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Abstract 

The heavy metals (HMs) and metalloids such as Cr(VI), As(Ill), and Pb(II) in contaminated water are toxic even at trace 

levels and have caused devastating negative health impacts on human beings. Hence, the effective adsorption of these 

heavy metals from contaminated water is important to protect biodiversity, hydrosphere ecosystems, and human beings. In 

this study, a leachate modular tower (LMT) was developed for the singular purpose of adsorbing HMs. The LMT contained 

nano-slag as a liner, which was synthesized from slag. The nano-slag was blended in different proportions of 90:10; 80:20, 

70:30, 60:40, and 50:50 to the combined mass of clay and nano-slag, to evaluate the most efficient ratio of the blends 

capable of adsorbing HMs and metalloids with 100% efficiency. A series of leachate tests were performed to evaluate the 

adsorption capacity of LMT with different embedded liners. Attenuation periods of 2, 5, 7, and 10 days with a temperature 

of 500 °C were also selected to improve the sorption rate and uptake of HMs. Subsequently, the effluents were subjected 

to inductive coupled plasma mass spectrometry (ICP-MS) tests to evaluate the concentrations and percentages of adsorbed 

HMs, which were calculated using a pseudo-first-order adsorption model. The results revealed that the removal of 98%As, 

99%Cd, and 99.9% Pb was achieved with a 50%:50% ratio of soil and nano-slag as the liner at 10 days equilibrium period. 

Furthermore, 98%Zn, 95.45%Cu, 93.3%Fe, 97%Ni, and 89% Hg were achieved upon further investigation using the same 

dosage of soil and nano-slag and equilibrium conditions. The scanning electron microscopy (SEM) tests demonstrated that 

some traces of the absorbed HMs and metalloids were found on the liner surfaces, indicating significant changes in 

microstructure. The results indicated the sorption rate increased significantly due to the elevated temperature, 

aluminosilicate structure, and prolonged attenuation period, which are also associated with an elevated pH level and higher 

cation exchange capacity (CEC), of the liner. 
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1. Introduction 

Water is one of the most valuable natural resources on earth because of its essentiality to humans, animals, plants, 

etc. The low standard of quality of water supplies to end-users has been on the rise in the recent past due to rapid 

urbanization, mining, and industrial activities. Also, the uncontrolled discharge of untreated industrial wastewater has 

caused serious environmental and health damage, including heavy metal pollution. Heavy metal ions refer to the 

metalloids that have an atomic weight in the range between 63.5 g/mol and 200.6 g/mol and a specific gravity of more 

than 5.0 g/cm3 [1]. 

This water contamination can occur through natural or anthropogenic processes, either from single or multiple 

sources with high toxicity. The World Health Organization, according to their report, quantified the following metalloids 

                                                           
* Corresponding author: anekef@ukzn.ac.za 

 
http://dx.doi.org/10.28991/CEJ-2023-09-06-017 

 

© 2023 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0000-0002-7395-4900
https://orcid.org/0000-0002-7261-1439
https://creativecommons.org/licenses/by/4.0/


Civil Engineering Journal         Vol. 9, No. 06, June, 2023 

1523 

 

arsenic (As), copper (Cu), mercury (Hg), nickel (Ni), cadmium (Cd), lead (Pb), and chromium (Cr) as the most toxic 

[2]. The most common anthropogenic water contamination results from Industrial processes such as metal plating, 

fertilizer manufacture, petrochemical, paper making, and mining operations. This process has significantly increased the 

mobilization of HM to both ground and surface water sources. The aforementioned water contamination process has 

become a serious threat to plants, animals, and humans due to the non-biodegradable, bioaccumulation, and toxic 

properties of heavy metals, even at low concentrations. Therefore, the effective removal of heavy metals from aqueous 

solutions is crucial to protecting humans and environmental health. Bind et al. [3] suggested that long-term exposure to 

HMs in the environment could accumulate in the food chain and mobilize food poison due to their non-biodegradability. 

And could even lead to water scarcity [4, 5]. Given the prevention and control of heavy metal pollution in water sources, 

it is of great significance to accurately trace the source of heavy metal pollution and provide an effective removal 

technique through rational scientific procedures. 

Several techniques have been available to remove heavy metal ions from wastewater prior to being released into the 

environment. Elimination of heavy metals can be achieved through various methods, including nanofiltration, ion 

exchange, phytoremediation, chemical precipitation, electrocoagulation, and adsorption [6–12]. Despite the 

effectiveness of these aforementioned techniques, some parameters contribute to its drawback i.e., sludge generation, 

maintenance, equipment cost, energy consumption, low efficiency, and time-consuming. By contrast, adsorption is 

considered the most effective physicochemical technique for heavy metal removal because of its ease of handling, low 

capital cost, high efficiency, and suitability for both batch and continuous processes [13]. Although the adsorption 

technique has good heavy metal removal efficiencies, however, its effectiveness depends on the adsorbent type and the 

ionic concentration of the metalloids. Hence, the sorption reaction is generally considered to be very slow [14]. Some 

of the adsorbents commonly used are activated carbon (AC), biochar (BC), clay minerals, chitosan, lignin, 

nanomaterials, and geopolymers [15]. 

Among various adsorbents, geopolymer has gained a great interest among researchers due to its excellent 

immobilization effect. Geopolymer is an inorganic polymer with a three-dimensional polymeric structure and pores 

formed by the condensation of aluminosilicate mineral powder being added into an alkali solution at temperatures below 

100 0C. Similarly, the nano-geopolymer structure provides excellent adsorbent properties, which can aid in heavy metal 

removal from wastewater. Geopolymer has similar properties to zeolite and has a high capacity for cation exchange and 

a strong affinity for cationic heavy metals with the presence of Al in the geopolymer matrix [16, 17]. In addition, 

geopolymer can be synthesized by using geological origins such as kaolin, metakaolin, and dolomite and industrial waste 

such as slag, fly ash (FA), and sludge as an aluminosilicate precursor. Also, nanotechnology is known for removing 

contaminants through adsorption [18]. However other studies suggested that nanotechnology removes HMs through 

adsorption, coagulation, and precipitation process [19]. Although, the removal of HMs using nanotechnology could also 

be achieved through ion exchange or complexation. However, some studies suggested that the effective removal of HMs 

and metalloids could depend on the proper selection of adsorbents [20, 21]. 

Ibrahim et al. [22] suggested that nanotechnology offers unique adsorption properties such as different structural 

selectivity, optimal sorption capacity, and cation exchangeability for various metal cations, which can be used to 

optimize the process design of wastewater treatment due to its large specific surfaces, sorption capacity, and large surface 

interactions that mobilize fast adsorption rates.  

Mathur et al. [23] assessed the effective removal of Cd, Ni, and Pb from contaminated water by utilizing three silica-

based nanomaterials, i.e., non-functionalized silica nano hollow sphere (SNHS), amino-functionalized silica gel (NH2-

SG), and amino-functionalized silica nano hollow sphere (NH2-SNHS). According to their results, their investigation 

concluded that the adsorption capacities of the 3-nanomaterials were in the order of NH2-SNHS > NH2-SG > SNHS 

with associated metal removal through adsorption of Pb (II) > Cd (II) > Ni (II). The maximum adsorption capacities for 

Pb (II), Cd (II), and Ni (II) were achieved using NH2–SNHS was 96.79, 40.73, and 31.29 mg·g−1 respectively. Other 

than the application of nanotechnology in the removal of HMs, some studies have supported the use of recycled waste 

materials due to their value-added adsorbent efficiency. This requires careful execution and selection to mitigate 

overdosing of the contaminated water. Kumara and Kawamoto [24] investigated the removal of HMs through the 

synergy effects of clay and slag. They reported that the combination of crushed waste clay bricks (CCB) and municipal 

solid waste slag (MSWS) recorded appreciable heavy metal adsorption from highly concentrated wastewater in their 

study. Among these, their study suggested that the adsorption of HMs using CCB and MSWS was mainly controlled by 

deprotonation at a neutral pH value. Whereas, at a pH value between 7 and 9, metalloids like Cd2+ and >7 for Pb2+, were 

60% removed from the wastewater as the traces of these metalloids dominated the surface of the adsorbents forming 

precipitate-like crystals.  

Nguyen et al. [25] activated class “C” fly ash using 2-mercaptobenzothiazole (MBT) and sodium dodecyl sulfate 

(SDS) as the surfactants after treatment with 1M NaOH solution. Their study concluded that the number of adsorbed 

ions of the activated fly ash was 68% higher on average than that of the unmodified fly ash. The activated fly ash showed 

the capability of adsorbing toxic metals because its oxides and hydroxides are capable of providing adsorption sites for 

anions. 
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According to available literature, it is established that the adsorption technique is wildly accepted, but the process 

that guides the complete rate of the sorption process is slow. As such, the adsorption kinetics forms an integral part 

sorption reaction because it provides information on the rate at which metalloids are absorbed. This is the gap this study 

attempted to bridge by investigating the efficiency of heavy metal adsorption and also studying the important parameters 

such as concentration of nanomaterial, solid-to-liquid ratio, equilibrium period, and the temperature required for the 

complete pozzolanic process.  Therefore, to understand the adsorption capacity of the nano-slag clay liner (adsorbent), 

the following factors were investigated, the effect of pH on heavy metal adsorption and percentages of absorbed HM 

ions using pseudo-second-order model [26]. Furthermore, Ahmadi et al. [27] suggested that the pseudo-second order of 

kinetic reaction rate depends on the mass of the metalloids on the sorbent surface as well as the quantity of adsorbed 

metal ions at equilibrium. This model is widely employed for the study of chemisorption kinetics for liquid solution 

systems [28]. Therefore, chemisorption was employed in this study, since it involves the interaction between 

nanomaterial (adsorbent) and contaminated water (adsorbate) through chemical reactions, which create covalently. This 

study mainly targeted the removal of As, Cd, and Pb, however, the removal of other HMs and metalloid were also 

investigated. The choice for selecting adsorbent was mobilized by its capacity to increase the pH level of the entire 

chemisorption through adsorption, precipitation, and coagulation of metallic ions. 

2. Materials and Methods 

2.1. Natural soil 

The soil used for this study is natural Bentonite clay collected from Mpumalanga in South Africa at a depth of 1.2 

m without any form of contamination. The collected soil was oven-dried for 24 hours at a temperature of 240C to 

eliminate hygroscopic moisture that might have been trapped within the soil voids. ASTM D1140 [29] test protocol was 

followed to perform a sieve analysis test. Subsequently, different particles retained in sieve sizes of 9.5 mm and 4.75 

mm, were used to determine the percentages of gravel and sand. The percentage of the fine was also determined on the 

soil particle size of 75µm following hydrometer analysis. The percentages of clays and silts were further evaluated; 

hence the soil’s particle size distribution curve is presented in Figure 1. The studied soil has a symbol of CL, this implies 

that it is clay soil with low plasticity, according to the Unified Soil Classification System (USCS). 

 

Figure 1. Soil gradation curve 

The X-ray fluorescence (XRF) test was also performed to evaluate the chemical compositions of the NAT-S. The 

test results revealed the selected NAT-S possessed SiO2, Al2O3, + Fe2O3, and CaO as the dominant chemical compounds. 

Following the cation exchange capacity (CEC) which was also performed following Indian Standard, IS 2720-24 [30]. 

An ammonium chloride solution of 485±3 ppm content equivalent to NH4
+ concentration, to determine the total negative 

charge and CEC of the NAT-S. The result showed that the NAT-S contained fine particles greater than >65%. This 

indicates that the NAT-S has a positive surface charge for cation exchange with a corresponding value of 48.37 meq/100 

g. The value implies that the soil constitutes OH- ion concentration on the surface charge and the sufficient charged 

hydroxyls (H+ ion) capable of losing at the surface. Based on the obtained CEC result, the soil is suspected to possess a 

little to medium adsorption capacity for heavy metals. 
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2.2. Nano-Blast Furnace Slag (NBFS) 

The steel slag used herein is a basic-oxygen-furnace (BOF) slag acquired from a single batch and supplied by Fry’ 

Metals in South Africa. It constitutes of CaO, MgO, MnO, and FeO to a total oxide of 70% according to the XRF test 

result. This confirms that the slag used was produced through the process of basic oxygen-furnace (BOF) slag. The slag 

possesses a particle size of less than 15.3 mm with an average initial moisture content of 7.5%. The slag could not be 

obtained on a nanoscale level; therefore, the obtained slag was synthesized to a nanoscale using the top-to-bottom 

method. The nanoscale of the slag starts by drying it in an open-air environment for 7 days followed by mechanical jaw 

crushing. The slag was first crushed into a granular size of <4mm followed by continuous grinding in a mechanical ball-

milling. The milling process lasted for 6 h with 0.5 h intervals at a rotation of 500rpm. Toluene and anionic surface-

active chemical agents were added at each interval to cool the inner chamber of the mill and eliminate any form of 

agglomerations that might be formed by the slag nanoparticles. These conditions were repeated for each run until the 

surface area of the nano-slag particles increased from 0.02 m2/gm to 23.40 m2/gm according to the high-resolution 

transmission electron microscopy (HRTEM) analysis, with the particle sizes of nanosized slag evaluated within the 

range of >10 nm.  The preliminary test results presented in Table 1 was essentially used to quantify the quantity of clay 

minerals in the soil which was used to develop the nano-slag clay liner (NSCL). Unfortunately, the soil possesses little 

capacity to adsorb the heavy metals and metalloids according to its CEC, pH value, and nano-size. 

Table 1. Chemical composition of NAT-S and NBFS 

Materials XRF 

 SiO2 Al2O3 Fe2O3 CaO K2O MgO Others CEC (meq/100 g) 

NAT-S 52.59 17.41 12.38 6.62 4.95 4.40 1.65 75 

NBFS 17.41 5.21 28.24 38.68 1.4 6.3 2.77 298 

Mineralogical compositions XRD 

 Smectite Phyllosilicate K-feldspar Plagioclase Illite Calcite   

NAT-S 71.74 13.41 9.91 1.85 1.89 1.22  >> 

 Merwinite Olivine Wüstite Brownmillerite Larnite Vaterite   

NBFS 51.13 43.24 33.23 23.11 18.21 11.21  >> 

2.3. Contaminated Water 

Samples of the contaminated water were collected from a single source near an active mine in Mpumalanga, South 

Africa. The pictorial view of the contaminated water site is presented in Figure 2. The water body was suspected to be 

contaminated with acid mine drainage due to nearby mining activities coupled with adverse impacts on the vegetation 

and plants within the surrounding environment. Crystal salt formation was visible on the contaminated water surface 

protrusions, as the contaminated water was collected from different locations to have a wide representation of the 

contaminated water samples. The salt-like crystals formation are heavy metals that were noted as dissolved ions in the 

contaminated water. 

 

Figure 2. Site setup of the investigated acid mine drainage 
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The contaminated water source was monitored on-site for 24 months using an acid concentration meter to determine 

its concentrations. The variation in concentration over time for the contaminated water is shown in Figure 3. The lowest 

pH value of 2.5, was recorded as the lowest [H+] concentration of the sampled contaminated water over 2 years, therefore 

qualifying the contaminated water sample as acidic water. 

 

Figure 3. Site setup of the investigated acid mine drainage 

  A series of chemical composition and concentration evaluations were performed on the collected contaminated 

water samples using ICP-MS and the results are summarized in Table 2. The test result confirmed that the contaminated 

water rendered a high electrical conductivity and contained elevated levels of sulphate and dissolved heavy metals. Also, 

the concentration of HMs and metalloids contained in the contaminated water were beyond the concentration ions limit 

specified by WHO [2] and DWARF [31] for livestock, watering, and irrigation/construction as demonstrated in Table 

2. The HMs and metalloids like As, Cr, Hg, Fe, Pb, Cu, Cd, and Ni were contained in the contaminated water with their 

concentrations above the permitted limits for agricultural and irrigation/construction purposes. Thus, studies have 

suggested that the major water contaminants are Arsenic (As), Cadmium (Cd), Chromium (Cr), Lead (Pb), Mercury 

(Hg), Thallium (Tl), and Nickel (Ni) [31]. 

Table 2. Chemical composition of raw AMD, water quality standards (DWARF, 1996) 

Element pH Hg Fe As Zn Pb Cu Cd Ni Cr SO4 

Concentration (Mgdm-3) 2.5 14 32 6.0 5.41 15.3 22 39.3 14.4 <0.5 1280 

Livestock watering (Mgdm-3) 6.5-8.5 1.0 10 1.0 20 0.5 5.0 10 1.0 1.0 1000 

Irrigation (Mgdm-3) 6.5-8.5 << 5.0 0.001 1.0 0.2 0.2 10 0.20 0.05 << 

3. Methods 

The pH test was performed to measure the effects of proton in aqueous solutions and to evaluate the changes in pH 

values (alkalinity) of the contaminated water when interacting with the NSCL. The ASTM D6276 [32] protocol was 

followed to achieve this task, as four calibrated conical glass jars containing the solution of NBFS and soil to the 

combined ratios of 90:10; 80:20, 70:30, 60:40, and 50:50. The maximum soil particles size selected for this test is 

425μm. The calibrated conical glass jars were set up to contain 50g of NSCL and 200 ml of the contaminated water. 

The solutions were agitated for 25 mins and allowed to settle before insertion of the pH meter to measure the pH values 

from each jar. The test results revealed that the pH values of the investigated contaminated water increased as the 

percentages of NBFS content increased in the clay liner mixture. A significant increase in pH values was noted at a 

50:50 soil: NBFS ratio, beyond which the pH value remains stable as presented in Figure 4. The pH value indicated that 

the nano-slag clay liner developed with 50% of clay and 50% NBFS recorded a pH value of 13.10. This implies that 

under this combined ratio higher cations exchange capacity by anionic charge was achieved compared to the rest of the 

clay liner. 
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Figure 4. pH interaction of nanosized- slag clay liner with the contaminated water 

3.1. Experimental Setup and Testing Procedure 

The leachate test was performed in this study to adsorb the targeted heavy metals i.e.  As, Cd, and Pb. The 

methodological process was achieved by first blending nano-slag, and Bentonite soil in a varying ratio of 90:10; 80:20, 

70:30, 60:40, and 50:50 to the combined mass of soil and nano-blast furnace slag (NBFS) followed by a slight addition 

of water. The blends were thoroughly mixed for 15 minutes until a homogenous mixture was achieved forming a nano-

slag clay liner. The material was placed and compacted into the attenuation at a temperature of 500C. The temperature 

was selected to improve the rate of sorption as well as to enable the complete development of the tertiary compound 

through a polymerization reaction. Figure 5 illustrate the methodological flowchart of the leachate test. 

 

Figure 5. Methodological process of the leachate test 

The adsorption HMs from the contaminated water was achieved using the Leachate Modular Tower. The nano-slag 

clay liner was compacted into the attenuation chamber of the LMT. Firstly, washed gravel aggregates between 2 mm to 

2.5 mm sizes were placed at the bottom section of the attenuation chamber and a non-woven filtration geotextile material 

was placed on top of the gravel. The filtration material was selected to allow an easy flow of the contaminated water 

while preventing the NSCL particles from passing through. The testing was structured in a framework such that the 

NSCL was uniformly compacted into the attenuation chamber to serve as a liner after the gravel aggregates, and non-

woven filtration geotextile material were placed into attenuation chamber. The perforated pressure pad was placed on 

the top of the attenuation chamber to aid the distribution of the contaminated water across the circumference of the 

compacted nano-slag clay liner in the attenuation chamber.  The contaminated water was placed in the reservoir and the 

LMT was coupled to avoid spillage. The equipment was powered and the internal temperature of 500C was maintained 
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using the embedded heating ring around the lower block of the reservoir. This temperature was chosen based on the 

study published by Dubey et al. [33] which concluded that a constant temperature of 500C plays a key role in the 

adsorption process of HMs and metalloids. Also, the equilibrium adsorption capacity of nanomaterials is expected to 

alter at elevated temperatures to mobilize the redox reaction rate. The experimental setup and schematic diagrams of the 

built LMT are shown in Figure 6. 

  

 

Name Part QTY 

Pressure Piston 15 1 

Porous Pressure Plate 14 1 

Sample Holder 13 1 

Attenuation Chamber 12 1 

Porous Stone Chamber 11 1 

Clip 10 1 

Effluent 9 1 

Standard Nut 8 6 

Standard Nut 7 6 

Geosynthetic Material 6 1 

Lid 5 1 

Influent 4 1 

Leechate Chamber 3 1 

Mid Block 2 1 

Lower Block 1 1 

Figure 6. Schematic diagram of Modular Leachate Tower 
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After the setup of the LMT equipment, the contaminated water was retained in the attenuation chamber at different 

equilibrium adsorption periods of 2, 5, 7, and 10 days to investigate the effects of the attenuation period on the sorption 

capacities of the NSCL.  After the equilibrium period was attained, the outlet was opened, and the contaminated water 

that leached through the liner was collected using a graduated cylinder. As another inductive coupled plasma mass 

spectrometry (ICP-MS) test was performed to measure the concentration of HMs and metalloid ions in the collected 

leached water. The number of heavy metal ions adsorbed per gram of adsorbent, Q (mg·g−1), was calculated using 

Equation 1. 

𝑄 =
(𝐶0−𝐶𝑒)

𝑊
  (1) 

where 𝑄 is the amount of adsorbed metal ion at equilibrium conditions (metal ion (mg)/adsorbent (g)), 𝑉  is the solution 

volume (𝐿), and 𝑊 is the sorbent mass (g). 𝐶0 and 𝐶𝑒are the initial and equilibrium concentrations of metal ions in 

solution (mg·L−1), which are determined by the ICP-MS test. To calculate the percentage removal of metal ions, pseudo-

first-order kinetic was applied as expressed in Equation 2. 

 𝐻 =
(𝐶0−𝐶𝑒)

𝐶0
× 100  (2) 

where H is the percent removal of metal ions (%), all experiments were performed in triplicate and the average value 

was recorded as the final test result. 

The scanning electron microscopy (SEM) test was conducted on the NSCL to evaluate the surface morphology 

of the untreated natural soil liner and NSCL. The SEM test enables the high-resolution imaging of nanoparticles with 

sizes below 10 nm. High-resolution image was achieved from the upper-most surface of the NSCL by advanced 

detectors. The SEM machine used herein is the VEGA3 TESCAN-6480 scanning electron microscope operated at 

20kV. The test was successfully conducted due to the capacity of SEM equipment to measure lateral dimensions on 

the nano-scale. 

4. Results and Discussion 

4.1. Adsorption Capacity of The Natural Soil 

The capacity of the natural soil to adsorb HMs was evaluated at different attenuation periods using Equation 1. The 

reduction of HM ions concentration after the interaction period between the natural soil and contaminated water at 

different attenuation periods is presented in Table 3.  The results showed that the natural soil through ion exchange and 

adsorption mechanisms slightly removed the cations and anions of few metalloids at 10 days of equilibrium periods. 

Whereas no adsorption of Hms was achieved at 2, 5, and 7 days respectively. In furtherance, the degree of HMs 

concentration after 2 and 5 days of interaction periods are higher compared to the standard stipulated by DWARF [31], 

and WHO [2]. Whereas, at 7 and 10 days of interaction periods, the concentrations of the targeted metalloids ions i.e., 

as Cr(VI), As(Ill), and Pb(II) remined unchanged whereas slightly decrease Cd, Cu, and Hg ions concentration were 

recorded.  The low adsorption of HMs by the natural soil is associated with the inability to high exchangeable cations 

and anions on the soil surface. Furthermore, the low surface area and pore volume were also noted to be part of the 

contributing factor for low adsorption capacity of clay.  

The result obtained in this study agrees with the report published by Chen et al. [34], and Zacaroni et al. [35], 

which suggested that microstructure, and high cation exchange capacity (CEC) improves the adsorption capacity 

of a soil. The hierarchy of the natural soil is in the order of sorption Cd> As> Pb>.  However, no adsorption 

activities were noted for Cr, Zn, Ni, As, and Fe ions after 10 days of the interaction process. It was also noted that 

the concentration of Cu and Hg were reduced by 33% and 38% respectively with no change in concentration ion 

for SO4. This could be attributed to the percentage of free aluminium phyllosilicate minerals available in the soil 

as well as the diffused double layer within the outer surface structure and the elevated temperature. In addition, 

study by Campillo et al. [36] supported that the uptake of heavy metals by clay minerals involves a series of 

complex adsorption mechanisms, such as direct bonding between metal cations with the surface of clay minerals, 

surface complexation, and ion exchange [37]. The soil use herein was noted to achieved low adsorption of HMs, 

this implies that the soil requires pre-treatment and modification to enhances the surface area, pore volume, and 

CEC on the surface for effective adsorption of HMs. 
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Table 3. Quantities of absorbed heavy metals by non-treated clay liner 

HMs 
Initial Conc. 

(Mgdm-3) 

Effluent @ 2 

days (Mgdm-3) 

Effluent @ 5 

days (Mgdm-3) 

Effluent @ 7 

days (Mgdm-3) 

Effluent @ 10 

days (Mgdm-3) 

DWARF, 1996 

(Mgdm-3) 
WHO(Mgdm-3) 

Livestock Irriga. Drinking water 

Hg 14.0 11.52 9.35 5.23 0.95 1.0 >> 0.001 

Fe 32.0 32.0 32.0 32.0 20.10 10.0 5.00 >> 

As 9.00 9.00 9.00 9.00 9.00 1.00 0.01 0.001 

Zn 5.41 5.41 5.41 5.41 5.41 20.0 1.00 >> 

Pb 15.3 10.42 8.31 4.24 0.120 0.50 0.20 0.010 

Cu 22.0 17.64 15.2 10.12 2.140 5.00 0.20 2.000 

Cd 39.3 22.69 17.14 11.40 3.41 10.0 10.0 0.003 

Ni 14.4 14.4 14.4 14.4 14.40 1.00 0.20 >> 

Cr 0.50 0.50 0.50 0.50 0.50 1.00 0.05 0.050 

SO4 1280 1280 1280 1280 1280 1000 >> >> 

*WHO: World Health Organization 

4.2. Adsorption of HMs by Nano-Slag Clay Liner (NSCL) 

Nanomaterials has been extensively studied for the removal of heavy metals and metalloids due to their large specific 

surface areas with enhanced active sites for contaminant adsorption [38]. The results indicated that the rate sorption of 

the nano-slag clay liner improved significantly causing decrease in concentrations and quantities of the HM ions at 

several contact times. Table 4 portrayed a high adsorption order of 98%As>, 99%Cd>, and 99.9%Pb> at 10 days 

equilibrium time with adsorbent ratio of 50: 50 clay and nano-slag. The results further revealed that the metalloids like 

Cu>, Zn>, Hg>, Ni> Fe>, and Cr> were greatly adsorbed at the same equilibrium period and nano-slag clay dosage. At 

interaction period of 2 days, the concentration of HMs ions was slightly decreased. The adsorption trend portrayed 

significant increase of adsorbate (heavy metals) as the interaction time continue to increase, the concentration of HMs 

ions decreased.  A significant decrease in ionic concentration was noted at 7 and 10 days of interaction time. For 

example, Hg had an initial ion concentration of 14 Mgdm-3, upon 2 days of interaction period, the ion concentration 

decreased from 14 Mgdm-3 to 6.14 Mgdm-3.  Thus, further decease in ion concentration was noted at 5, 7, and 10 days 

of interaction time resulting to decrease values of further from 2.15 Mgdm-3, 0.001 Mgdm-3, and 0.001 Mgdm-3 

respectively 

Table 4. Concentration of absorbed HM ions by 50: 50 NSCL 

HMs 
Initial Conc. 

(Mgdm-3) 

Effluent @ 2 

days (Mgdm-3) 

Effluent @ 5 

days (Mgdm-3) 

Effluent @ 7 

days (Mgdm-3) 

Effluent @ 10 

days (Mgdm-3) 

DWARF, 1996 

(Mgdm-3) 
WHO (Mgdm-3) 

Livestock Irriga. Drinking water 

Hg 14.0 6.14 2.15 0.001 0.001 1.0. >> 0.001 

Fe 32.0 20.2 18.0 4.31 2.14 10.0 5.00 >> 

As 9.00 5.11 2.14 0.001 0.001 1.00 0.01 0.001 

Zn 5.41 2.21 1.08 0.88 0.38 20.0 1.00 >> 

Pb 15.3 8.14 3.42 0.18 0.11 0.50 0.20 0.010 

Cu 22.0 13.2 7.42 1.24 1.00 5.00 0.20 2.000 

Cd 39.3 20.2 11.22 3.10 0.41 10.0 10.0 0.003 

Ni 14.4 9.21 3.12 0.20 0.20 1.00 0.20 >> 

Cr 0.50 0.35 0.15 0.05 0.03 1.00 0.05 0.05 

SO4 1280 1120 950 758 758 1000 >> >> 

*WHO: World Health Organization  

In Tables 5 to 8 similar decreasing trends were observed upon the evaluation of HM ions concentrations various clay 

and nano-slag ratios of 60:40, 70:30, 80:20, and 90:10 as the adsorbent and NBFS liners at various interaction periods. 

The result shows great proportionality between the adsorption of HM ions and the nanomaterial. The decrease in HM 

ion concentration occurred as the nano-slag content increases and decreases when clay content increases. The adsorption 

of the HMs and metalloids were significant at 7 days of interaction times beyond which the HMs ions concentrations 

remained unchanged. Also, it was noted that the variation and effects of HM ions quantities decrease with an increase 

in pH value and initial metal ion concentration. For instance, the removal of Cd is higher compared to Hg with a lesser 

initial ion concentration, hence the adsorption capacity at 7 days for Cd is 36.2Mgdm-3 whereas in Hg an adsorption 

capacity of 13.99 Mgdm-3  was recorded. These results indicated that the actual amount of HM ions absorbed per unit 
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mass of the absorbent increased with metal ion concentration. The adsorption trend observed in this study is associated 

to large surface area, high sorption capacities, temperature range and the adsorption capacity of nano-slag. The surface 

area of the nano-slag mobilized the wide range sorption capacity for the system, suggesting its potential for treating 

contaminated water. The results obtained in this study are related to other studies [38-44] which stated that nanomaterial 

adsorbents are active for heavy metal removal due to their large specific surface areas with enhanced active sites for 

contaminant adsorption and effective adsorbent in continuous adsorption mode. These concluded that nanomaterials 

have many unique morphological and structural properties that mobilises effective adsorbents of heavy metals at the 

outer surface. 

Table 5. Concentration of absorbed HM ions by 60: 40 NSCL 

HMs 
Initial Conc. 

(Mgdm-3) 

Effluent @ 2 

days (Mgdm-3) 

Effluent @ 5 

days (Mgdm-3) 

Effluent @ 7 

days (Mgdm-3) 

Effluent @ 10 

days (Mgdm-3) 

DWARF, 1996 

(Mgdm-3) 
WHO (Mgdm-3) 

Livestock Irriga. Drinking water 

Hg 14.0 8.31 4.21 0.01 0.001 1.0. >> 0.001 

Fe 32.0 24.0 21.0 4.71 3.21 10.0 5.00 >> 

As 9.00 5.12 4.14 0.81 0.001 1.00 0.01 0.001 

Zn 5.41 2.10 1.23 0.94 0.67 20.0 1.00 >> 

Pb 15.3 9.10 9.41 0.75 0.18 0.50 0.20 0.010 

Cu 22.0 15.0 14.0 10.21 5.00 5.00 0.20 2.000 

Cd 39.3 22.0 18.22 13.0 8.10 10.0 10.0 0.003 

Ni 14.4 10.18 6.31 2.18 0.90 1.00 0.20 >> 

Cr 0.50 0.40 0.25 0.05 0.05 1.00 0.05 0.05 

SO4 1280 1260 1200 1150 1000 1000 >> >> 

*WHO: world health organization  

Table 6. Concentration of absorbed HM ions by 70: 30 NSCL 

HMs 
Initial Conc. 

(Mgdm-3) 

Effluent @ 2 

days (Mgdm-3) 

Effluent @ 5 

days (Mgdm-3) 

Effluent @ 7 

days (Mgdm-3) 

Effluent @ 10 

days (Mgdm-3) 

DWARF, 1996 

(Mgdm-3) 
WHO (Mgdm-3) 

Livestock Irriga. Drinking water 

Hg 14.0 9.11 6.15 2.10 0.88 1.0. >> 0.001 

Fe 32.0 26.2 22.0 5.00 4.00 10.0 5.00 >> 

As 9.00 7.11 3.00 0.83 0.03 1.00 0.01 0.001 

Zn 5.41 3.21 2.18 1.21 1.02 20.0 1.00 >> 

Pb 15.3 10.0 8.12 1.25 0.53 0.50 0.20 0.010 

Cu 22.0 17.0 15.1 12.0 7.00 5.00 0.20 2.000 

Cd 39.3 24.0 22.0 15.0 9.0 10.0 10.0 0.003 

Ni 14.4 13.0 7.00 3.21 1.0 1.00 0.20 >> 

Cr 0.50 0.43 0.35 0.05 0.05 1.00 0.05 0.05 

SO4 1280 1263 1200 1152 1000 1000 >> >> 

*WHO: world health organization  

Table 7. Concentration of absorbed HM ions by 80: 20 NSCL 

HMs 
Initial Conc. 

(Mgdm-3) 

Effluent @ 2 days 

(Mgdm-3) 

Effluent @ 5 

days (Mgdm-3) 

Effluent @ 7 

days (Mgdm-3) 

Effluent @ 10 

days (Mgdm-3) 

DWARF, 1996 

(Mgdm-3) 
WHO (Mgdm-3) 

Livestock Irriga. Drinking water 

Hg 14.0 9.30 7.00 2.30 0.90 1.00 >> 0.001 

Fe 32.0 27.0 22.11 5.20 5.00 10.0 5.00 >> 

As 9.00 7.41 3.50 1.0 0.04 1.00 0.01 0.001 

Zn 5.41 3.22 2.20 1.24 1.12 20.0 1.00 >> 

Pb 15.3 11.2 8.31 1.35 0.58 0.50 0.20 0.010 

Cu 22.0 17.2 15.3 12.3 7.20 5.00 0.20 2.000 

Cd 39.3 24.2 22.3 15.2 9.2 10.0 10.0 0.003 

Ni 14.4 13.2 7.20 3.40 1.00 1.00 0.20 >> 

Cr 0.50 0.43 0.35 0.05 0.05 1.00 0.05 0.05 

SO4 1280 1265 1210 1155 1000 1000 >> >> 

*WHO: world health organization  
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Table 8. Concentration of absorbed HM ions by 90: 10 NSCL 

HMs 
Initial Conc. 

(Mgdm-3) 

Effluent @ 2 

days (Mgdm-3) 

Effluent @ 5 

days (Mgdm-3) 

Effluent @ 7 

days (Mgdm-3) 

Effluent @ 10 

days (Mgdm-3) 

DWARF, 1996 

(Mgdm-3) 
WHO (Mgdm-3) 

Livestock Irriga. Drinking water 

Hg 14.0 10.1 9.0 4.23 0.90 1.0 >> 0.001 

Fe 32.0 27.1 22.2 5.25 5.00 10.0 5.00 >> 

As 9.00 7.45 3.55 1.10 0.35 1.00 0.01 0.001 

Zn 5.41 3.25 2.25 1.28 1.18 20.0 1.00 >> 

Pb 15.3 11.4 8.31 4.24 0.12 0.50 0.20 0.010 

Cu 22.0 17.3 15.4 12.4 2.10 5.00 0.20 2.000 

Cd 39.3 24.3 17.2 11.4 3.41 10.0 10.0 0.003 

Ni 14.4 13.4 7.25 3.41 1.00 1.00 0.20 >> 

Cr 0.50 0.45 0.35 0.05 0.50 1.00 0.05 0.050 

SO4 1280 1270 1220 1160 1000 1000 >> >> 

*WHO: world health organization  

4.3. Effect of pH on Heavy Metal Adsorption 

The effects of pH HMs adsorption with nano-slag variation are presented in Figures 7 to 11. The test results revealed 

that the pH has a significant influence on the adsorption process of heavy metals and metalloids, as it acts on the 

functionality and could impact their sorption rates. The results revealed that increasing the dosages of the nano-blast 

furnace slag in the mix mobilized an increase in pH values from 2.5 to 5.13, 7.23, 10.41, 11.18, and 13.1 upon the 

inclusion of 10%, 20%, 30%, 40%, and 50% nano-blast furnace slag. The increase in the nano-blast furnace slag resulted 

in a significant uptake of HM ions. This implies that nano-slag contents control the pH levels, which in turn influence 

the sorption process. Therefore, at a low pH level, the mobility of metal ions in the wastewater is higher, whereas, at a 

higher pH, the lower mobility of Cd>, As>, Pb>, and other metalloids is established by Zhang et al. [45]. The surface 

area of the nano-slag used herein played a critical role in determining the potential for a given quantity of adsorbed HM 

ions. For instance, a 50:50 ratio of soil and nano-slag increased the pH level from 2.5 to 13.1 and caused a decrease in 

the HM ion concentration of Cd from 39.3 mg dm-3 to 20.2 mg dm-3 for 2 days interaction period.  According to the 

presented curves, the red color indicates a high-level HMs concentration at low pH values. Therefore, increasing the 

contents of the nano-slag dosages, caused a significant decrease in HMs ion concentration as the pH level increased. 

The increase in nano-slag dosage mobilized color changes and a reduction in the concentration of HMs, as shown by 

the curve legends. The color was noted to change from red to orange and further change from orange to yellow, green, 

and finally purple. These color changes imply significant uptake of HM ions until the optimum level of HM ions is 

adsorbed at elevated pH values. 

  

Figure 7. Variation of pH and adsorption of Hg and Fe from AMD with different absorbent doses 
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Figure 8. Variation of pH and adsorption of As and Zn from AMD with different absorbent doses 

  

Figure 9. Variation of pH and adsorption of Pb and Cu from AMD with different absorbent doses 

  

Figure 10. Variation of pH and adsorption of Cd and Ni from AMD with different absorbent doses 
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Figure 11. Variation of pH and adsorption of SO4 with different absorbent doses 

Generally, the high adsorption of HM ions was possible due to the increase in pH which was triggered by the 

pozzolanic reaction between the soil and nano-slag. The pozzolanic reaction formed tertiary compounds such as 

dicalcium silicate (C2S), tricalcium silicate (C3S), and free calcium oxide (f-CaO) in steel slag. These tertiary compounds 

possess excellent alkalinity in the CSH. The alkalinity in the tertiary compounds triggers the increase in the pH value of 

the framework from 2.5 to 13.1. This also mobilized the precipitation of HM ions at elevated temperatures during the 

interaction time, forming insoluble hydroxide within the pores of the clay layer. The effects of pH values on the 

adsorption of Hms and metalloids observed in this study trend agrees with the report published elsewhere [46-51], which 

confirms that increased pH level, triggers an increase in the sorption rate of HM ions through which precipitation occur 

on the surface of the adsorbent. The results obtained here are comparable to the study published by Yadav et al. [52] 

which stated that the application of nanomaterial for wastewater treatment increases the sorption rate of heavy metals 

with a significant influence on the temperature. The small particle size effect was noted to improve the reaction between 

the nano-slag and clay minerals which resulted in favorable uptake of the targeted metalloids. 

4.4. Percentages of Absorbed HM Ions 

Figures 12 to 15 present the sorption capacity of the NSCL using Equation. 2. The ratio of 50% clay and 50% nano-

slag at various interaction times was selected to evaluate the adsorption efficiency of NSCL. It was noted that high 

sorption capacity has great proportionality with interaction time. Also, the adsorption efficiency was noted to increase 

with interaction. Furthermore, the absorbed percentages of HM ions were significantly influenced by initial 

concentration rate, CEC, surface area, elevated pH, and surrounding temperature in the LMT. For instance, at an 

equilibrium period of 2 days, Hg, Fe, As, Zn, Pb, Cu, Cd, Ni, and Cr, the adsorption efficiency of 49%, 31%, 43.3%, 

59.2%, 47%, 40%, 49%, 36.4%, and 30% respectively. However, significant adsorption was observed at interaction time 

between 7 days to 10 days with recording adsorption efficiency of 99.9%, 93.3%, 99.9%, 93%, 99.8%, 95.4%, 99%, 

99%, 97%, and 99% respectively.  

 

Figure 12. The percentages absorbed HM ions at 2 days interaction period 
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Figure 13. The percentages absorbed HM ions at 5 days interaction period 

 

Figure 14. The percentages absorbed HM ions at 7 days interaction period 

 

Figure 15. The percentages absorbed HM ions at 10 days interaction period 

As was expected significant adsorption percentages of Hg, Fe, Zn, Cu, Ni, and Cr were noted due to the pH, CEC, 

and charged surface area of the nanomaterial. The results obtained in this study are in line with research work published 

[53-57]. Their studies concluded that nano-iron was successfully used for the removal of arsenic, whereas graphite oxide 

at the nanoscale also showed effective uptake of Cr and Pb with a gradual decrease in Ni ion concentration as the dosage 

of graphene oxide increased [58]. 
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4.5. Scanning Electron Microscopy (SEM) Analysis 

The SEM analysis was used to determine the surface morphology of the untreated natural soil liner and NSCL. 

The microscopy results showed significant physical changes caused by the adsorption of HMs and metalloids after 

the equilibrium period of 10 days. The SEM analysis traced some gel-like precipitates on the surface of the liners, as 

shown in Figures 16 to 18. The surface morphology of the liner changes as the dosages of the NBFS increase. This 

was expected because a higher dosage of NBFS absorbed more HM ions. Therefore, the liner with lesser dosages of 

NBFS adsorbed fewer HMs, causing the formation of little precipitates on the surface of the liner. However, traces 

of quartz, pyrophyllite, dicalcium silicate (C2S), tricalcium silicate (C3S), calcium silicate hydrate (CSH), calcium 

aluminate hydrate CAS, and free calcium oxide (f-CaO). Among the mineral precipitates traced at the surface of the 

liner includes gehlenite (Ca2Al2SiO7), akermanite (Ca2MgSiO7), bredigite (Ca5MgSi3O12), and merwinite (Ca3Mg 

(SiO4)2), and gypsum (CaSO4·2H2O). The formation of these minerals was expected due to the high sulfate contained 

in the contaminated water, coupled with the ionic exchange release of OH− and Ca2+ from the tertiary precipitates of 

the reaction. 

 

(a) 

 

(b) 

Figure 16. (a) Showing microstructures of natural soil. (b) Showing traces of mineral precipitated formed with 90: 10 ratio 

of soil and nano-slag 

 
(a) 

 
(b) 

Figure 17. (a) Showing traces of mineral precipitated formed with 80: 20 ratio of soil and NBFS (b) Showing traces of 

mineral precipitated formed with 70: 30 ratios of soil and nano-slag 
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(a) 

 
(b) 

Figure 18. (a) Showing traces of mineral precipitated formed with a 60: 40 ratios of soil and nano-slag (b) Showing traces of 

mineral precipitated formed with a 50: 50 ratios of soil and nano-slag 

In summary, it is observed that nano-slag contains a significant aluminosilicate component, capable of improving 

sorption rate. Thus, the large surface area of the nano-slag effectively adsorbed the targeted heavy metal ions and 

metalloids through the combined contribution of ion exchange, precipitation, and ion complexation with heavy metals. 

The presence of metal oxide, and the nanoparticle size effects, and the elevated temperature produced by the LMT 

increased the active site on the surface of the liner. The adsorbed HM ions co-precipitated during the pozzolanic reaction 

and formed gel-like structures with metalloid salts. The concentration of the wastewater before treatment was evaluated 

to be 2.5 on the pH scale; this implies that the wastewater is toxic due to the presence of metalloids and heavy metals. 

However, the concentration of the effluents was in the pH range of 7.5 to 7.8, quantifying the effluents fit for livestock, 

irrigation, and drinking according to DWARF and WHO standards. On the contrary, the natural clay failed to adsorb 

HM ions due to the liquid-solid partitioning, which is governed by aqueous solubility as a function of pH. 

Despite the fact that the nano-slag used in this study has shown significant capacity for adsorbing metalloids, it has 

a few limitations and drawbacks. The nanomaterials in general are unstable and tend to aggregate, thus reducing their 

removal capacity of the adsorbent. Furthermore, it is usually difficult to separate the nanomaterials from the aqueous 

solution swiftly and efficiently due to their nanoscale size. The problems of aggregation, poor separation, and excessive 

pressure drop when used in fixed-bed and flow-through systems should not be neglected [59]. 

5. Conclusions 

This study evaluates the efficiency of adsorbing HMs (As, Cd, and Pb) using leachate modular tower (LMT) 

embedded nanomaterial (nano-slag). It is evident that the major challenge of nanomaterials in adsorbing HMs and 

metalloids is clotting; however, this study proved that increasing the temperature of the interaction between the 

contaminated water (adsorbate) and nanomaterial (adsorbent) restricted clotting of the system and also improved the 

rate of sorption at extended interaction times. Based on the obtained results, the removal of 98%As, 99%Cd, and 

99.9%Pb was achieved with a 50%:50% ratio of soil and nano-slag as the adsorbent at 10 days equilibrium period. Also, 

significant adsorption of 98%Zn, 95.45%Cu, 93.3%Fe, 97%Ni, and 89%Hg were achieved upon further study using the 

same dosage of soil and nano-slag and interaction time. The scanning electron microscopy (SEM) tests revealed that 

some traces of the absorbed HMs and metalloids were found on the liner surfaces, indicating significant changes in 

microstructure through precipitation mechanisms. The sorption rate increased significantly due to the elevated 

temperature, aluminosilicate structure, and prolonged contact time, which are also associated with the elevated pH level 

and higher cation exchange capacity (CEC) of the liner. 

The LMT-embedded nanomaterials exhibit great efficiency in adsorbing heavy metals, as evaluated in this study. 

Nevertheless, there are still some impediments that need to be addressed to make better use of the LMT embedded 

nanomaterials for the adsorption of HMs from wastewater. First, the nanoslag used herein tends to aggregate, thus 

reducing its removal capacity. Furthermore, it is usually difficult to separate the nanomaterials from the aqueous solution 

swiftly and efficiently due to their nanoscale size. Again, the synthesis process, long-term performance, and some other 

issues correlated with nanoslag with respect to the developed LMT need to be studied further. Second, the commercial 

nanoslag used for heavy metal removal on an industry scale is rare, and more efforts are needed to develop market-
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available nanomaterials. The synthesis as well as the operating costs of nanoslag should be optimized for the sake of the 

economy, and the production of nanoslag should meet the requirements of green chemistry. Also, the increasing use of 

nanoslag in wastewater treatment, their impacts, and their toxicities towards both the environment and human beings 

should be taken into consideration. 

This research produced modified activated carbon from local bamboo using a two-step carbonization and 

impregnation process. The optimal parameters for the adsorption of heavy metals at different operating conditions in 

single metal, bimetal, and trimetal solutions were evaluated using Box-Behnken Design (BBD). 

This work proposed the study of pH influence on the biosorption process for chromium (Cr6+), nickel (Ni2+), and 

lead (Pb2+) ions in an aqueous solution, searching for a range of pH values ideal to promote the maximum removal rate 

of these metals under the established conditions. In addition, four lignocellulosic materials were tested as biosorbents: 

walnut shell (Carya illinoensis), chestnut shell (Castanea sativa), wood (Pinus spp.), and burnt wood (Pinus spp.), which 

are low-cost and easily obtainable agroindustrial wastes. The main objective of this work is to determine an optimal pH 

that could remove the maximum amount of these three pollutants using low-cost materials available in the region of 

Viseu, Portugal. 
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