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Summary  
Adsorption-based processes using waste-derived materials have emerged as a promising 

and sustainable approach for the removal of heavy metals from contaminated water resources, 

particularly in response to increasing environmental pressure and the need for circular economy-

oriented treatment strategies. Among various secondary raw materials, construction and 

demolition waste, and specifically Low-Density Concrete (LDC), offers high potential due to its 

cementitious composition, porosity, and chemical stability, enabling effective immobilization of 

toxic metal ions such as Pb2+, Co2+, and Mn2+. 

Although numerous studies have demonstrated the feasibility of waste-based adsorbents 

for heavy metal removal, the exact adsorption mechanisms, kinetic and equilibrium behavior, and 

environmental performance of LDC remain insufficiently understood. Furthermore, conventional 

adsorption systems are typically operated empirically, with limited automation and weak 

integration of predictive modeling, optimization, and process supervision, which restricts their 

scalability and industrial applicability. Consequently, detailed experimental investigation 

combined with intelligent decision-support strategies is required to bridge laboratory-scale 

adsorption studies with real-world water treatment applications. 

To address these challenges, this thesis systematically investigated the adsorption of Pb2+, 

Co2+, and Mn2+ onto LDC through mechanistic analysis, isothermal and kinetic modeling, and 

sustainability assessment. Experimental results demonstrate that adsorption occurs predominantly 

via physical interactions on heterogeneous surfaces, strongly influenced by pH, metal type, and 

adsorbent dosage. To extend beyond static performance evaluation, an AI-based decision-making 

framework was developed by integrating Artificial Neural Networks, Genetic Algorithm 

optimization, and Monte Carlo uncertainty analysis. This framework enabled accurate prediction 

of adsorption performance, identification of metal-specific optimal operating conditions, and 

quantification of operational robustness under uncertainty. 

By combining waste valorization with intelligent automation, the developed decision-

support system transforms adsorption from a static treatment technique into an adaptive, data-

driven process capable of supporting informed operational decisions. Accordingly, this thesis 

advances the understanding of heavy metal adsorption mechanisms on waste-derived LDC and 

contributes to the development of sustainable, intelligent, and scalable water treatment strategies, 

providing a practical foundation for future Industry 4.0–oriented adsorption systems in complex 

and variable aqueous environments. 
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1. Introduction  

Heavy metal concentrations in wastewater have increased as a result of human and 

industrial processes like tanning, mining, petrochemicals, textiles, and plating. Because these 

metals are frequently carcinogenic and non-biodegradable, tainted water can enter the environment 

and pose a serious risk to human health and ecosystems [1]. The growing regulatory attention to 

heavy metal contamination in water, reflected in the progressive tightening of European Union 

drinking water standards under Directive (EU) 2020/2184, further underscores the critical 

importance of developing effective and sustainable removal technologies capable of meeting 

increasingly stringent water quality requirements [2]. 



Adsorption stands out as one of the most effective and extensively studied heavy metal 

removal strategies. It is the process by which metal ions, which are usually obtained from 

inexpensive or waste materials like natural minerals, industrial byproducts, or agricultural 

residues, adhere to solid surfaces. Its primary benefits include cost-effectiveness, environmental 

compatibility, high removal efficiency, and ease of operation. Adsorption also converts plentiful 

waste materials into useful resources, which is consistent with the ideas of the circular economy. 

However, adsorbent saturation causes its efficiency to decline with repeated use, and regeneration 

may necessitate chemical treatments that produce secondary waste. Additionally, adsorbent 

selectivity for particular metals is restricted, and it is still difficult to maintain reliable performance 

in large-scale operations. Furthermore, adsorption systems' limited automation and control 

programming point to a process optimization weakness. Adsorption is nevertheless a viable and 

sustainable method of treating wastewater in spite of these disadvantages [3]. 

For heavy metal decontamination, a variety of adsorbents are used, such as membrane-

based [4], mineral [5], magnetic [6], bio- [7], and polymer-based [8] sorbents. Because of their 

abundance, affordability, and environmental advantages, waste materials-based sorbents have 

drawn particular attention among them. The Sustainable Development Goals (SDGs) [9], 

especially those pertaining to waste reduction, clean water, and responsible consumption, are 

substantially supported by the use of waste-derived adsorbents. The Integrated Solid Waste 

Management (ISWM) concept [10], which turns environmental burdens into useful adsorptive 

materials by emphasizing resource recovery and circular usage of waste streams, is the source of 

this alignment. 

Waste-based absorbents (WBAs) provide a workable way to reduce decontamination 

expenses and encourage coordination between water treatment and solid waste management 

programs. WBAs have drawn interest recently as an economical and environmentally responsible 

way to rid water sources of dangerous contaminants, especially heavy metals. Because of their 

high adsorption efficiency, low toxicity, and affordability, a variety of natural materials have been 

used as green adsorbents, including leaves, walnut shells, coir pith, clay, and agricultural residues. 

Furthermore, the range of sustainable wastewater treatment options has been further expanded by 

the successful adsorption of heavy metals from contaminated water by waste-derived inorganic 

materials like bentonite, dolomite, and zeolite [10]. 



Construction and Demolition Wastes (CDWs) are valuable secondary resources for 

environmental remediation, especially in heavy metal decontamination. Their cementitious 

composition and high surface reactivity enable effective adsorption of toxic ions such as Pb²⁺, 

Cd²⁺, and Zn²⁺ from contaminated water. Utilizing CDWs not only addresses pollution control but 

also promotes circular economy practices by converting waste into useful adsorbent materials [11]. 

Among all different types of CDWs, Low Density Concrete (LDC), as a prominent component of 

CDWs, exhibits a high porosity level, which significantly enhances its adsorption capacity. This 

porous network increases the available surface area for ion exchange and diffusion, allowing heavy 

metals to be effectively trapped within the matrix. The lightweight nature and chemical stability 

of LDC make it a sustainable, low-cost material ideal for large-scale heavy metal removal and 

wastewater treatment applications [10]. 

In the following sections, the state of the art, research objectives, results and discussions, 

conclusion, outline of future works, and academic achievements are presented. 

2. State of the art 

2.1. CDW application for adsorption of heavy metals 

Materials produced from C&D waste have been extensively investigated for the removal 

of heavy metals. Because of its alkaline and calcium-rich nature, waste cement powder has been 

used to adsorb As5+ ions from aqueous environments [12]. Likewise, in the other study, As5+ is 

efficiently captured by the concrete/maghemite nanocomposite (CMnano) via surface 

complexation and magnetically aided adsorption [13]. Because it contains active iron sites that 

promote adsorption, vermiculite concrete treated with ferric oxyhydroxide effectively adsorbs 

Cu2+, Cd2+, and Pb2+ [14]. Crushed concrete fractions (CCF) have also been used to remove Pb2+, 

Cu2+, and Zn2+ through precipitation and adsorption, offering a low-cost and environmentally 

friendly method of wastewater treatment [15]. 

Wijeyawardana et al. [16] used biochar modified with Ordinary Portland Cement (OPC) 

as an adsorbent for Cu2+, Pb2+, and Zn2+ removal. The OPC-modified biochar showed 3.3×, 2.4×, 

and 6× higher adsorption than unmodified biochar. Competing ions (NO3⁻, PO4
3⁻, NH4⁺) and 

humic acid effects were evaluated for adsorption performance. The processes by which the 

cement–biochar composite removes Cu2+, Pb2+, and Zn2+ are depicted in Fig. 1. The porous 

microstructure of the composite is seen in the center SEM micrograph, which is encircled by 



schematic illustrations of the adsorption and precipitation processes. Sections C and D show ion 

exchange between Ca2+ in calcium silicate hydrate (C–S–H) and metal ions, as well as adsorption 

on silanol/siloxane (Si–OH, Si–O–Si) sites. Sections A–B show complexation of metal ions with 

C=O and –COOH groups. While G emphasizes surface adsorption on aromatic or aliphatic sites, 

Sections E–F demonstrate hydroxide and carbonate precipitation. These interactions collectively 

show that chemical bonding, ion exchange, and precipitation processes work in concert to remove 

heavy metals [16]. 

 

 
Fig. 1. Schematic illustration of Cu2+, Pb2+, and Zn2+ removal by cement–biochar composite through functional 

group complexation, Ca2+ ion exchange, and precipitation of metal hydroxides and carbonates, reference: [16]. 

 

Concrete sludge is a slurried industrial byproduct composed of aggregates, hydrated 

cement, and water. Yoo et al. [17] investigated the adsorption of Pb2+, Cu2+, and Zn2+ ions using 

dried concrete sludge with a fine particle size (<25 µm), which was mainly composed of muscovite 

(Kal2(Si3AlO10)(OH)2), quartz (SiO2), and albite (NaAlSi3O8). Their study demonstrated the high 

effectiveness of this material in removing these heavy metals over an extended contact period. 

Similarly, using demolished concrete (1-2 mm particle size) as an adsorbent, Ali and Abd Ali [18] 

carried out a similar study to extract Pb2+, Cu2+, and Ni2+ ions from synthetic wastewater. The 

material's adsorption capability was evaluated by both batch and column studies. The investigation 

showed that within a moderate contact period, demolished concrete demonstrates a substantial 

adsorption ability for these heavy metal ions. 



2.2. Mechanism of heavy metal adsorption onto CDWs  

Each adsorption process involves two key aspects: the adsorption strength, determined 

through isotherm analysis, and the reaction rate, derived from kinetic analysis [19]. Accordingly, 

the detailed mechanism of heavy metal adsorption onto CDW can be comprehensively examined. 

2.2.1. Isotherm models  

The most recent developments in the isothermal investigation of heavy metal adsorption 

onto different CDWs are compiled in Table 1, which highlights the fundamental adsorption 

mechanisms. Monolayer chemisorption on homogeneous surfaces and multilayer physisorption on 

heterogeneous ones are the two predominant adsorption processes represented by the Langmuir 

and Freundlich/Dubinin–Radushkevich models. In line with these mechanisms, biochar-admixed 

mortar fines exhibit significant adsorption capacity (Pb2+ = 476.19 mg g-1), attributed to the 

oxygenated surface groups introduced by biochar [20].  

The Langmuir behavior of clay brick, aerated concrete and ceramic sorbents indicates 

homogeneous active sites and predominant surface complexation for heavy metal binding [21], 

[22]. On the other hand, heterogeneous surface adsorption caused by van der Waals forces and 

electrostatic interactions are revealed in Freundlich-type systems including washed cement paste, 

lightweight concrete, and brick, with mean adsorption energies (E = 4-5 kJ mol-1) corroborating 

physisorption [23]. Because porous brick and cement phases coexist, construction waste mixes 

have synergistic effects that improve multilayer adsorption and metal ion diffusion [24]. Overall, 

Table 1 shows how modifying CDWs' surface chemistry, pore shape, and mineral composition 

controls their adsorption mechanism and effectiveness, making them viable, affordable options for 

heavy-metal cleanup. 

Table 1. The summary of isothermal analysis for adsorption of heavy metals onto CDWs. 

Adsorbent Adsorbate Isothermal model Isothermal parameters Reference 

Biochar-admixture 

cement mortar fines 

(40 % of sand 

replaced by 

biochar) 

Pb2+, Cu2+, 

and Zn2+ 
Langmuir 

Pb2+ (qmax=476.19 mg.g-1, KL= 0.43 L.mg-1), Cu2+ 

(qmax= 80.64 mg.g-1, KL= 0.75 L.mg-1), and Zn2+ 

(qmax= 123.45 mg.g-1, KL= 1.4 L.mg-1) 

[20] 

Ceramic sorbent 

(CS) 

Pb2+, Cu2+, 

and Zn2+ 
Langmuir 

Pb2+ (qmax=186 mg.g-1), Cu2+ (qmax= 91 mg.g-1), and 

Zn2+ (qmax= 43 mg.g-1) 
[21] 

Aerated Concrete 

(AC) 
Pb2+ Langmuir 184.9 mg.g-1 [22] 

Clay Brick (CB) Pb2+ Langmuir 42.9 mg.g-1 [22] 

Cement paste 

(washed) 
Cd2+ 

Freundlich and Dubinin-

Radushkevich models 
E=5.08 kJ·mol-1; Kf=689 L·kg-1; 1/n=0.780 [23] 



Lightweight 

concrete (washed) 
Cd2+ 

Freundlich and Dubinin-

Radushkevich models 
E=4.18 kJ·mol-1; Kf=130 L·kg-1; 1/n=0.677 [23] 

Brick Cd2+ 
Freundlich and Dubinin-

Radushkevich models 
E=4.32 kJ·mol-1; Kf=167 L·kg-1; 1/n=0.703 [23] 

Construction waste 

(mainly brick with 

a small amount of 

concrete, 2.36–4.75 

mm particle size) 

Pb2+, Cu2+, 

and Cd2+ 
Freundlich 

Cu2+(Kf= 0.181 ± 0.053 L·kg-1; 1/n= 0.785 ± 0.24) 

Cd2+(Kf= 0.106 ± 0.031 L·kg-1; 1/n= 1.065 ± 0.55) 

Pb2+(Kf= 37.58 ± 1.58 L·kg-1; 1/n= 1.402 ± 0.52) 

[24] 

2.2.2. Kinetics models  

State-of-the-art evidence shows that CDWs exhibit highly variable adsorption capacities 

and kinetic behaviors depending on mineralogy, particle size, and the dominance of surface 

precipitation versus true sorption (Table 2). For arsenate removal, waste cement powder reaches 

an adsorption capacity of 28.3 mg g-1, but requires a very long equilibrium/contact time (1440 min) 

under strongly alkaline conditions (pH 10-11), implying slow diffusion and/or gradual formation 

of stable binding/precipitated phases rather than fast site-limited uptake [12]. In contrast, a 

CMnano shows a lower As5+ capacity (11.12 mg g-1) and still slow uptake (2400 min) at pH 5, yet 

its kinetics follow Pseudo-Second-Order (PSO) behavior with a reported rate coefficient of 0.008 

g mg-1 min-1, indicating that chemisorption-like surface reactions (complexation on iron-active 

sites) likely control the rate despite the extended time to reach equilibrium [13]. For cationic 

metals, cementitious CDWs can achieve much higher capacities: vermiculite concrete modified 

with ferric oxyhydroxide removes Pb2+ with a capacity of 197.6 mg g-1 and a dramatically shorter 

optimal contact time (120 min) at pH 5, also fitting PSO kinetics with a markedly higher rate 

coefficient (0.299 g mg-1 min-1), consistent with abundant reactive hydroxyl/iron sites enabling 

fast surface complexation and possible co-precipitation [14]. By comparison, CCF shows a 

moderate Pb2+ capacity (37.9 mg g-1) but requires very long contact times (2880 min) at high pH 

(11.9), suggesting slower mass transfer and a stronger reliance on alkaline precipitation 

mechanisms and intraparticle diffusion [15]. In general, CDWs span fast-high-capacity modified 

systems to slow-moderate-capacity unmodified fractions, and the coupling between adsorption 

capacity and kinetic order/rate constant is strongly material-dependent rather than universal. Given 

LDC’s high porosity and cementitious chemistry highlighted in this thesis, a dedicated kinetic 

capacity mapping (e.g., PSO/PFO/intraparticle diffusion fitting across pH and dosage) would be a 

logical next step to rigorously analyze how LDC compares to the CDWs above in both adsorption 

capacity and rate-limiting mechanisms. 



 

 

 

Table 2. Summary of studies on the application of construction and demolition waste (CDW) as an adsorbent for 

heavy metal decontamination, with a focus on adsorption kinetics and capacity. 

Adsorbent Contamination 
Adsorption 

capacity (mg.g-1) 

Optimal 

contact 

time (min) 

Operati

onal pH 

Kinetics 

order 

Kinetics 

Coefficient 

(g.mg-1.min-1) 

Ref. 

Waste cement powder As⁵⁺ 28.3 1440 10-11 _____ _____ [12] 

CMnano As⁵⁺ 11.12 2400 5 PSO 0.008 [13] 

Vermiculite concrete 

modified with Ferric 

oxyhydroxide 

Pb2+ 197.6 120 5 PSO 0.299 [14] 

CCF Pb2+ 37.9 2880 11.9 _____ _____ [15] 

 

Research Gap (RG) 1 is defined as the lack of a clear chemical understanding of the 

mechanisms governing heavy metal adsorption onto LDC. This research gap will be met in this 

thesis by elucidating the dominant adsorption pathways through isothermal modelling, pH-

controlled experiments, and surface characterization. The study systematically evaluates the roles 

of physisorption on heterogeneous surfaces, Ca2+/Al3+ ion exchange, and complexation with 

surface hydroxyl groups, primarily associated with C–S–H and occurring on the surfaces of Si–O 

and Al–O phases. 

RG2 is defined as the absence of comprehensive information on the isothermal and kinetic 

behavior of heavy metal adsorption on LDC. This gap will be addressed by applying multiple 

isotherm models to identify adsorption regime and surface heterogeneity (Freundlich and 

Langmuir models), while Dubinin–Radushkevich analysis clarifies the nature of interactions. 

Kinetic modelling is used to determine adsorption order and rate-limiting steps, linking adsorption 

dynamics to active site availability, porosity, and the Al2O3-enriched cementitious structure of 

LDC. 

2.3. Environmental Impact Assessment of adsorbents  

Environmental impact assessment of adsorbents is increasingly conducted using cradle-to-

gate Life Cycle Assessment (LCA) frameworks integrating the Tool for the Reduction and 



Assessment of Chemicals and Other Environmental Impacts and the ReCiPe endpoint 

methodology. Recent studies emphasize performance-normalized functional units based on 

adsorption capacity and specific surface area to decouple material efficiency from mass-based 

impacts. Energy consumption, chemical activation, and scalability dominate midpoint and 

endpoint indicators, demonstrating the need to couple adsorption kinetics with sustainability 

assessment [25]. In the following, Wang et al. [26] applied life cycle assessment to algae-derived 

carbon adsorbents, linking adsorption efficiency with preparation impacts. Their results show that 

adsorbent yield, activation chemistry, and pore development strongly influence environmental 

performance, with Enteromorpha-based adsorbents achieving high tetracycline removal at lower 

life-cycle burdens. Plus, Kazemi et al. [27] applied a prospective cradle-to-use Life Cycle 

Assessment to nanoadsorbents for mercury removal, using 1 kg Hg removal as the functional unit. 

Their results showed that adsorbent functionalization significantly increases adsorption capacity 

but also amplifies cumulative energy demand, human toxicity, and ecotoxicity, identifying 

electricity use and coupling reagents as dominant environmental hotspots. Whereas Gonzalez et 

al. [28] performed a cradle-to-use LCA of silicate–titanate nanotube–chitosan nanoadsorbents for 

cadmium removal. Their analysis demonstrated that despite high adsorption capacity and 

recyclability, nanoadsorbent synthesis is dominated by electricity demand and alkaline activation, 

making energy efficiency and regeneration critical for sustainable scale-up when compared with 

commercial activated carbon. 

RG3 originates from the inadequate incorporation of CDW-derived adsorbents, such as 

LDC, into environmental impact assessment frameworks. Existing studies largely prioritize virgin 

or engineered adsorbents, applying mass-based life cycle metrics that overlook waste valorization, 

avoided disposal, regeneration benefits, and adsorption-normalized functional units. Moreover, 

alignment with the U.S. Environmental Protection Agency Sustainable Materials Management 

(SMM) framework, emphasizing resource efficiency and material circularity, remains largely 

absent in adsorption-related sustainability analyses. 

2.4. Automation and AI applications in adsorption of heavy metals  

 

Recent advances in Artificial Intelligence (AI) have enabled the use of Machine Learning 

Algorithms (MLAs) to accurately predict, optimize, and automate heavy metal adsorption 

processes by capturing the complex nonlinear interactions between adsorbent properties and 



operational parameters. Table 3 highlights the growing integration of machine learning algorithms 

as data-driven tools for modeling and automating heavy metal adsorption processes across diverse 

adsorbent classes. Advanced ensemble learning methods, particularly Gradient Boosting-based 

algorithms, dominate recent studies due to their strong nonlinear learning capability and robustness 

against multicollinearity [29] in adsorption datasets. Metal-organic frameworks [29] and 

hydrochars [30] have been successfully modeled using Gradient Boosting Decision Trees, 

achieving high predictive accuracy (R2 up to 0.95) for multi-metal systems, indicating their 

suitability for complex competitive adsorption scenarios. Random Forest models applied to 

biochar systems demonstrate excellent generalization performance (R2 = 0.973) [31], benefiting 

from inherent feature bagging and resistance to overfitting. Extreme Gradient Boosting (XGBoost) 

exhibits the highest reported accuracy across bentonite [32] and clay mineral adsorbents  [33] (R2 

up to 0.95), reflecting its effectiveness in capturing subtle interactions between process variables 

such as pH, dosage, and initial concentration. Generally, these studies confirm that tree-based 

ensemble learning models outperform conventional statistical approaches in adsorption prediction, 

enabling real-time optimization, process automation, and intelligent decision support. However, 

most existing applications remain limited to prediction tasks, with minimal integration into closed-

loop control systems or sustainability-oriented process automation, highlighting a critical gap 

addressed in this study. 

Table 3. Overview of selected studies investigating the use of machine learning algorithms in adsorption processes.  

Adsorbent Adsorbate 

Machine learning 

model 

Statistical 

indicators 

Reference 

89 metal-

organic 

frameworks 

composites 

As3+/5+, Cd2+, Cr6+, Cu2+, 

Pb2+, Hg2+ 

Gradient Boosting 

Decision Tree (GBDT) 

R2=0.921-0.962 for 6 

heavy metals 

[29] 

Biochar 

Cu2+, Zn2+, Pb2+, Cd2+, 

Ni2+, As3+ 

Random forest R2 = 0.973 [31] 



Bentonite 

Pb2+, Cu2+, Cd2+, Zn2+, 

Ni2+, Co2+, and chromium 

ions 

eXtreme Gradient 

Boosting Regression 

(XGB) 

Train R2 = 0.995 

Test R2 = 0.9359 

[32] 

Hydrochar 

Pb2+, Cd2+, Zn2+, Cu2+, 

Sb3+, Sb5⁺, CrO₄2⁻, UO₂2+ 

Gradient boosting 

decision tree 

R2 = 0.93-0.98 [30] 

Clay minerals 

Cd2+, Cu2+, Pb2+, Zn2+, 

Ni2+ and Co2+ 

Extreme Gradient 

Boosting 

R2 = 0.977 [33] 

 
 

RG4 relates to the absence of an integrated automation strategy for heavy metal adsorption 

onto LDC that extends beyond prediction and regression-based model extension. Existing machine 

learning applications predominantly focus on forecasting adsorption performance, while lacking 

mechanisms for closed-loop control, alarm management, and degradation-aware supervision. In 

particular, current models do not address real-time detection or control of adsorbent performance 

loss during decontamination processes. This limitation restricts their applicability in dynamic and 

automated operational environments. 

According to the literature review and evaluation of previous studies in the field of CDW, 

particularly LDC used as an adsorbent for heavy metals, four RGs have been identified as follows: 

RG1: The exact mechanism of heavy metal adsorption onto LDC. 

RG2: The isothermal and kinetic behavior of heavy metal adsorption on the surface of LDC. 

RG3: The environmental impacts of LDC application compared to other adsorbents. 

RG4: The appropriate method for automating the heavy metal adsorption process onto LDC using 

AI models. 

2.5. Limitations   

For the decontamination of heavy metals from water and wastewater treatment systems, 

several treatment methods have been developed, among which adsorption is recognized as a 

particularly effective and versatile technique [3]. Despite its advantages, adsorption still exhibits 

notable limitations, as illustrated in Fig. 2, including a relatively low level of automation, 

insufficient environmental performance assessment, and challenges in quantitative evaluation and 

process control [3]. Therefore, based on the classical principles of adsorption, such as elucidating 



the underlying mechanisms governing heavy metal uptake onto the surface of CDWs including 

LDC, the present thesis focuses on a more integrated and systematic approach. Specifically, the 

SMM model was applied to compare and quantify the green performance of different adsorbents. 

In parallel, AI models encompassing prediction, classification, and optimization were 

implemented within a smart expert system framework to address existing gaps, enhance decision-

making capability, and comprehensively evaluate the technical, environmental, and operational 

aspects of the adsorption process. 

 
 
 

Fig. 2. The adsorption-, membrane-, chemical-, electric-, and photocatalytic-based methods are compared with 

respect to cost-effectiveness, technical maturity, environmental friendliness, and level of automation, based on the 

preceding discussion and evidence reported in the literature [3]. 

Therefore, the objectives of this thesis are defined to include mechanistic analysis, 

isothermal and kinetic assessments, environmental impact evaluation of the waste-based LDC 

adsorbent, and the automation of the heavy metal adsorption process onto LDC. 

Fig. 3 (a-f) presents a comprehensive multi-metric evaluation of adsorbents, clearly 

highlighting the performance significance of the low-cost derived composite (LDC). In Fig. 3a, 

the Cleveland dot plot shows that LDC (Pb2+) achieves the highest adsorption capacity (43.10 mg 

g-1) [10], outperforming conventional materials such as Meranti sawdust (35.97 mg g-1)[34] and 

Autoclaved Aerated Concrete (AAC) (16.50 mg g-1)[35], while maintaining competitive 

performance for Co2+ (15.17 mg g-1)[10] and Mn2+ (23.52 mg g-1) [10]. This confirms the superior 

adsorption behavior of LDC reported in the present study. Fig. 3(b) correlates capacity with surface 

area, revealing that despite silica ceramic having an extremely high surface area (340.38 m2 g-1) 

[36], [37], its adsorption capacity remains low (2.7 mg g-1)[36], [37], indicating that surface area 

alone does not govern performance. In contrast, LDC achieves high capacity at moderate surface 



area (30.2 m2 g-1)[10], suggesting efficient active site utilization. This is further emphasized in Fig. 

3(c), where LDC (Pb2+) is positioned in the “high capacity-high performance” quadrant, 

demonstrating optimal balance between adsorption efficiency and material structure. The 

normalized comparisons in Fig. 3(d-e) reinforce this trend, where LDC exhibits consistently high 

scores in capacity and efficiency metrics, unlike other materials that show trade-offs. The spider 

chart in Fig. 3(f) confirms LDC’s balanced multi-metric profile, particularly for Pb2+ removal. 

Overall, these results align with previous findings [34], [35] while demonstrating that the LDC 

developed in this study offers a more efficient and scalable adsorption solution, making it a key 

material within this thesis. 

 

Fig. 3. The comparison between different CDW adsorbents for heavy metal decontamination as per: (a) Adsorption 

capacity comparison in Cleveland dot plot, (b) Capacity vs. surface area, (c) Strategic matrix placing, (d) 

Normalized metrics comparison, (e) Heat map of performance, and (f) Spider chart. 

Based on the four identified research gaps, the following research objectives were 

systematically formulated to address both the scientific and technological deficiencies in LDC-

based heavy metal adsorption, ensuring that each objective directly responds to a specific gap in 

existing knowledge. 



3. Thesis objectives  
 

The present work aims to overcome existing scientific and technological gaps related to 

the use of LDC waste as a sustainable adsorbent for heavy metal removal from water. The detailed 

research contents and objectives are structured based on the identified RGs and are listed below. 

RG1, from which Research Objective 1 of this thesis was derived, highlights the 

insufficient understanding of the exact physicochemical mechanisms governing heavy metal 

adsorption onto LDC. Accordingly, Research Objective 1 focuses on clarifying these 

mechanisms. The specific research objectives are: 

A1. to identify the dominant adsorption mechanisms involved in the removal of Pb2+, Co2+, and 

Mn2+ onto LDC surfaces, 

A2. to investigate the role of surface functional groups, cementitious phases, and mineral 

composition of LDC in metal uptake, 

A3. to evaluate the contribution of physisorption, ion exchange, and surface complexation 

processes in heavy metal immobilization, 

A4. to elucidate the influence of solution pH on adsorption pathways and metal-surface 

interactions. 

These objectives collectively aim to move beyond the qualitative descriptions found in 

existing CDW literature toward a mechanistically grounded and experimentally validated 

understanding of how LDC surface chemistry governs metal uptake. 

RG2, from which Research Objective 2 was derived, highlights the lack of 

comprehensive knowledge regarding the isothermal and kinetic behavior of heavy metal 

adsorption on LDC. Accordingly, Research Objective 2 focuses on addressing this gap. Thus, the 

specific research objectives are: 

B1. to determine the adsorption equilibrium behavior of Pb2+, Co2+, and Mn2+ onto LDC using 

multiple isotherm models, 

B2. to assess surface heterogeneity and adsorption intensity through comparative isothermal 

analysis, 

B3. to evaluate the adsorption kinetics and identify the governing rate-limiting steps of the 

process, 

B4. to correlate kinetic and isothermal parameters with the structural and porosity characteristics 

of LDC. 



Together, these objectives provide the quantitative foundation needed to link LDC's 

structural and mineralogical properties to its practical adsorption performance, enabling reliable 

prediction under variable water quality conditions. 

RG3, from which Research Objective 3 was derived, highlights the need to evaluate the 

environmental performance of LDC-based adsorption systems in comparison with conventional 

and engineered adsorbents. Accordingly, Research Objective 3 focuses on this evaluation. The 

specific research objectives are: 

C1. to assess the environmental impacts of LDC application as an adsorbent using SMM and 

life-cycle-based approaches, 

C2. to compare the environmental performance of LDC with that of conventional adsorbents 

using adsorption-normalized functional units, 

C3. to identify key environmental hotspots associated with LDC preparation, application, 

regeneration, 

C4. to quantify the sustainability benefits of waste valorization and avoided disposal within the 

adsorption process. 

This objective extends the scope of the thesis beyond technical performance, recognizing 

that a waste-derived adsorbent can only be justified for large-scale adoption if its environmental 

burden is demonstrably lower than or comparable to that of conventional alternatives across the 

full material life cycle. 

RG4, from which Research Objective 4 was derived, highlights the limited automation 

and intelligence of conventional adsorption processes, particularly the lack of integration of 

artificial intelligence–based control strategies. Accordingly, Research Objective 4 focuses on 

overcoming these limitations. Thus, the specific research objectives are: 

D1. to develop machine learning models capable of accurately predicting heavy metal adsorption 

performance under nonlinear operating conditions, 

D2. to optimize adsorption operating parameters using AI-based optimization techniques to 

maximize removal efficiency, 

D3. to assess process robustness and uncertainty using stochastic simulation methods, 

D4. to design an AI-based expert system enabling automated supervision, performance 

degradation detection, and intelligent decision-making for heavy metal adsorption onto LDC. 



These objectives collectively transform the adsorption system from a passive, experiment-

driven process into an active, data-informed operational framework, where AI models serve not 

merely as predictive tools but as the computational core of an intelligent supervision and control 

architecture aligned with Industry 4.0 principles. 

4. Results and discussions 
As the first author, I published a research paper in a Q1 journal (impact factor: 7.7) entitled 

“Heavy Metals Adsorption Using CDW Adsorbents: A Sustainable Path for Water Purification”, 

in which Research Objectives 1-3 were achieved. In the subsequent stage, another paper was 

accepted in a Q2 journal (impact factor: 4.1) entitled “Smart Control of Heavy Metal Adsorption 

onto LDC Wastes for Industry 4.0 Applications”, which addresses Research Objective 4. Finally, 

Research Objective 4 was further fulfilled through a paper published in the Q3 journal 

Chemistry–Didactics–Ecology–Metrology (impact factor: 1.2), entitled “AI-Based Expert System 

Design for Optimisation of Heavy Metal Adsorption on Waste-Derived Adsorbents”. 

4.1. Heavy metals adsorption using CDW adsorbents 

 

Efficient elimination of heavy metals from water is vital for safeguarding both human 

health and the environment, and adsorbents offer a sustainable and economical treatment approach. 

This research presents the first investigation into the use of LDC as an adsorbent for the removal 

of specific heavy metals (Pb2+, Co2+, and Mn2+) from water. The material was characterized 

through X-ray fluorescence (XRF), Fourier Transform Infrared Spectroscopy (FTIR), Brunauer–

Emmett–Teller (BET) analysis, X-ray diffraction (XRD), and Field Emission Scanning Electron 

Microscopy (FE-SEM). The One-Factor-at-a-Time (OFAT) approach was applied to optimize the 

key operational parameters influencing metal adsorption. Eight distinct isotherm models were 

employed to estimate adsorption parameters and clarify the underlying sorption mechanisms, 

followed by kinetic and selectivity analyses for decontamination. The results revealed adsorption 

capacities of 43.1, 23.5, and 15.2 mg g-1 for Pb2+, Mn2+, and Co2+, respectively. The corresponding 

second-order kinetic rate constants were 1.99, 0.076, and 0.49 g mg-1 min-1. As an innovative 

aspect, the regeneration of the adsorbent was modeled using a Thales-based theorem. Synthetic 

wastewater was used for experimentation, while regeneration conditions were designed to replicate 

industrial effluent scenarios, enhancing practical relevance. Additionally, the use of CDW-based 

LDC was assessed under the Sustainable Material Management framework using EPA models. 



Isothermal analysis indicated that adsorption of Pb2+, Co2+, and Mn2+ onto LDC occurred via 

physical interactions on a heterogeneous surface through multilayer adsorption. The Thales-based 

model further showed that after nine adsorption–regeneration cycles with acid treatment, the LDC 

adsorbent consistently reduced lead concentrations to below the World Health Organization 

(WHO) permissible limit. The main aspects of this section are summarized below. Existing studies 

adequately address Research Objectives 1-3. 

 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 
 



 
 



4.2. Automation system design for heavy metal adsorption onto CDWs 

4.2.1. Sustainable and Intelligent Heavy Metal Adsorption onto LDC 

This study presents a smart, Industry-4.0-oriented framework for heavy-metal removal 

from water using LDC waste as a sustainable adsorbent. Experimental adsorption of Pb2+, Co2+, 

and Mn2+ was combined with Response Surface Methodology (RSM) and 20 machine-learning 

algorithms to model, optimize, and control removal efficiency. Key operational variables included 

pH, metal type, initial concentration, adsorbent mass, and contact time. Results identified pH and 

metal type as dominant factors, with optimal performance consistently achieved at pH ≈ 5 and 

adsorbent dosages of 8.67-10 g L-1. Among all models, Tree Random Forest (TRF), lazy IBK, and 

multilayer perceptron showed the highest predictive accuracy (correlation coefficient > 0.92), with 

TRF reaching ~0.99 under optimized training conditions. A major contribution is the integration 

of the optimized ML model into a Knowledge Flow-based decision support system, enabling real-

time prediction, classification, and alarm-based process control for adsorption systems. This 

transforms adsorption from a static, laboratory-scale technique into a digitally enabled, adaptive 

treatment process suitable for smart water infrastructure. Main targets of the study are: (i) 

sustainable reuse of construction waste within a circular-economy framework, (ii) intelligent 

optimization and automation of heavy-metal adsorption, and (iii) real-time decision support for 

water treatment operations. The work directly contributes to Research Objective 4, namely the 

development of AI-driven, data-integrated control systems for resilient, resource-efficient 

environmental technologies. 

 



 



 



 



 





 





 

 





 



 



 



 





 

 



4.2.2. Decision-Support Framework for Intelligent Heavy Metal Adsorption onto LDC  

This study presents an AI-driven expert system for automating heavy-metal adsorption 

using low-density concrete waste as a sustainable adsorbent. A hybrid Artificial Neural Network-

Genetic Algorithm (ANN-GA)-Monte Carlo framework was developed to predict, optimize, and 

stabilize adsorption performance for Pb2⁺, Co2⁺, and Mn2⁺ under nonlinear and uncertain operating 

conditions. The ANN model, trained on 66 experimental datasets with pH, adsorbent mass, contact 

time, and initial concentration as inputs, achieved strong predictive accuracy (R2 = 0.908, RMSE 

= 7.43%). Using the trained ANN as a surrogate, GA optimization identified metal-specific 

optimal operating conditions, achieving maximum removal efficiencies of 100% for Pb2⁺, 87.8% 

for Co2⁺, and 71.62% for Mn2⁺. Sensitivity analysis showed metal type and pH as the dominant 

control variables, while contact time and initial concentration had minor influence, enabling 

simplified automated control logic. Monte Carlo simulations (2000 runs, ±5% perturbation) 

quantified operational robustness, revealing low variability for Pb2⁺ (CV = 2.13%) and Mn2⁺ (CV 

= 3.29%), while Co2⁺ showed higher uncertainty (CV = 5.39%). The integrated system enables 

real-time optimization, uncertainty-aware decision-making, and digital-twin-ready automation of 

adsorption processes, addressing the primary limitation of conventional adsorption technologies: 

lack of intelligent process control. The following section provides a concise summary of the key 

aspects of this part of the thesis. The present study effectively addresses and satisfies Research 

Objective 4, filling the identified gap in the existing literature. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



5. Conclusion   
 

This thesis has provided a comprehensive and systematic investigation into the adsorption-

based sustainable recovery of heavy metals from water resources using LDC derived from 

construction and demolition waste as a secondary raw material. By integrating mechanistic 

analysis, adsorption equilibrium and kinetic modeling, environmental impact assessment, and 

artificial intelligence–based automation, the study addresses critical scientific and technological 

limitations associated with conventional adsorption processes. 

The first objective of this thesis was to elucidate, for the first time, the dominant 

physicochemical mechanisms governing the adsorption of Pb2+, Co2+, and Mn2+ onto LDC 

surfaces. The main findings demonstrate that: 

• Heavy metal adsorption onto LDC is primarily governed by surface complexation reactions 

occurring on cementitious phases, particularly C–S–H and aluminosilicate structures rich 

in reactive hydroxyl groups. 

• The dominant mechanism is inner-sphere complexation, where metal ions (Pb2+, Co2+, 

Mn2+) form direct coordination bonds with deprotonated surface groups (≡Si–O⁻ and ≡Al–

O⁻), resulting in the formation of Si–O–M and Al–O–M linkages, as confirmed by FTIR 

peak shifts and the emergence of metal–oxygen vibration bands after adsorption. 

• Outer-sphere electrostatic interactions contribute during the initial stage of adsorption, 

where hydrated metal ions are attracted to negatively charged surface sites without forming 

direct chemical bonds. This interaction is facilitated by the porous and heterogeneous 

structure of LDC, which provides accessible adsorption domains. 

• A secondary mechanism involves cation exchange within the cementitious matrix, 

particularly substitution of Ca²⁺ and other native ions (e.g., Mg2+, Al3+) by incoming heavy 

metal ions. This is supported by elemental analysis showing a decrease in native cation 

concentrations after adsorption, indicating partial incorporation of metals into the solid 

structure. 

• The adsorption process is further influenced by surface protonation–deprotonation 

equilibria, where increasing pH promotes deprotonation of surface hydroxyl groups, 

enhancing the availability of active binding sites and facilitating inner-sphere 

complexation, while low pH suppresses adsorption due to competition with H⁺ ions. 

The second objective focused on resolving the lack of comprehensive information 

regarding the isothermal and kinetic behavior of heavy metal adsorption on LDC. The results show 

that: 

• Adsorption equilibrium for Pb2+, Co2+, and Mn2+ is best described by heterogeneous 

isotherm models, confirming non-uniform active site distribution on LDC surfaces. 

• Kinetic analysis revealed that adsorption follows pseudo-second-order behavior, 

indicating that adsorption rate is controlled by surface interactions rather than simple 

mass transfer. 

• The adsorption capacities of 43.1, 23.5, and 15.2 mg g-1 for Pb2+, Mn2+, and Co2+, 

respectively, demonstrate that LDC performs competitively with many engineered 

adsorbents. 

• The coupling of kinetic and equilibrium parameters with LDC porosity and mineral 

composition provides a robust framework for predicting adsorption performance under 

varying operating conditions. 



The third objective addressed the insufficient integration of waste-derived adsorbents into 

environmental sustainability assessment frameworks. In this perspective: 

• The application of the Sustainable Materials Management framework demonstrated that 

LDC-based adsorption offers clear environmental advantages due to waste valorization 

and avoided disposal impacts. 

• Adsorption-normalized functional units enabled fair comparison between LDC and 

conventional adsorbents, highlighting the importance of performance-based sustainability 

metrics. 

• Environmental hotspots were primarily associated with regeneration and auxiliary 

chemical use, emphasizing the need for optimized regeneration strategies. 

• The results confirm that LDC-based adsorption aligns strongly with circular economy 

principles and sustainable water treatment objectives. 

The fourth objective of this thesis was to overcome the limited automation and intelligence 

of traditional adsorption systems through the development of AI-based control strategies. The key 

contributions include: 

• Machine learning analysis demonstrated that removal efficiency is governed by complex 

nonlinear interactions between operational variables, with models capturing dependencies 

that are not detectable through conventional statistical methods. 

• Comparative evaluation of ML algorithms showed that tree-based and neural network 

models (TRF and MLP) exhibit superior generalization and predictive stability, indicating 

their robustness for modeling heterogeneous adsorption systems across different metal 

ions. 

• Machine learning-based soft sensor models were developed and validated using 

experimental data, where TRF, lazy IBK, and Function Multilayer Perceptron achieved 

high predictive accuracy (CC > 0.92), significantly outperforming static RSM models for 

removal percentage estimation. 

• This study developed an AI-based Decision Support System (DSS) that integrates ANN 

prediction, GA optimization, and Monte Carlo uncertainty analysis to support automated 

decision-making in heavy metal adsorption using LDC waste. 

• The DSS employs a trained ANN as a surrogate process model to continuously predict 

removal efficiency from operational inputs (metal type, pH, adsorbent mass, contact time, 

and initial concentration), enabling GA-based identification of optimal operating setpoints 

under realistic constraints. 

• By embedding Monte Carlo uncertainty propagation within the DSS, the system quantifies 

operational robustness and variability (via CV, confidence intervals, PDFs, and CDFs), 

allowing informed decisions on process stability, alarm thresholds, and reliability of 

optimized operating rules. 

By addressing four clearly defined research gaps, this thesis contributes to a deeper 

scientific understanding of waste-based adsorption mechanisms, provides validated kinetic and 

equilibrium models for LDC, establishes a sustainability-oriented evaluation framework, and 

delivers an integrated intelligent control architecture for adsorption systems. Overall, the results 

confirm that LDC-derived adsorbents, when combined with advanced modeling and automation, 

represent a technically viable, environmentally sustainable, and digitally scalable solution for 

heavy metal removal from water and wastewater systems. 



6. Outline of the future works 
Future research focuses on sustainable E-waste management strategies that transform 

hazardous electronic residues into valuable resources within a circular economy framework. A 

promising direction involves the use of waste-derived adsorbents such as LDC for recovering 

metals like Ni2+, Mn²⁺, Zn2+, and Fe2+/Fe3+ from bio-hydro metallurgically generated leachates. 

Biological or organic wastes digest E-waste materials to produce metal-rich leachates, enabling 

environmentally friendly recovery routes. Investigations emphasize the influence of parameters 

such as pH and adsorbent dosage on adsorption performance, while multi-model isothermal 

analyses; Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich identify the governing 

mechanisms. Intelligent modeling approaches including Response Surface Methodology (RSM), 

ANNs, and optimization models like RSM provide predictive frameworks for adsorption capacity 

optimization under varying operational conditions. Further studies integrate environmental and 

sustainability assessments to evaluate the ecological and economic performance of waste-based 

adsorption systems. Environmental Impact Assessment (EIA) and Life Cycle Assessment (LCA) 

quantify resource efficiency, emission reduction, and overall environmental benefits compared to 

conventional techniques. Embedding these optimized materials into industrial E-waste treatment 

processes establishes a closed-loop framework where waste serves as a feedstock for 

environmental recovery, reinforcing the core principles of circular economy and sustainable 

resource utilization. 

The next step of this thesis focuses on transforming the developed Expert System into a 

fully integrated Smart Decision-Support and Control Framework for autonomous wastewater 

treatment. Building on the GA-ANN-Monte Carlo platform, the future system will incorporate 

IoT-enabled monitoring, real-time data processing, and adaptive optimization to establish a digital 

twin that connects laboratory adsorption results with industrial operations. This next phase aims 

to scale the LDC waste-based adsorption system toward Industry 4.0 readiness, enabling intelligent 

automation, predictive control, and circular economy compliance for efficient, resilient, and 

sustainable heavy metal removal from water and wastewater. 
 

7. Academic achievements 

7.1. Publications 

1. Gheibi, M., Masoomi, S.R., Eftekhari, M., Akrami, M., Palušák, M., Silvestri, D., Černík, 

M. and Wacławek, S., 2025. Heavy metals adsorption using CDW adsorbents: A 

sustainable path for water purification. Journal of Hazardous Materials Advances, 20, 

p.100883. 

2. Gheibi, M., Masoomi, S.R., Eftekhari, M., Palušák, M., Silvestri, D., Černík, M. and 

Stanisław, W., 2025. Smart Control of Heavy Metal Adsorption onto LDC Wastes for 

Industry 4.0 Applications. Digital Chemical Engineering, p.100286. 

3. Gheibi, M., Hajiahmadi, Z., Jaromin-Glen, K., Eftekhari, M., Behzadian, K., Černík, M. 

and Wacławek, S., 2025. AI-based expert system design for optimisation of heavy metal 

adsorption on waste-derived adsorbents. Chemistry-Didactics-Ecology-Metrology 

2025;30(1-2):47-65.  

4. Gheibi, M., Hajiahmadi, Z., Palušák, M., Silvestri, D., Černík, M., Eftekhari, M. and 

Wacławek, S., 2026. Turning E-waste into value: Innovative metal recovery using low-

density concrete: Experiments and simulations. Results in Chemistry, p.103170. 



5. Gheibi, M., Palušak, M., Salava, M., Sydorenko, Y., Eftekhari, M., Silvestri, D., Černík, 

M. and Wacławek, S., 2026. A smart decision support system for Co2+ preconcentration 

using RSM and AI-Driven adsorptive modeling. Engineering Science and Technology, an 

International Journal, 77, p.102335. 

6. Gheibi, M., Wacławek, S., Leo, C.P., Sadr, S. and Behzadian, K., 2024, June. Dynamic 

Modelling, Simulation, and Sensitive Analysis of Lead Removal in a Fixed-Bed 

Adsorption Column using Waste-Based Materials. In IOP Conference Series: Earth and 

Environmental Science (Vol. 1368, No. 1, p. 012009). IOP Publishing. 

7. Gheibi, M., Masoomi, S.R., Magala, M.U., Fathollahi-Fard, A.M., Ghazikhani, A. and 

Behzadian, K., 2024. The Application of Artificial Intelligence (AI) in Adsorption Process 

of Heavy Metals: A Systematic Review. Environmental Industry Letters, 2(2), pp.57-78. 

8. Enferadi, S., Eftekhari, M., Gheibi, M., Moghaddam, N.N., Wacławek, S. and Behzadian, 

K., 2024. Modelling and optimising the performance of graphene oxide-Cu2SnS3-

polyaniline nanocomposite as an adsorbent for mercury ion removal. Environmental 

Science and Pollution Research, 31(26), pp.38196-38216. 

9. Makarem, A., Aldaghi, A., Gheibi, M., Eftekhari, M. and Behzadian, K., 2024. One‐step 

hydrothermal synthesis of a green NiCo‐LDHs‐rGO composite for the treatment of lead 

ion in aqueous solutions. The Canadian Journal of Chemical Engineering, 102(3), pp.1248-

1261. 

10. Hussien, L.B., Al-Kinani, E.M., Moradi, H., Gheibi, M. and Eftekhari, M., 2025. Folic 

acid capped Cu (II) nanocluster for solid phase extraction of lead from water and food 

samples. Microchemical Journal, 212, p.113374. 

11. Enferadi, S., Moradi, M., Alkinani, A., Moradi, H., Gheibi, M. and Eftekhari, M., 2025. 

Synthesis of lanthanum phosphate–carbon nanoparticles using a hydrothermal method and 

their application for lead ion removal. New Journal of Chemistry, 49(12), pp.4864-4875. 

12. Hussien, L.B., Al-Kinani, E.M., Hamud, W.M., Eftekhari, M., Moradi, H. and Gheibi, M., 

2026. Cu2S-ZnS PANI nanocomposite adsorbent for the removal of lead ion from water 

samples. Journal of Water Process Engineering, 83, p.109501. 

7.2. Projects  

I actively contributed to the EU project “Sustainable Remediation of Radionuclide Impacts 

on Land and Critical Materials Recovery” with my research findings being integrated into the 

project’s overall framework and outcomes. 
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