potential reaction products in all mixes. After 70 days of curing, the 
cylinder specimens were gently crushed and dried in a vacuum oven at 
60 ºC until constant weight. The dry samples were then sieved through a 
63 µm sieve to remove the coarse aggregate and concentrate the reaction 
products for better analysis (Fig. 2). The fraction (< 63 µm) is a uniform 
grey powder. XRD, TG and FT-IR analysis of the finer fraction (< 63 µm) 
from each mixture was conducted as earlier mentioned. N2 sorption 
analysis of the finer fraction (< 63 µm) was performed by using 
Micrometrics. The gel pore size distribution was calculated from the 
adsorption branch by the Barrett - Joyner - Hallenda method [29]. 

The micromorphology of the finer fraction (< 63 µm) were observed 
using Scanning Electron Microscope (SEM) and the chemical composi
tions of reaction products were analyzed with EDX (15KV) detector 
(Phenom Pro). The finer fraction (< 63 µm) was dried at 40 ◦C for 24 h 
and then coated with Au using a Quorum 150TS plus sputter coater. 

The pore solution of each cylinder specimen after 70 days of curing 
was collected through pore solution expression, in which mechanical 
pressure was used to force the pore solution from the material. The pH of 
each pore solution was measured by a pH meter three times. 

One-batch leaching tests were conducted on all specimens to eval
uate heavy metal leaching. The testing and analysis procedures are 
detailed in Section 2.3.1. 

Fig. 2. Flowchart of the process for studying the sludge-based sealing materials.  
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3. Results and discussion 

3.1. Physical and chemical properties of raw materials 

The chemical compositions, moisture content and loss on ignition 
(LOI) of the raw materials are shown in Table 1. The sludge has a high 
moisture content and contains relatively high levels of iron sourced from 
the wastewater and the iron-based coagulants used during sewage 
treatment in the plants. The particle size distribution of all raw materials 
is shown in Fig. 3. DSS and PDSS exhibit a similar particle size distri
bution with a d50 of approximately 20 µm, indicating little influence on 
the particle size due to the TPH process. DS shows a larger particle size of 
around 30 µm, attributed to the lower soil content in the organic waste. 
BBA has an average particle size of 90 µm, while AAW has the smallest 
average particle size of around 11 µm. 

The mineral composition of each raw material is characterized in  
Fig. 4. In the sludges, the presence of quartz (SiO2 PDF#83–2465) and 
calcite (CaCO3 PDF#72–1937) is observed, along with other minerals 
such as vivianite (Fe3(PO4)2⋅(H2O)8 PDF#75–1186) in DSS and 
chabazite-Na (Na15.2Al15.2Si32.8O96 PDF#83–1295) in PDSS. The broad 
diffused peaks between 20 and 30 (◦ 2θ) indicate a high organic content 
in the sludge. BBA consists of anhydrite (CaSO4 PDF#72–0916), lime 
(CaO PDF#77–2010), calcite and quartz. AAW primarily contains 
boehmite (AlO(OH) PDF#49–0133), thenardite (Na2SO4 
PDF#05–0631) and bayerite (Al(OH)3 PDF#01–0287). The broad peaks 
of boehmite in AAW confirm its low crystallinity. 

To further validate the findings from the XRD analysis, the FT-IR 
spectrum of each raw material is obtained and presented in Fig. 5. In 
the sludges, broad bands centred around 3245 cm− 1 and 1630 cm− 1 

correspond to the stretching and bending vibrations of H-OH bonds 
[30]. The adsorption peaks at 2918 cm− 1 and 2851 cm− 1 can be 
attributed to the symmetric and asymmetric stretching bands of CH2 
[31], confirming the presence of organic content in the sludge materials. 
The adsorption peaks around 1416 cm− 1 and 872 cm− 1 represent the 
vibration of ν3 [CO3

2-] and ν2 [CO3
2-] in calcite, respectively [32]. The 

strong band around 1013 cm− 1 may be due to the C-O stretching vi
bration from cellulose [31,33], but it is worth noting that the stretching 
vibration of the Si-O-Si bond in quartz or other silicates also absorbs this 
region [34]. In BBA, in addition to the adsorptions as mentioned above, 
the adsorption bands at around 1096 cm− 1 and 648 cm− 1 are attributed 
to the vibration of ν3 [SO4

2-] and ν4 [SO4
2-] from anhydrite [35]. 

Furthermore, strong adsorption around 3646 cm− 1 is assigned to the 
vibration of hydroxyl groups, confirming the presence of lime in BBA 
[36]. AAW exhibits prominent adsorptions around 474 cm− 1, attributed 
to the [AlO6] vibrations in boehmite [37]. 

Thermal analysis is performed to assess the volatile components in 

the raw materials, and the results are presented in Fig. 6. In the case of 
the sludges, the primary mass loss occurs between 250 and 500 ◦C, 
which is attributed to the decomposition of the organic compounds such 
as hemicellulose, cellulose, and the lignin present in the sludge [38]. 
Comparing DSS to PDSS, the pre-treatment of TPH leads to a slight 
decrease in organic content as high thermal pre-treatment may promote 
the transformation of organic content in PDSS from the particulate to the 
soluble fraction [39], whilst a significant reduction of organic com
pounds is observed in DS. The mass loss observed around 750 ◦C is 
associated with the decarbonation of calcite [40], which is also found in 
BBA. Regarding AAW, the initial mass loss occurs at around 105 ◦C, 
indicating moisture removal [41]. The subsequent mass loss between 
250 and 400 ◦C is attributed to the dihydroxylation of interlayer OH in 
boehmite and bayerite [42]. 

3.2. Compaction behavior of the fresh blends 

Compaction tests are conducted on each fresh blend to ensure the 
sealing materials achieve minimal void spaces after proper compaction, 
reducing the potential for leachate migration. The dry density vs. 
moisture content curves are presented in Fig. 7. The maximum dry 
density (γd max) of the fresh DS-B, PDSS-B, and DSS-B blends is 1.12 g/ 
cm3, 1.07 g/cm3 and 0.95 g/cm3, respectively. The corresponding op
timum water content is 41.5 wt%, 44.4 wt%, and 56.4 wt%. The higher 
optimal water content in the DSS-B group indicates increased plasticity 
of the matrix prepared with DSS. This higher plasticity of the DSS-based 
matrix may be partially attributed to the higher organic content, as 
inferred by the TG results in Fig. 6, which can act as binding agents that 
enhance water retention [43]. On the other hand, using AAW in the 
sealing materials achieves a higher dry density than BBA. This 
enhancement can be associated with the finer particle size of AAW, 
which promotes better dispersion within the matrix. 

Compacted blends were then prepared according to the optimal 
water content for each group of mixtures to ensure efficient compaction 
and achieve the lowest possible permeability. The following measure
ments are conducted with the compacted blends after 70 days of curing. 
The actual moisture content in the specimens after curing is listed in  
Table 2. Interestingly, the actual moisture content is lower than the 
optimal water because some water may evaporate during the mixing 
process and curing period. Besides, free water could be bounded into the 
newly formed minerals and gels during curing. Therefore, in addition to 
the geotechnical properties, reaction products also influence the 
microstructure of the sealing materials, as elaborated in more detail 
later. 

Table 1 
Chemical compositions of raw materials determined by XRF (wt%).   

DSS PDSS DS BBA AAW 

Na2O 0.1 0.1 0.1 0.2 4.2 
MgO 0.9 0.5 1.1 1.6 - 
Al2O3 0.7 1.3 2.4 2.5 55.2 
SiO2 2.6 2.0 11.2 20.8 0.8 
P2O5 4.5 6.6 1.7 1.4 0.2 
SO3 1.9 2.3 2.9 5.8 11.8 
K2O 0.5 0.4 1.6 4.8 - 
CaO 4.9 6.7 15.9 34.5 1.0 
TiO2 0.4 0.4 0.7 8.5 - 
MnO 0.2 / 0.1 0.7 - 
Fe2O3 18.1 16.4 13.8 7.2 0.6 
ZnO 0.5 0.6 0.2 1.7 - 
Cl 0.1 0.2 0.6 1.6 - 
Others 0.4 0.5 0.2 1.6 2.4 
Total LOI 64.2 62.0 47.5 7.1 23.8 
Density (g/cm3) 1.69 1.64 1.78 2.87 2.54 

Moisture content and LOI are given in wt% (weight percentage). 
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Fig. 3. Particle size distribution of each raw material.  
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3.3. Water permeability of the cured blends 

Fig. 8 presents the permeability results of the cured samples, along 
with the limitation value indicated by the red line. The long-term 
impermeability requirement for a mineral sealing layer composed of 
landfill residues in the Netherlands is less than 20 mm/year, considering 
a layer thickness of 60 cm [44]. This legal requirement corresponds to a 
maximum k-value of 4.34 × 10− 10 m/s for the sealing materials we 
designed. Overall, the k-values of the DSS and PDSS-based specimens 
satisfactorily meet the legislative requirements, while the DS-based 
specimens exhibit permeability slightly above the critical value. 
Therefore, the prepared DSS and PDSS-based sealing materials show 
promise for landfill applications in terms of impermeability. It is note
worthy that the lowest achieved permeability, approximately 
3.78 × 10− 12 m/s in DSS-A, falls below the majority of reported 
permeability values for sludge-modified sealing materials, which typi
cally ranged from 1.0 × 10− 4 - 1.2 × 10− 11 m/s [9,45,46]. 

Regarding the effect of different sludge types, the permeability re
sults are in agreement with the compaction curves presented in Fig. 7. 
With higher plasticity, the DSS-based blends effectively reduce the void 
spaces within the matrix after the compaction. Furthermore, the AAW- 
modified specimens exhibit lower permeability compared to the BBA- 
modified specimens. This improvement could be attributed to the finer 
particle size of AAW, which refines the pore size distribution of the 
matrix more effectively than BBA, confirming the positive effect of AAW 

as external gel products on permeability. Their potential contribution of 
the reaction products to the sealing materials will be further elucidated 
in the subsequent sections. 

3.4. Reaction products characterization 

3.4.1. Crystalline phases 
The analysis of the reaction product composition focuses on the finer 

fraction below 63 µm of each sample, as it is expected to contain the 
highest amount of reaction products, while the larger fractions largely 
consist of inert aggregate. Fig. 9 (a) shows the XRD patterns of the 
sample prepared with different sludges and additives. Similar curves are 
observed, indicating that the different sludge and additives types have 
no significant influence on the formation of crystalline phases. The main 
crystalline phases identified include anhydrite (CaSO4: PDF#72–0916), 
calcite (CaCO3:PDF#72–1937), gypsum (CaSO4•2 H2O: 
PDF#33–0311), sodium chloride (NaCl: PDF#70–2509) and quartz 
(SiO2: PDF#83–2465). Additionally, some other minerals, such as Viv
ianite (Fe3(PO4)2⋅(H2O)8: PDF#75–1186) and Chabazite-Na 
(Na15.2Al15.2Si32.8O96: PDF#83–1295), originate from the raw mate
rials DSS and PDSS, respectively. 

Meanwhile, the formation of the gypsum in the mixture is confirmed 
through the FT-IR spectrums in Fig. 9 (b). The band adsorptions at 
around 3536 cm− 1, 3392 cm− 1 and 1675 cm− 1 are assigned to the 
stretching vibration peaks of the hydroxyl group, while the peaks at 

Fig. 4. XRD patterns of the raw materials. (A - boehmite: AlO(OH), B - bayerite: Al(OH)3, C - calcite: CaCO3, H - sodium chloride: NaCl, I - chabazite: 
Na15.2Al15.2Si32.8O96, L - lime: CaO, Q - quartz: SiO2, S - anhydrite: CaSO4, T - thenardite: Na2SO4, V - vivianite: Fe3(PO4)2•8 H2O). 
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1614 cm− 1 and 1118 cm− 1 are attributed to the stretching vibration of 
S-O and S––O, respectively [47]. The peaks at 667 cm− 1 and 599 cm− 1 

represent the stretching and bending vibration of sulfate [48]. The C-O 
stretching and bending vibrations around 1425 cm− 1 and 865 cm− 1 are 
identified due to the presence of the calcite. A slight difference in the 

adsorption peak of 1022 cm− 1 is observed among all FT-IR spectrums. It 
is noteworthy that both C-O stretching vibration from the cellulose 
structure (organic content in sludge) and Si(Al-O) vibrations from sili
cates/aluminates (e.g. quartz, silica gel, calcium silicate hydrate gel) can 
contribute to this band [49,50]. Further details about the formation of 
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Fig. 6. TG and DTG curves of the raw materials (Left: sludges, Right: additives).  
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gels are illustrated in Section 3.4.2. 
TGA tests were performed on all samples to evaluate the formed 

gypsum amount, and the results are presented in Fig. 9 (c-e). The TG 
curves show two major mass losses around 110 - 180 ◦C and 600 - 
800 ◦C, which could be attributed to the dehydration of gypsum and the 
decarbonation of the calcite [40,51]. Each mass loss is then calculated 
based on the tangential method [52], and the results are labelled in the 
figures. Interestingly, the AAW-modified specimens show a higher for
mation of gypsum than the BBA-modified specimens. This could be 
explained by the presence of thenardite in AAW, which contributes to a 
higher sulphate leaching than anhydrite in BBA (see details in Section 
3.5). Besides, a slight mass loss peak around 85–105 ◦C is observed in 

the DTG curves of all specimens, which is associated with the dehy
dration of the gel products. The AAW-modified specimens exhibit a 
higher mass loss than the BBA-modified specimens for this peak, which 
could be accounted for by the bound water in AAW, as depicted in Fig. 6. 

In conclusion, gypsum and gel products are the main new phases 
detected in the established sealing materials. As indicated by the TG- 
DTG curves in BBA-modified and AAW-modified specimens, the gyp
sum content is related to the leachable sulfate content in each mix, and 
the low bound water content indicates the relatively low formation of 
gel content. Meanwhile, the transformation of free water into bound 
water explains the described reduction in moisture content of the matrix 
presented in Table 2. 

3.4.2. Amorphous phases 
N2 adsorption (BET) of the finer fraction (below 63 µm) from each 

mix, alongside the raw BBA and AAW, was performed to examine the 
formation of gel products further, as presented in Fig. 10. In terms of 
pore size, gel pores (less than 10 nm) and capillary pores (10 ~ 100 nm) 
are the two main classes of pores [53]. For the raw materials, two 
maxima around 3 nm and 7 nm are observed in the raw AAW, whereas 
no gel pores are observed in the raw BBA. The main component of AAW 
is colloidal boehmite with very low crystallinity (see Fig. 4). It has been 
reported that the porosity of colloidal boehmite is ultimately correlated 
with its crystallite size [41]. Hence, colloidal boehmite is likely present 
in two different particle sizes in the raw materials AAW. 

Regarding the cured blends, the AAW-modified specimens exhibit a 
higher total pore volume than the BBA-modified specimens, likely due to 
the presence of higher gel pores in raw AAW. Nevertheless, one of the 
maxima at around 3 nm disappears in the AAW-modified specimens, 
indicating the potential reaction of colloidal boehmite or the crystalli
zation of colloidal boehmite over time. On the other hand, the BBA- 
modified specimens show relatively lower gel pore volumes, consis
tent with the TG results, suggesting the lower formation of gel products. 
It is important to note that while gel pores increase the total porosity of 
the matrix, they do not increase the permeability [53]. Instead, an 
abundance of gel pores in the matrix indicates higher gel contents that 
can fill the larger porosity and reduce permeability [54]. Therefore, the 
lower permeability of AAW-modified specimens could be attributed to 
the increased gels sourced from AAW, while BBA-modified specimens 
exhibit less gel formation. 

The effects of BBA and AAW on the gel composition of the specimens 
were further investigated. The finer fraction (below 63 µm) from DSS-B 
and DSS-A was subjected to SEM analysis with backscattered electron 
imaging, and the elemental composition was studied using EDX map
ping. Fig. 11 displays the observed particles, including organic fibers, 
gypsum, and quartz. Analyzing the mapping results of DSS-B specimens 
in Fig. 11 (a), it is evident that the distribution of Ca element is primarily 
influenced by the presence of gypsum. Interestingly, despite the ex
pected formation of C-S-H gel resulting from the reaction between lime 
(from BBA) and water glass [55], there is no observed correlation be
tween elemental Ca and Si in the mapping results. This lack of correla
tion may be attributed to interference from the composition of gypsum 
and quartz or suggest that the resulting C-S-H gel has decomposed due to 
the low alkalinity of the environment. Table 3 presents the pH value of 
the pore solution obtained by compressing the cured specimens, indi
cating that the C-S-H gel is not stable in such an environment, as the pH 
value is close to neutrality [56]. This instability is likely due to the low 
dosage of lime-containing BBA used, which might not have provided 
sufficient alkalinity to stabilize the C-S-H gel. The reduced gel pore 
volume in the BBA-modified specimens further supports this observa
tion. It should be noted that over time, the C-S-H gel may undergo 
decomposition through carbonation, leading to increased permeability 
of the matrix [57]. Based on the hydrolysis properties of waterglass in a 
neutral environment, the main product of the reaction appears to be 
silica gel, which exhibits resistance to carbonation [58]. Consequently, 
it can be inferred that silica gel serves as the primary gel product in 
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Fig. 7. Compaction curves for each mix (γdmax - Maximum dry density, wopt - 
Optimal water content). 

Table 2 
The actual moisture content in specimens after 70 days of curing.  

Group ID DSS-B DSS-A PDSS-B PDSS-A DS-B DS-A 

Actual 
moisture % 

36.4 
( ± 1.5) 

41.8 
( ± 0.8) 

34.1 
( ± 1.2) 

36.8 
( ± 2.0) 

30.6 
( ± 1.1) 

34.9 
( ± 0.7)  
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Fig. 8. The permeability test of the sludge-based landfill cover samples within 
70 d. The red line represents the impermeability requirement in the 
Netherlands. 
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BBA-modified specimens and offers advantages in terms of stability. 
According to N2 adsorption behaviour, the gel pores observed in 

AAW-modified specimens are related to colloidal boehmite in AAW. 
Consequently, three particles with high Al content in the mapping re
sults in Figure 11 (b) were selected for further spot analysis. Ten spots 
were tested for each particle, detecting elements including Na, Si, Mg, 
Ca and S. The average mass proportion of these elements is calculated 
and presented in Table 4. When compared with the XRF bulk composi
tions of the raw AAW, the three particles exhibit a decrease in Al2O3 

content. The SO3 content in these particles also varies due to the high 
mobility and leaching of sulphate (Na2SO4) from AAW. However, a 
portion of the leached sulphate is partially redeposited as the precipi
tation of anhydrite/gypsum, as confirmed by the increased CaO content 
within the three particles. Overall, the relatively low CaO, Na2O and 
MgO contents indicate the absence of C/N-(A)-S-H gel or M-S-H gel 
formation. The relatively high SiO2 content is likely originating from the 
dissolved water glass, also evidencing the formation silica gel. In 
conclusion, the main gel products in the AAW-modified specimens are 

Fig. 9. (a) XRD patterns, (b) FT-IR spectrum and (c-e) TG-DTG curves of the finer fraction (below 63 µm) from each mix.  
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the original colloidal boehmite and the formed silica gel, and the nature 
of the bonding between them remains unclear. 

3.5. Environmental impact 

In principle, landfills are designed with leachate collection systems 
to minimize the impact of the landfills on the environment and sur
rounding communities. In a practical application in the Netherlands, a 
2 mm HDPE layer will be installed on the top of the sealing layer. The 
purpose of this HDPE layer is to prevent rainwater infiltration (see 
Fig. 1) and to separate the vegetation layer from the sealing layer. This 
also allows for the utilization of industrial by-products as sealing ma
terial. In this work, the leaching behavior of both the raw materials and 
the prepared sealing materials was tested to mitigate its environmental 
impact in the event of unanticipated damage to the HDPE layer during 
installation or after prolonged use. 

3.5.1. Leaching behavior of raw materials 
The chemical compositions of the leachates obtained from the raw 

materials, in comparison with the respective limit values for disposal in 
landfills, is presented in Table 5. The leachable elements in the sludge 
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Fig. 10. N2 adsorption behaviour of the finer fraction (below 63 µm) from each group and raw materials BBA and AAW: left - Cumulative pore volume, right - Pore 
size distribution. 

Fig. 11. EDS mapping of (a): DSS-B and (b): DSS-A, including BSE image. 
(Three particles rich in Al element are marked 1, 2, and 3, further analyzed with 
EDX spot analysis.). 

Table 3 
pH measurement of the pore solutions of all cured specimens.  

Group DSS-B DSS-A PDSS-B PDSS-A DS-B DS-A 

pH 8.2 
± 0.2 

8.2 
± 0.1 

8.2 
± 0.2 

7.8 
± 0.3 

8.3 
± 0.1 

8.2 
± 0.1 

Note: After 70 days of curing, the pore solution of each specimen is obtained by 
compression. pH of the pore solution is then measured using a pH meter. 

Table 4 
The element composition of three Al-rich particles from the DSS-A sample in 
Fig. 11 and the raw material AAW from XRF analysis.  

Mass proportion % Particle 1 Particle 2 Particle 3 AAW 

Al2O3 61.0 ± 2.9 66.9 ± 2.3 66.9 ± 1.4 75.6 
SiO2 19.2 ± 1.6 17.1 ± 1.4 17.1 ± 2.3 1.1 
Na2O 5.7 ± 2.0 4.0 ± 0.9 4.1 ± 0.6 5.8 
SO3 7.6 ± 1.7 5.9 ± 1.7 5.0 ± 0.5 16.2 
CaO 3.8 ± 1.0 3.7 ± 1.9 2.8 ± 0.4 1.4 
MgO 2.6 ± 0.2 2.5 ± 0.2 4.1 ± 1.2 - 

Note: “ - ” means no Mg element in raw AAW. Ten spots for each particle are 
collected, and the average values are calculated. 
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materials include the heavy metals As, Ni, Pb, Zn, Cu, Mo and Fe, as well 
as the alkali metals Na, K, Ca and Mg. The BBA exhibits high leaching 
levels of sulfate and Ca due to the anhydrite and lime. Heavy metals such 
as Pb, Zn and Cr are also observed in the leachate of BBA. As for the 

AAW, the leachate comprises the sulphate and Na due to the Na2SO4. 
Overall, the leaching level of As in the DSS, Pb and Cr in the BBA, and 
sulfate in the AAW exceed landfill disposal limits for non-hazardous 
materials. Consequently, further leaching tests of the cured specimens 
focus on the above heavy metal ions and sulfate anions. 

3.5.2. Leaching of the cured blends 
Fig. 12 presents a summary of the leachable content of sulphate, As, 

Cr and Pb from the cured specimens, determined through one-batch 
leaching analyses. The immobilization rate of each element is 
expressed by: 

γ =
∑

MC × mi × Li  

α = (1 −
MC×LC

γ
) × 100% 

Where γ represents the theoretical maximum leachable content in 
each cured specimen (mg), MC is the mass of the cured specimen (kg), mi 
is the mass proportion of component i (i.e., sludge or additives) (%), Li 
denotes the leachable elements in component i (mg/kg), LC refers to the 
leachable elements in the cured specimen (mg/kg), α represents the 
immobilization rate of the element in the cured specimens (%). 

It is essential to note that the one-batch leaching test employs a L/S 
ratio of 10, with crushed solid particles below 4 mm in size. This 
approach enables the measurement of potentially leachable ions and 
eliminates the need for simulating the process of a compacted seal being 
flushed through rainwater to obtain the filtrate. Overall, all cured blends 
exhibit desirable leaching levels for sulphate (< 20000 mg/kg), As 
(<2 mg/kg), Cr (<1 mg/kg) and Pb (< 10 mg/kg), indicating the 
absence of heavy metal pollution concerns in the prepared sealing 

Table 5 
The leaching of all materials obtained via a one-batch leaching test in compar
ison with disposal limits for non-hazardous materials (mg/kg dry materials, UDL 
for under detection limits).  

Raw material DSS PDSS DS BBA AAW Disposal Limits 

Chloride 830 660 860 4590 3490 15000 
Sulfate 2120 2730 380 19270 69910 20000 
As 2.65 1.55 0.51 UDL 0.04 2 
Ni 3.85 3 0.58 UDL UDL 10 
Pb 4.25 3.3 UDL 304.4 0.12 10 
Zn 1.75 1.45 0.40 28.95 0.01 50 
Ba 0.15 0.15 0.07 1.76 0.05 100 
Cr 0.2 0.1 0.05 25.39 0.79 1 
Cu 1.2 1.65 UDL 0.16 0.05 10 
Mo 1.7 2.5 0.19 3.28 0.17 50 
Sb 0.2 0.25 UDL UDL 0.04 10 
B 3.1 5 2.38 2.85 45250 - 
Fe 38.4 52.2 2.19 UDL UDL - 
Mg 486.8 196.1 114 0.03 13.28 - 
Mn 0.7 0.35 0.12 UDL 0.04 - 
Sr 1.95 1.45 1.62 40.46 0.73 - 
Nitrate 7.9 18 UDL UDL UDL - 
Phosphate 100 100 UDL UDL UDL - 
NH4

+ 1550 980 1900 UDL UDL - 
Na+ 960 830 720 2480 41280 - 
K+ 540 310 540 6070 24 - 
Ca2+ 460 390 330 6120 133 - 
Al3+ 5 8.1 0.20 0.08 0.46 - 
pH 8.14 8.07 8.31 12.93 8.39 -  
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Fig. 12. Leaching content of the sulphate, As, Cr, and Pb from the cured specimens (mg/kg dried materials).  
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materials. The relatively higher sulphate leaching in all blends is pri
marily attributed to the solubility of gypsum (~2 g/L, 25 ◦C), as 
confirmed by the XRD patterns shown in Fig. 9. It also explains the 
observed regressive sulphate immobilization rates in the cured 
specimens. 

The leaching of As, mainly originating from the sludge DSS and 
PDSS, is observed in the DSS-based and PDSS-based specimens. Incor
porating AAW, in comparison to BBA, reduces the leached As content. 
This enhanced immobilization rate of As is likely attributed to higher 
leached sulphate from AAW. As ferrous sulfate and aluminum sulfate are 
commonly used coagulation agents to remove As [59], a similar effect 
may be achieved because of the sufficient iron and sulfate content in the 
sealing materials. In the case of Cr leaching, it is only observed in the 
BBA-modified specimens, as Cr primarily originates from the raw BBA. 
According to the study on Cr leaching behavior in soil by Weng et al. 
[60], the lower leaching content of Cr in DSS-based specimens is asso
ciated with the higher organic content in the DSS (Fig. 9). Pb leaching is 
mainly from DSS and BBA, resulting in the highest Pb leaching from 
DSS-B. However, most cured specimens show a desirable immobilization 
rate of Pb. Leachable Pb is often stabilized as the silicate species, as 
reported by [61]. Thus, the 1.5 wt% water glass is sufficient for the 
precipitation of PbSiO3. Notably, some previous studies have reported 
the effect of organic content on absorbing the Pb [62,63]. In summary, 
the high immobilization of heavy metal ensures no soil pollution occurs 
in the landfill cover system. 

3.6. Benefits and limits discussion 

The installation of a landfill cover system is crucial for landfill 
closure. As depicted in Fig. 13, the Netherlands has a significant number 
of operational landfills [64]. When these landfills approach full capacity 
in the future, a substantial amount of sealing material will be required 
for their closure. By utilizing sludge from WWTPs, raw material costs 
can be reduced, and the ecological impact of clay excavation can be 
eliminated. This approach also enables the sustainable recycling of in
dustrial by-products, making it a more environmentally friendly alter
native to using excavated clay. In the Netherlands, the annual 
production of DSS, PDSS and DS from WWTPs and MSWPs is 1400, 20, 
and 50 metric tons, respectively. These solid waste resources offer a 
sufficient and economical supply of sealing materials for landfill closure 

without compromising the primary objective of effective waste 
containment. 

The toxicity of industrial solid waste is often criticized for its high- 
leached heavy metals, leading to high waste management costs. How
ever, applying BBA in sludge-based sealing materials can effectively 
utilize the organic content in the sludge to adsorb Pb and Cr from BBA. 
On the other hand, the highly leached sulfate in AAW and BBA is sta
bilized as the gypsum in the sealing materials, filling voids and further 
improving the impermeability along with the original amorphous 
boehmite and the formed silica gel. Moreover, the high sulphate con
centration facilitates the adsorption of As from the sludge [59]. The 
heavy metals are effectively stabilized in the sealing material. This 
approach offers new insights into the solidification of heavy 
metals-containing solid waste within the sealing materials. It is impor
tant to note that HDPE separates the sealing layer from the vegetation 
layers above, thereby preventing the heavy metal contamination of the 
upper soil. Meanwhile, it also indicates the application limitations of this 
sealing material, i.e. the corresponding protective HDPE are required. 

The fact that the permeability of the DS-based specimen is slightly 
outside the limits does not necessarily exclude DS as a viable raw ma
terial for sealing materials. Various factors influence permeability, 
including mix design, additives, and compaction degree. For instance, 
incorporating AAW can effectively reduce the permeability of a sealing 
material compared to using BBA. Hence, optimizing the sealing material 
properties by adjusting the mixing ratios to meet regulatory re
quirements is possible. These considerations are beyond the scope of the 
study at this stage, but related investigations will be conducted in future 
research. This research was done in laboratory conditions. Future work 
is also required to be done in large-scale and field tests. 

4. Conclusions 

The work aims to co-product low-permeable sealing materials for 
final landfill cover systems by utilizing industrial solid waste. Various 
industrial products, including DSS, PDSS, DS, BBA and AAW from 
WWTPs and MSWPs, have been selected and characterized for this 
purpose. The study explores the effect of different types of sludge on 
sealing performance and investigates the influence of various additives 
on gel formation within the blends. Furthermore, the potential envi
ronmental impact of the prepared sealing materials is revealed through 
their leaching behavior. Based on the obtained results, the following 
conclusions can be drawn. 

The sealing materials derived from industrial by-products have 
achieved low permeability, with DSS-A showing the optimal perme
ability, boasting a k-value of 3.78 × 10− 12 m/s. Despite a slight degra
dation in permeability caused by the pre-treatment of TPH, PDSS-based 
specimens still comply with Dutch requirements for soil capping, high
lighting its potential as a sustainable end-of-life solution. However, the 
permeability of DS-based specimens slightly exceeds the requirements 
due to the relatively lower organic content in DS. 

The primary reaction product in the sealing materials is gypsum, 
which is attributed to the high leachable sulphate from the BBA and 
AAW. Considering the low pH of the pore solution in the BBA-modified 
specimens, the addition of water glass is expected to result in the for
mation of silica gel rather than the C-S-H gel. On the other hand, AAW 
proves to be an effective external gel, providing the desired permeability 
for AAW-modified specimens. The colloidal boehmite in AAW remains 
stable and behaves similarly to the gel products, effectively filling the 
voids and reducing the porosity. 

The heavy metals from the industrial by-products are well immobi
lized in the sealing materials. The reduction of As leaching from DSS is 
attributed to the coagulation of sulphates. The leachable Cr from BBA is 
adsorbed in the organic content in the sludge, whereas Pb is stabilized as 
the PbSiO3. There are no heavy metal pollution concerns in the sludge- 
based sealing materials. 

This work represents a significant advancement in recycling 
Fig. 13. Overview of landfills and WWTPs in the Netherlands. 
(The map is created with mapchart.net) 
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industrial by-products for landfill cover construction. The proposed 
novel approach to sustainable landfill sealing materials presents prom
ising applications in the Netherlands, offering advantages in terms of 
cost, reduced environmental impact, and the valorization of industrial 
by-products. 
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