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ABSTRACT: This study describes the removal of total iron, cadmium, lead, copper, manganese, arsenic, mercury 

silver and zinc from domestic wastewater disposed of via sewers, using Beneficiated Kaolin Clay (BKC), BKC/Ag, 

BKC/ZnO and BKC/Ag/ZnO nanocomposite adsorbents produced by blending Silver Oxide (Ag) and Zinc Oxide 

(ZnO) nanoparticles with kaolin clay. High Resolution Transmission Electron Microscope (HRTEM) results showed 

that the produced adsorbents were polycrystalline in nature, while the interplanar spacing and average crystalline sizes 

are 1.775 – 4.712 nm and 26. 834 – 40.258 nm respectively, according to X-Ray Diffractometer (XRD) analysis. The 

Dispersive X – Ray Fluorescence (XRF) analysis indicated that SiO2/Al2O3 ratios for BKC/Ag, BKC/ZnO and 

BKC/Ag/ZnO nanocomposites adsorbents were 1.5170, 1.4818 and 1.5231 respectively. Brunauer – Emmett – Teller 

(BET) analysis showed that the desorption average pore sizes fell in the mesopore widths of 13.8994 – 16.9233 nm 

and surface areas of 1.0545 - 14.5126 m2.g-1.  The removal efficiencies of the produced adsorbents followed this trend: 

BKC/Ag/ZnO > BKC/Ag > BKC/ZnO > BKC. These adsorbents were excellent in the removal of total iron, cadmium, 

lead, copper, manganese, arsenic, mercury silver and zinc pollutants from domestic wastewater, and hence, 

recommended for large scale production. 
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I. INTRODUCTION 

Waterbodies are imperative for human existence and the 

ability of rivers to support aquatic life and sustain other uses 

relies on some trace elements present in the waterbody. 

Manganese, zinc and copper when present in trace 

concentrations are necessary for physiology of living tissue. 

However, direct discharge of wastewater to rivers at heavy 

metals’ concentrations above the permissible limits will have 

severe toxicological effects on humans’ health, deteriorate 

water quality and aquatic ecosystem (NWQRL, 2020). 

Wastewater discharge, agricultural runoff and inadequate 

treatment of wastewater at household level, will continue to 

pollute water quality around the world. The use of heavy 

metals in the soaps and body creams manufacturing industries 

over the past few decades has seriously contributed to a rise in 

the flow of metallic compounds into household wastewater and 

has raised significant ecological and health threats to human 

beings (Syafiqa et al, 2021). The domestic wastewater 

investigated in this research work was collected via sewers that 

connected toilets, baths, showers, kitchen and sinks together. 

Domestic wastewater in Nigeria is in most cases discharged 

into the adjoining environment with water bodies being mostly 

affected (Okereke et al, 2016). Nigeria is the Africa’s most 

populous nation with 36 states and Federal Capital Territory, 

with the estimated population of over 213 million 

(Worldometer, 2023). A wastewater polluted river is 

sometimes consumed by villagers living downstream, who 

have no other source of potable water. Consumption and the 

use of this polluted river by the villagers are led to disease 

outbreak such as cholera, diarrhoea and at extreme cases, loss 

of lives. Acute lead poisoning in Zamfara State, Nigeria in 

2010 led to illness and deaths (Roadmap, 2022) of more than 

400 children mostly under 5 years old (Lo et al, 2010) in 

Bukkuyum and Anka Local Government Areas (Galadima and 

Garba, 2012). Aside from this direct impact, mercury 

poisoning has been linked to fish consumption (Aguilar et al., 

2009). Currently, there is a very rampant of kidney diseases in 

Maiduguri, Borno State, Nigeria which are suspected to be 

associated with consumption of mercury polluted water and 

food. Consumption of water with intolerable level of copper 

ions has also reportedly caused gastrointestinal disturbances, 

abdominal pains, nausea and vomiting (Aguilar et al., 2009). 

Aquatic lives are equally affected by the presence of heavy 

metal ions and organic molecules in wastewater (Edema, 

2012).  

In an effort to remove heavy metal contaminants from the 

wastewater, conventional treatment methods (Rajasulochana 

and Preethy, 2016; Grégorio and Eric, 2019), adsorption 

(Rakhi et al, 2016; Amandeep & Sangeeta, 2017; Dhaval & 

Painter, 2017) and Filtration (Fu and Wang, 2011) have been 
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S/N Chemical/Reagents Formula % Purity Manufacturer 

1 Silver Nitrate AgNO3 99.5 BDH Chemicals Ltd., Poole, England 

2 Deionised Distilled Water DDW 0.5 µS/cm FMWR – NWQRL Minna 

3 Zinc Sulphate, 
(Heptahydrate),  

ZnSO4.7H2O 99 LOBA Chemie, Mumbai, India 

4 Zinc Chloride ZnCl 99.5 J.T Baker Limited, Philipsburg USA 

5 Ethanol C2H5OH 96 EMD Millipore Corporation, Germany 
6 Ammonium Hydroxide NH4OH 30-32 Tyuangdang Guanghua Chemical Factory 

Company Limited, China 

7 Hydrogen Peroxide Solution H2O2 30-32 BDH Chemicals Ltd., Poole, England 

 

Table 1: List of Reagents/Chemicals 

used for wastewater treatment for a while, but not without 

drawbacks. Conventional wastewater treatment methods have 

high cost of labour, chemicals consumption and sludge 

handling problem (Chan et al, 2009). Complexity and 

membrane fouling are major drawbacks in the use of filtration 

method (Fu and Wang, 2011). The price of commercial 

adsorbent such as commercially available activated carbon is 

costly (Mohd et al, 2013) and difficult to regenerate due to 

rapid saturation and clogging (Grégorio and Eric, 2019).  

Advances in nanoscale science and engineering suggest 

that many of the current problems involving water quality 

could be resolved by using nanocomposite (Berekaa, 2016), 

bioactive nanoparticles (Sukdeb et al, 2007; Thabet et al, 2010; 

Njagi et al, 2010; Vikas et al, 2013; Benakashani et al, 2016; 

Shittu and Ikebana, 2017), nanostructured catalytic membranes 

(Rui et al, 2013), nanocomposite (Abdullah et al, 2017),  

nanotubes, magnetic nanoparticles (Ming et al, 2012; Sulekha, 

2016; Vikas et al, 2013), high surface area metal particle (Ralf 

et al, 2011; Sierra et al, 2018; Maity et al, 2018) with 

characteristic length scales of 9-10 nm (Haijiao et al 2016). As 

an environmentally friendly material, nanocomposite 

adsorbents could efficiently remove heavy metals (Ming et al, 

2012), Chromium VI (Rui et al, 2013), enhance adsorption of 

lead ion (Yang et al, 2008) and use as antibacterial application 

(Getie S et al, 2017b; Haritha et al, 2011; Ying et al, 2017; 

Stoyanova et al, 2013). However, it was noticed that none of 

the research work reviewed, reported the blend of silver and 

zinc oxide nanoparticles on clay support from Kutigi, Niger 

State, to remove heavy metals from wastewater collected via 

household sewers. In view of the danger associated to 

discharge of domestic wastewater to waterbodies and in a bid 

to protect the environment from further pollution, this research 

work developed nanocomposite adsorbents from produced by 

blending Silver Oxide (Ag) and Zinc Oxide (ZnO) 

nanoparticles with kaolin clay to remove total iron, cadmium, 

lead, copper, manganese, arsenic, mercury silver and zinc from 

the domestic wastewater.  

Kaolin clay, an aluminosilicate mineral (Yahaya et al, 

2017; Kuranga et al 2018), is classified as potential solid 

mineral in Niger State, Nigeria (NBS, 2017). There is deposit 

of kaolin clay in 13 local government areas of the state namely, 

Agaie, Bida, Bosso, Edati, Gbako, Katcha, Lapai, Lavun, 

Mashegu, Mokwa, Paikoro, Shiroro and Wushishi (RMRDC, 

2012). The kaolin clay minerals are widely utilized for 

agriculture, ceramics (Auta and Hameed, 2013), 

 

 

 

 

 

 

 

 

 

 

 

 

 

environmental applications (Murray, 2000), absorbents (Saikia 

et al, 2003; Bachiri et al, 2014) and wastewater treatment 

(Chun et al, 2013; Cheng et al, 2017), production of 

metakaolin (Kuranga et al, 2018; Wilson et al, 2017). 

Attention is on clay materials because of their sheet-like 

structures that provides high specific surface area (Dhaval & 

Painter, 2017; Sachin et al, 2013; Aroke and Onatola, 2016). 

II. MATERIALS AND METHOD 

 

Mangifera Indica Leaves for green synthesis of silver and 

zinc nanoparticles were collected from River Basin Estate, 

Tundun Fulani, Minna. The kaolin clay was collected from 

Kutigi, Nigeria, while the domestic wastewater collected via 

sewer that connected toilets, baths, showers, kitchen and sinks 

together. Analytical grade chemicals and reagents used in this 

research work are listed in Table 1.  

 

A. Beneficiation of Kaolin Clay  

200 g of raw kaolin clay lumps were put in 4 Litres Beakers 

with 4 Litres of distilled water added. This represents 5 % w/w 

kaolin clay slurry in distilled water. The Beaker was stirred for 

1 hour using Heildolph RGL500 High viscosity stirrer at 

control speed of 40 revolutions per minute for adequate 

dispersion in distilled water. The resulting mixture was 

allowed to swell in distilled water for 22 hrs 57 mins as 

calculated by Stoke’s Law using Eqn. 1. 

𝑢𝑠 =  
𝑔(𝜌𝑝−𝜌𝑤)𝑑𝑝

2

18𝜇
                                                         (1) 

Where 𝜌𝑝 = particle density, kg/m3 (Kaolin clay particle = 

1600 kg/m3), 𝜇 = liquid viscosity, kg/m.s (distilled water = 

8.90 × 10−4 Pa·s),  𝜌𝑤 = density of water, kg/m3 (997 kg/m3), 

𝑢𝑠= Particle settling velocity, m/s, 𝑑𝑝 = diameter of particle 

(m), g = acceleration due to gravity, m/s2 (9.81 m/s2), t = 

Settling Time, R = particle size (radius) of clay, assumed to be 

spherical (1µm = 1 X 10-6m), h = Settling Height of Fluid (12 

cm = 0.12 m), The resultant slurries were thereafter dried in a 

laboratory oven at a temperature of 105 oC until the water is 

evaporated and the samples weight became constant. Acid 

activation was done by treating the beneficiated kaolin clay 

with 0.5 M of HCl to remove carbonate, washed by 10 % 

Hydrogen Peroxide (H2O2) to oxide organic matter (Bachiri et 

al, 2014) and NaCl to remove nutrients (Cheng et al, 2017). 

The residue from filtration was washed several times with 

distilled water and monitored until pH 7. The percentage yield 

(Y) of the beneficiated clay was calculated using Eqn. 2. 

𝑌 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝐾𝑎𝑜𝑙𝑖𝑛 𝐶𝑙𝑎𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑅𝑎𝑤 𝐾𝑎𝑜𝑙𝑖𝑛 𝐶𝑙𝑎𝑦
 𝑥 100%      (2) 
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S/N Test Equipment and Model Uses Location 

1 X-Ray Diffractometer (XRD), Emma 

0141, GCB SCIENTIFIC EQUIPMENT 

Determination of mineral phases and 

compounds in materials. Study of crystal 

structure of the mineral phases and 
compounds in materials 

University of South Africa (UNISA), 

Johannesburg, South Africa 

2 Dispersive X – Ray Fluorescence (XRF) 

Machine, EDXRF-3600B, OXFORD 
INSTRUMENT  

Chemical analyses of materials University of South Africa (UNISA), 

Johannesburg, South Africa 

3 HRTEM, TECNAI G2, FEI Netherlands Determination of Microstructure and 

particle size of materials 

University of South Africa (UNISA), 

Johannesburg, South Africa 

4 BET Nitrogen Absorption Analyser, 

TriStar II 3020, MICROMETRICS, USA 

Determination of Pore sizes, Pore 

Volumes and Surface Areas 

University of South Africa (UNISA), 

Johannesburg, South Africa 

5 UV – Spectrometer, UV – 1800 
SHMADZU, Japan 

Determination of purity and 
concentration of a solution 

Centre for Genetic Engineering and 
Biotechnology, FUT Minna 

 

Table 2: Characterisation of Ag/ZnO Nanoparticles, BKC/Ag, BKC/ZnO, BKC/Ag/ZnO Nanocomposites Adsorbents 

B. Green Syntheses of ZnO Nanoparticles 

10 g of Zinc Sulphate Heptahydrate (ZnSO4.7H2O) 

powder was measured and put in 250 mL volumetric flask.  

DDW was added to 100 mL mark of the volumetric flask. The 

resultant mixture was stirred using a magnetic stirrer at 150 

rpm for 30 minutes. 50 mL volume of the prepared 

concentration was collected and put in another 100 mL conical 

flask.  The conical flask was put on the hot plate and 

temperature set to 80 oC. Mangifera Indica leave (Maity et al, 

2018) extract (titrant) was put in a burette, ready for titration. 

The solution was titrated, while continuously stirred at 80 oC 

until the light-yellow colour was formed (Sierra et al, 2018; 

Daizy, 2010). The titration was stopped immediately colour 

change was observed (Manokari and Mahipal, 2016; 

Thirunavukkarasu et al, 2016). The stirring continued for 10 

mins until a colloid was obtained. The solution consumed 4.9 

mL of titrant. The resultant mixture was filtered and washed 

with DDW until the pH 7 was gotten. The precipitate was 

oven-dried at 105 oC for 6 hours and calcined in the furnace at 

450 oC for 3 hours to obtain ZnO-NP. The ZnO-NP obtained 

was kept in a glass bottle for further characterisation and use. 

 

C. Green Synthesis of Ag Nanoparticles 

5 g of AgNO3 (Thabet et al, 2010) powder was measured 

and synthesised as previously stated in (B) above. The conical 

flask was rapped with aluminium foil to avoid the photo 

degradation of silver during titration on the hot plate at 70 oC 

(Njagi et al, 2010; Shittu and Ikebana (2017; Vikas et al, 2013) 

The solution consumed 2.8 mL titrant. The dried Ag-NP 

obtained was kept in a glass bottle for further characterisation 

and use.  

D. Production of Nanocomposite Adsorbents 

The experimental procedures to produce BKC/Ag, 

BKC/ZnO, BKC/Ag/ZnO nanocomposites adsorbent for 

removal of heavy metal contaminants from domestic 

wastewater are as follows: 

 

1)   Synthesis of BKC/ZnO nanocomposites  
1 g of ZnSO4.7H2O powder was dissolved in 50 mL of 

DDW and stirred with magnetic stirrer for 30 min at 150 rpm. 

50 mL of the prepared concentration was put in 100 mL conical 

flask.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The conical flask was put on the hot plate and titrated, while 

continuously stirred at 80 oC with Mangifera Indica leave 

extract until the light-yellow colour was formed. The solution 

consumed 2.6 mL of the titrant. To the suspension formed, 10 g 

of BKC was dispersed under vigorous stirring for 1 hour at 40 

rpm. A homogeneous gel obtained was filtered by Whatman No. 

1 filter paper and washed with DDW until the pH 7 was gotten. 

The gel was oven-dried at 105 oC for 6 hours and calcined in the 

furnace at 450 oC for 3 hours to obtain BKC/ZnO 

nanocomposite adsorbent. 

 

2)  Synthesis of BKC/Ag Nanocomposite 

0.5 g of ANO3 powder was dissolved in 50 mL of DDW 

and stirred for 30 min at 150 rpm.  The prepared concentration 

was procesed as described in (1) above, but stirred at 70 oC. 

 

3)  Synthesis of BKC/Ag/ZnO Nanocomposite 

0.5 g of AgNO3 and 1 g of ZnSO4.7H2O were dissolved in 

50 mL of DDW and stirred to get a precursor. The prepared 

concentration was processed as described in (1) above to obtain 

BKC/Ag/ZnO nanocomposite adsorbent. 

 

E. Characterisation 

The structural changes in the beneficiated kaolin clay, Ag-

NP, ZnO-NP, BKC/Ag, BKC/ZnO, BKC/Ag/ZnO 

nanocomposites adsorbents were analysed using the stated 

equipment in Table 2 below. 

 

F. Wastewater Analyses 

Wastewater were analysed to determine total iron, 

cadmium, lead, copper, manganese, arsenic, mercury silver 

and zinc. The selected heavy metals were analysed using 

Atomic Absorption Spectrometer (AAS) and Metalyser 

HM1000/5000 in line with 21st Edition of American Public 

Health Association (APHA, 2017) Standard Methods for 

Examination of Water and Wastewater. 

 

G. Adsorption Capacity 

The adsorption capacity of BKC, BKC/ZnO, BKC/Ag 

and BKC/Ag/ZnO to remove the selected heavy metals from 

the wastewater was tested using both Langmuir isotherms and 

Freundlich models. The effect of contact time, dosage and 

temperature were investigated at 10 - 60 mins, 5 – 30 g and 30 

– 80 oC respectively. 
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𝑹𝑳 Value Type of Isotherm 

𝑹𝑳 > 1 Unfavourable 

𝑹𝑳 = 1 Linear 

𝑹𝑳 < 1 Favourable 

𝑹𝑳 = 0 Irreversible 

 

Table 3: Isotherm Type 

1) Langmuir isotherm 

The rate change of concentration due to adsorption equals 

to the rate of concentration due to desorption as expressed in 

Eqn. 3. 
𝐶𝑒

𝑞𝑒
 =  

1

𝑄𝑜𝑏
 +  

𝐶𝑒

𝑄𝑜
                                                      (3) 

Where Ce = Equilibrium concentration (mg/l), 𝑞𝑒 = 

Amount adsorbed at equilibrium time (mg/g), 𝑄𝑜 = Langmuir 

constants derived from the slope,  𝑏 = Langmuir constants 

derived from the intercept, The values of the Langmuir 

constants were calculated from the intercept and slope of the 

plot of 
𝐶𝑒

𝑞𝑒
 versus 𝐶𝑒. The dimensionless separation factor 

expressed on favourable adsorption nature was calculated from 

Eqn. 4. 

 

𝑹𝑳  =  
𝟏

(𝟏 +  𝒃𝑪𝒊)
                                                     (4) 

Where 𝐶𝑖 = Initial concentration of the wastewater (mg/l), 

𝑏 = Langmuir constant (l/mg), 𝑅𝐿= indicate the type of 

isotherm as shown in Table 3. 

 

 

 

 

 

 

 

2) Freundlich isotherm 

Freundlich isotherm (Ikhazuangbe et al, 2017) is 

expressed as shown in Eqn. 5: 

𝐾𝑓𝐶𝑒 

1

𝑛                                                                  (5) 

However, the linearized Freundlich adsorption isotherm 

can be expressed as shown in Eqn. 6. 

𝐿𝑜𝑔 𝑞𝑒 = 𝐿𝑜𝑔 𝐾𝑓 + 
1

𝑛
 𝐿𝑜𝑔 𝐶𝑒                             (6) 

Where   𝐶𝑒 = Equilibrium concentration, 𝑞𝑒  = 

Adsorption capacity at equilibrium stage, 𝐾𝑓 and n = 

Freundlich constants which incorporates all factors affecting 

the adsorption process (adsorption capacity and intensity). 

Values of 𝐾𝑓 and n were obtained from the intercept and slope 

of a plot of adsorption capacity (𝑞𝑒) against equilibrium 

concentration (𝐶𝑒). Both parameters 𝐾𝑓 and n affect the 

adsorption isotherm. The larger the 𝐾𝑓 and n values, the higher 

the adsorption capacity (Ikhazuangbe et al, 2017). When the 

value of n is greater than unity (1< n < 10) that means 

adsorption process is favourable (Bashir et al, 2013). 

 

 3)    Thermodynamic studies 

The thermodynamic parameters of the adsorption process 

were determined from the experimental data obtained at 

various temperatures using Eqns. 7 - 10 (Bashir et al, 2013; 

Ikhazuangbe et al, 2017; Al-Kadhi, 2019). 

𝛥𝐺 =  −𝑅𝑇𝑙𝑛𝐾𝑑                                                         (7) 

𝐾𝑑 =  
𝑞𝑒

𝐶𝑒
                                                                       (8) 

𝑙𝑛𝐾𝑑 =  
ΔSo

𝑅
− 

ΔHo

𝑅𝑇
                                                      (9) 

 ΔGo =  ΔHo − TΔSo                                                  (10) 

Where Kd = Distribution coefficient for the adsorption, 𝑞𝑒

 = Amount of contaminants adsorbed on the adsorbent 

per litre of wastewater at equilibrium, Ce = Equilibrium 

concentration (mg/L) of the contaminants in wastewater, T

 = Absolute temperature, R = Gas constant, Δ𝐺𝑜
 = Gibbs free energy change (kj/mol), Δ𝐻o = Enthalpy 

change (kj/mol), Δ𝑆𝑜 = Entropy change (J/K). 

 

III. RESULTS AND DISCUSSION 

 

A. Characterisation Results  

1)  XRD analyses 

The XRD results for raw kaolin clay, BKC, Ag -NP, ZnO-

NP, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO were presented in 

Table 4. The raw and beneficiated kaolin clay displayed the 

existence of four crystalline phases of kaolinite – 

Al(Si2O5)(OH)4, kaolinite 1Md – AlSi2O5(OH)4, quartz – SiO2 

and muscovite – Kal2 (Si3Al)O10(OH)2. The BKC/Ag 

nanocomposite adsorbent displayed four phases of kaolinite, 

quartz, muscovite and silver – 3s. XRD results of BKC/ZnO 

showed four phases of kaolinite, quartz, muscovite and zinc 

sulphate hydrate. XRD results of BKC/Ag/ZnO nanocomposite 

adsorbents displayed five phases which were kaolinite, quartz, 

muscovite, silver – 3c and zinc sulphate hydrate as presented in 

Table 4. 

The broad peaks formation of XRD pattern showed that 

the raw kaolin clay, beneficiated kaolin, ZnO nanoparticles, 

BKC/Ag, BKC/ZnO and BKC/Ag/ZnO were polycrystalline 

while Ag nanoparticles were monocrystalline in nature. The 

Interplanar spacing and average crystalline sizes obtained as 

shown in Table 5 ranged from 1.775 nm – 4.712 nm and 26.834 

nm - 40.258 nm respectively, at Scherrer’s constant of 0.94 and 

wavelength (λ) of 1.5406 Å. The XRD results confirmed that 

nanoparticles and nanocomposites adsorbents have been 

successfully produced in this research work. 

 

2) XRF analyses 

The XRF analysis was further carried out on the obtained 

Ag-NP, ZnO-NP, BKC, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO 

as shown in Table 6. The SiO2/Al2O3 ratios of BKC/Ag, 

BKC/ZnO and BKC/Ag/ZnO nanocomposites adsorbents ware 

1.5170, 1.4818 and 1.5231 respectively. The SiO2/Al2O3 ratio, 

a function of the mineral phase present in BKC/Ag, BKC/ZnO 

and BKC/Ag/ZnO nanocomposites, indicated that a purer 

kaolinite has been produced when compared with the raw kaolin 

clay ratio of 1.54. The closer the SiO2/Al2O3 ratio to unity the 

purer the kaolin. Loss on ignition (LOI) for BKC/Ag, BKC/ZnO 

and BKC/Ag/ZnO nanocomposites adsorbents was found to be 

9.61%, 16.31% and 12.37 % respectively. The loss of silicate 

and the gain of alumina in the nanocomposite adsorbents could 

be attributed to the purification and treatment method employed 

for the beneficiation of the kaolin clay. The high LOI for the 

produced nanocomposite adsorbents may be attributed to the 

dehydroxylation reaction in the kaolin mineral. Loss on ignition 

for ZnO-NP, Ag-NP, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO 

are 52.13%, 1.1%, 9.61%, 16.31%, 12.37% respectively. High 

LOI is an indication of potential normal porosity in the intended 

adsorbent for treatment of domestic wastewater as shown in 

Table 6. 
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Phases Formula Raw Clay 

(%) 

Ag-NP ZnO-NP BKC BKC/Ag BKC/ZnO BKC/Ag/ZnO 

Kaolinite Al(Si2O5)(OH)4 14.10 - - 28.52 47.01 35.56 51.27 

Kaolinite 1Md AlSi2O5(OH)4 15.04 - - 19.01 -   

Quartz SiO2 66.41 - - 46.85 38.23 53.38 41.69 
Muscovite Kal2(Si3Al)O10(OH)2 4.45 - - 5.62 0.82 3.16 0.90 

Silver – 3C Syn – Ag - 100 - - 13.93 - 2.34 

Zinc Sulphate 
Hydrate 

ZnSO4 6H2O - - - -  7.90 3.80 

Zinkosite, syn (NR) ZnSO4 - - 24.74 - - - - 

Zinkosite ZnSO4 - - 24.74 - - - - 
Gunnigile, syn ZNSO4 H20 - - 36.08 - - - - 

Zinc Oxide 

Sulphate 

Zn3O(SO4)2 - - 8.25 - - - - 

Zinc Hydroxide Zn(OH)2 - - 4.12 - - - - 

Zinc Hydrogen 

Sulphate 

Zn(HSO4)2 - - 2.06 - - - - 

 

Table 4: XRD Phase Identification of ZnO-NP, BKC, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO 

Diffraction Angle, 2θ d- spacing, (nm) Crystallite Size, D, (nm) 

Raw Kaolin 3.499 40.258 

BKC 3.532 28.114 

Ag Nanoparticles 1.775 30.629 
ZnO Nanoparticles 3.435 32.038 

BKC/Ag 3.818 25.574 

BKC/ZnO 4.712 35.692 
BKC/Ag/ZnO 3.887 26.934 

 

Table 5: Crystallite Size of Ag-NP, ZnO-NP, BKC, BKC/Ag, 

BKC/ZnO and BKC/Ag/ZnO 

Compound Raw 

Kaolin 

Clay (%) 

Beneficiated 

Kaolin Clay 

ZnO 

Nanoparticles 

Ag 

Nanoparticles 

BKC/Ag BKC/ZnO BKC/Ag/ZnO 

Fe2O3 % 1.23 1.24 0.01 0.00 1.00 1.04 0.97 

MnO % 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

Cr2O3 % 0.02 0.02 0.01 0.00 0.03 0.03 0.02 
V2O5 % 0.00 0.00 0.00 0.00 0.03 0.03 0.02 

TiO2 % 1.69 1.75 0.05 0.01 1.61 1.69 1.58 

CaO % 0.33 0.02 0.18 0.02 0.00 0.09 0.05 
K2O % 0.61 0.63 0.42 0.01 0.56 0.53 0.54 

P2O5 % 0.07 0.05 0.04 0.00 0.05 0.04 0.03 

SiO2 % 52.64 48.55 0.00 0.00 45.80 44.13 46.21 

Al2O3 % 34.18 35.95 0.02 0.00 30.19 29.78 30.34 
MgO % 0.23 0.03 0.06 0.00 0.00 0.00 0.00 

Na2O % 0.11 0.14 9.21 0.02 0.18 1.16 0.40 

LOI % 8.90 11.62 52.13 51.10 9.61 16.31 12.37 
Total 100 100 62.15 53.56 89.10 94.82 92.55 

SiO2/Al2O3 

Ratio 

1.54 1.35 0.000 0.000 1.517 1.4818 1.5231 

 

Table 6: Mineralogy composition of Ag-NP, ZnO-NP, BKC, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3) HRTEM analyses 

The crystal patterns of the raw kaolin clay are presented in 

Plates I (a – b). The crystallinity of the kaolin clay was 

examined using Selected Area Electron Diffraction (SAED) 

pattern as shown in Plates I (c). The bright spots and rings of 

the SAED pattern suggested that the raw kaolin clay, is 

polycrystalline in nature. 

HRTEM images in Plate II (a – b) showed the structure of 

the BKC with kaolinite particles of varying sizes arranged in 

face-to-face patterns. The crystal structure in Plate II (c) 

showed bright rings of SAED patterns which are 

polycrystalline, with each ring depicted diffraction pattern of 

BKC particles. 

The crystallinity of Ag-NP was examined using SAED 

pattern and the results are presented in Plate III (a - c). The 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bright spots and rings of the SAED patterns suggested the Ag-

NP is monocrystalline in nature. SAED resolution pattern are 

consistent with the XRD and XRF results of Ag-NP as earlier 

stated in this study. 

The crystal structure of ZnO-NP was analysed by HRTEM 

to know the crystal pattern at the scales approaching a single 

atom as presented in Plate IV (a – b). The SAED pattern in 

Plate IV (c) showed faded circles which suggested that the 

ZnO-NP is polycrystalline in nature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The heavy dark colour images in V (a - b) indicated the 

presence of silver atoms and impregnation of Ag-NP on BKC, 

while the grey colour indicated crystal of different sizes. The 

bright spots and rings of the SAED pattern in Plate V (c) 

suggested that the BKC/Ag nanocomposite adsorbent is 

polycrystalline. The HRTEM images and SAED resolution 

pattern obtained were consistent with the results of XRD and 

XRF characterization in this study. 

The heavy dark colour images in VI (a - b) indicated the 

presence of zinc atoms and impregnation of ZnO-NP on BKC 

as previously described in plate V. The bright spots and rings 

of the SAED pattern suggested that the nanocomposite 

adsorbent produced is polycrystalline in nature. 
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Plate I: HRTEM (a – b) and SAED (c) Images of Raw Kaolin Clay 

a c 

Plate II: HRTEM (a – b) and SAED (c) Images of Beneficiated Kaolin Clay 

a 

Plate III: HRTEM (a – b) and SAED (c) Images of Ag Nanoparticles 

Plate IV: HRTEM (a – b) and SAED (c) Images of ZnO Nanoparticles 

c 

a 

a c 

c 
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Plate V: HRTEM (a – b) and SAED (c) Images of BKC/Ag Nanocomposite Adsorbent 

Plate VI: HRTEM (a – b) and SAED (c) Images of BKC/ZnO Nanocomposite Adsorbents 

Plate VII: HRTEM (a – e) and SAED (f) Images of BKC/Ag/ZnO Nanocomposite Adsorbent 

a b 
c 

a b c 

a b c 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HRTEM images in Plate VII (a – b) clearly showed the 

impregnation of Ag-np and ZnO-np on BKC. The heavy dark 

colour images in Plate VII (c) indicated the presence of zinc 

and silver atoms, while the light or grey colour indicated 

crystal of different sizes. The HRTEM images and SAED 

resolution pattern obtained were consistent with the earlier 

results of XRD and XRF characterisation. 

 

4)  BET analyses 

 

The BET analyses results in Table 7 showed that the 

desorption average pore diameters of BKC, BKC/Ag, 

BKC/ZnO and BKC/Ag/ZnO fell in the mesopore widths of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.0422 - 13.8994 nm and surface areas of 1.0545 m2.g-1 - 

14.5126 m2.g-1. The higher the surface area, the larger its 

adsorptive capacity. BKC/Ag/ZnO came out with the largest 

surface area. 

 

B.  Domestic Wastewater Analyses 

The initial concentrations of total iron, lead, copper, 

manganese, arsenic, mercury silver and zinc in the domestic 

wastewater were determined and the results compared with 

National Environmental Standards Regulations and 

Enforcements Agency (NESREA, 2011) as presented in Table 

8. 
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Nanoparticles Surface Area 

(m2.g-1) 

Pores Volume 

(cm3/g) 

Pore Diameters 

(nm) 

Pore Size 

(nm) 

ZnO-NP 1.1045 0.000319 1.1555 16.8893 
Ag-NP 1.0545 0.000269 1.1057 15.9899 

BKC 14.5126 0.055738 13.8994 13.8994 

BKC/Ag 11.9222 0.046930 1.1319 13.9066 
BKC/ZnO  12.8245 0.053012 1.0422 14.6784 

BKC/Ag//ZnO 12.8278 0.063671 1.0524 16.9233 

 

Table 7: Surface Area, Pore Size and Volume BKC, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO Nanocomposite Adsorbents 

Parameters Units Wastewater NESREA (2011) 

Total Iron mg/L 0.83 0.5 

Lead mg/L 0.14 0.1 

Copper mg/L 0.05 0.01 
Manganese mg/L 0.25 - 

Arsenic mg/L 0.22 0.05 

Mercury mg/L 0.11 0.0005 

Silver mg/L 0.02 - 

Zinc mg/L 2.46 0.2 

 

Table 8: Domestic Wastewater Quality Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C.     Adsorption Studies 

1)     Effect of contact time 

The effect of contact time on the adsorption of selected 

heavy metals onto BKC, BKC/ZnO, BKC/Ag and 

BKC/Ag/ZnO nanocomposites adsorbents was studied at 

contact time of 10, 20, 30, 40, 50 and 60 mins using an 

adsorbent dosage of 25 g/100 mL of wastewater at a 

temperature of 29.5 oC and pH of 6.9. It was observed that an 

increase in the fraction of total iron, lead, copper, manganese, 

arsenic, mercury silver and zinc adsorbed occurred with 

corresponding increase in the contact time for the produced 

nanocomposite adsorbents as presented in Table 9. Rapid 

adsorption rates were obtained between the contact time of 10 

– 40 mins. On reaching the equilibrium adsorption, the rate of 

adsorption equals the rate of desorption; therefore, the slow 

uptake and the slight or no decrease in heavy metal 

contaminant removal with further increase in contact time 

might be due to saturation of the surface area of the adsorbent 

with pollutants.  
 

2) Effect of dosage 

The effects of adsorbent dosage when treated with BKC, 

BKC/ZnO, BKC/Ag and BKC/Ag/ZnO nanocomposites 

adsorbents to remove the selected heavy metals from 

wastewater was studied at adsorbent dosages of 5 – 30 g, 

constant pH of 6.9, temperature of 29.4 oC and contact time 

fixed at 30 mins. The higher the adsorbent dosages used in the 

treatment, the higher the removal efficiencies of the pollutants 

from the wastewater. The observed trend in terms of total iron, 

lead, copper, manganese, arsenic, mercury silver and zinc 

removal were BKC/Ag/ZnO > BKC/Ag > BKC/ZnO > BKC 

as shown in Table 10. This is because of an increase in the 

availability of the active binding exchangeable sites and large 

surface areas of the adsorbents (Abukhadra and Mohamed, 

2019). 

 

3) Effect of temperatures 

The effect of temperatures on the adsorption of iron, lead, 

copper, manganese, arsenic, mercury silver and zinc onto 

BKC, BKC/ZnO, BKC/Ag and BKC/Ag/ZnO nanocomposites  

 

 

 

 

 

 

 

 

 

adsorbents was studied at temperature of 30, 40, 50, 60, 70 and 

80 oC using an adsorbent dosage of 25 g/100 ml of wastewater 

at pH of 6.9. The increase in temperature from 30oC- 80oC for 

the nanocomposite adsorbents gradually increased heavy metal 

adsorption. Slow uptake of pollutants was observed from 70 - 

80 oC for nanocomposite adsorbent as presented in Table 11. 

The slow uptake and the slight or no increase in concentration 

removal with further increase in temperature might be due to 

saturation of the surface area of the adsorbent with pollutants. 

 

D. Adsorption Isotherm 

1) Langmuir isotherms 

The Langmuir isotherms displayed a linear relationship 

between Ce and 
𝐶𝑒

𝑞𝑒
 for all the tested parameters when treated 

with BKC, BKC/ZnO, BKC/Ag and BKC/Ag/ZnO 

nanocomposite adsorbents. The plot exhibits linearity and 

good correlation coefficient. Table 12 showed that the values 

of R2 were very close to unit, showing a strong agreement with 

the Langmuir isotherm. 

 

2)  Freundlich adsorption isotherm 

From the plot of adsorption capacity ( 𝑞𝑒) against 

equilibrium concentration (𝐶𝑒) for the removal of iron, lead, 

copper, manganese, arsenic, mercury silver and zinc in 

wastewater, the model showed the multilayer adsorption 

patterns and the fitting to the heterosporous nature of BKC, 

BKC/ZnO, BKC/Ag and BKC/Ag/ZnO nanocomposite 

adsorbents. It was evident that the linear correlation coefficients 

(R2) were all greater than 0.90 as shown in Table 13. This 

showed that the experimental data moderately fit Freundlich 

adsorption isotherm. When the value of n is greater than unity 

(1< n < 10), the adsorption process is favourable. 

 

E. Enthalpy (ΔH), Gibb’s Free Energy (ΔG) and Entropy (ΔS) 

of Adsorption 

The values of enthalpy change (Δ𝐻o) and entropy change 

(Δ𝑆o) were obtained from the slope and intercept of ln Kd versus 

1/T plots. The values of ΔHo and ΔSo were found to be positive 

as presented in Table 14. The positive values of ΔHo showed 

that the adsorption processes of the nanocomposite adsorbents 

were endothermic in nature. The negative values of ΔGo 

indicated the adsorption of total iron, cadmium, lead, copper, 

manganese, arsenic, mercury silver and zinc pollutants onto the 

nanocomposite adsorbents, is spontaneous and exothermic over 

the study range of temperatures (Abbas et al., 2020). 
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Adsorbents  Wastewater 

(mg/L) 

Effect of contact time on total iron removal (mg/L) 

10 Mins 20 Mins 30 Mins 40 

Mins 

50 Mins 60 Mins 

BKC 0.830 0.490 0.343 0.3087 0.123 0.139 0.139 
BKC/ZnO 0.830 0.390 0.273 0.2457 0.098 0.034 0.034 

BKC/Ag 0.830 0.380 0.266 0.2394 0.096 0.034 0.034 

BKC/Ag/ZnO 0.830 0.350 0.245 0.2205 0.088 0.026 0.026 
  Effect of contact time on lead removal (mg/L) 

BKC 0.140 0.120 0.084 0.076 0.030 0.009 0.009 

BKC/ZnO 0.140 0.110 0.079 0.071 0.028 0.009 0.009 
BKC/Ag 0.140 0.110 0.081 0.073 0.029 0.009 0.009 

BKC/Ag/ZnO 0.140 0.090 0.063 0.057 0.023 0.007 0.007 

  Effect of contact time on copper removal (mg/L) 
BKC 0.050 0.040 0.032 0.0259 0.010 0.008 0.008 

BKC/Zn 0.050 0.040 0.029 0.0257 0.010 0.002 0.002 

BKC/Ag 0.050 0.040 0.028 0.0252 0.010 0.002 0.002 
BKC/Ag/Zn 0.050 0.030 0.021 0.0189 0.008 0.002 0.002 

Adsorbents   Effect of contact time on manganese removal, (mg/L) 

BKC 0.250 0.190 0.133 0.1197 0.048 0.010 0.010 

BKC/ZnO 0.250 0.170 0.119 0.1071 0.043 0.009 0.009 

BKC/Ag 0.250 0.170 0.119 0.1071 0.043 0.009 0.009 

BKC/Ag/ZnO 0.250 0.150 0.105 0.0945 0.038 0.008 0.008 
  Effect of contact time on arsenic removal, (mg/L) 

BKC 0.220 0.095 0.0665 0.05985 0.024 0.020 0.020 

BKC/ZnO 0.220 0.085 0.0595 0.05355 0.021 0.020 0.020 
BKC/Ag 0.220 0.088 0.0616 0.05544 0.022 0.020 0.020 

BKC/Ag/ZnO 0.220 0.082 0.0574 0.05166 0.021 0.020 0.020 
  Effect of contact time on mercury removal, (mg/L) 

BK 0.110 0.092 0.0644 0.05796 0.023 0.018 0.018 

BKC/Zn 0.110 0.075 0.0525 0.04725 0.019 0.018 0.018 
BKC/Ag 0.110 0.073 0.0511 0.04599 0.018 0.018 0.018 

BKC/Ag/ZnO 0.110 0.071 0.0497 0.04473 0.018 0.018 0.018 

  Effect of contact time on silver removal, (mg/L) 
BKC, mg/L 0.02 0.012 0.0084 0.00756 0.003 0.003 0.003 

BKC/ZnO 0.02 0.012 0.0084 0.00756 0.003 0.003 0.003 

BKC/Ag 0.02 0.013 0.0091 0.00819 0.003 0.003 0.003 
BKC/Ag/ZnO 0.02 0.012 0.0084 0.00756 0.003 0.003 0.003 

  Effect of contact time on zinc removal, (mg/L) 

BKC 2.46 0.971 0.6797 0.61173 0.245 0.219 0.219 
BKC/ZnO 2.46 0.994 0.6958 0.62622 0.250 0.219 0.219 

BKC/Ag 2.46 0.959 0.6713 0.60417 0.242 0.219 0.219 

BKC/Ag/Zn 2.46 0.87 0.609 0.54810 0.219 0.219 0.219 

 

Table 9: Effect of Contact Time  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. CONCLUSION 

Nanocomposite adsorbents were successfully produced 

and characterised. The efficacy of the adsorbents produced in 

the removal of total iron, cadmium, lead, copper, manganese, 

arsenic, mercury silver and zinc from domestic wastewater 

followed this trend: BKC/Ag/ZnO > BKC/Ag > BKC/ZnO > 

BKC.  Both the Langmuir and Freundlich isotherms models 

were favourable, thus provided the good fits for predicting the 

adsorption of the selected heavy metals. ΔHo and ΔSo were 

positive which showed that the adsorptions processes were 

endothermic in nature The nanocomposite adsorbents 

produced is therefore recommended for use in the treatment of 

domestic wastewater. 
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Adsorbents  Wastewater 

(mg/L) 

Effect of adsorbents dosage on total iron removal (mg/L) 

5g 10g 15g 20g 25g 30g 

BKC 0.830 0.730 0.511 0.4599 0.184 0.139 0.139 
BKC/ZnO 0.830 0.710 0.497 0.4473 0.179 0.063 0.063 

BKC/Ag 0.830 0.713 0.4991 0.44919 0.180 0.063 0.063 

BKC/Ag/ZnO 0.830 0.690 0.483 0.4347 0.174 0.052 0.052 
  Effect of adsorbents dosage on lead removal (mg/L) 

BKC 0.140 0.125 0.088 0.079 0.032 0.009 0.009 

BKC/ZnO 0.140 0.122 0.085 0.077 0.031 0.009 0.009 
BKC/Ag 0.140 0.123 0.086 0.077 0.031 0.009 0.009 

BKC/Ag/ZnO 0.140 0.111 0.078 0.070 0.028 0.008 0.008 

  Effect of adsorbents dosage on copper removal (mg/L) 
BKC 0.050 0.048 0.0336 0.03024 0.012 0.008 0.008 

BKC/Zn 0.050 0.047 0.0329 0.02961 0.012 0.002 0.002 

BKC/Ag 0.050 0.047 0.0329 0.02961 0.012 0.002 0.002 
BKC/Ag/Zn 0.050 0.045 0.0315 0.02835 0.011 0.002 0.002 

  Effect of adsorbents dosage on manganese removal, (mg/L) 

BKC 0.250 0.238 0.1666 0.14994 0.060 0.012 0.012 
BKC/ZnO 0.250 0.230 0.161 0.1449 0.058 0.012 0.012 

BKC/Ag 0.250 0.228 0.1596 0.14364 0.057 0.011 0.011 

BKC/Ag/ZnO 0.250 0.225 0.1575 0.14175 0.057 0.011 0.011 
  Effect of adsorbents dosage on arsenic removal, (mg/L) 

BKC 0.220 0.215 0.1505 0.13545 0.054 0.020 0.020 

BKC/ZnO 0.220 0.2 0.14 0.126 0.050 0.020 0.020 
BKC/Ag 0.220 0.199 0.1393 0.12537 0.050 0.020 0.020 

BKC/Ag/ZnO 0.220 0.17 0.119 0.1071 0.043 0.020 0.020 

  Effect of adsorbents dosage on mercury removal, (mg/L) 
BK 0.110 0.101 0.0707 0.06363 0.025 0.018 0.018 

BKC/Zn 0.110 0.1000 0.0700 0.063 0.025 0.018 0.018 

BKC/Ag 0.110 0.1000 0.0700 0.063 0.025 0.018 0.018 
BKC/Ag/ZnO 0.110 0.099 0.0693 0.06237 0.025 0.018 0.018 

  Effect of adsorbents dosage on silver removal, (mg/L) 
BKC, mg/L 0.02 0.02 0.014 0.0126 0.005 0.003 0.003 

BKC/ZnO 0.02 0.017 0.0119 0.01071 0.004 0.003 0.003 

BKC/Ag 0.02 0.017 0.0116 0.0104 0.004 0.003 0.003 
BKC/Ag/ZnO 0.02 0.016 0.0112 0.01008 0.004 0.003 0.003 

  Effect of adsorbents dosage on zinc removal, (mg/L) 

BKC 2.46 2.05 1.435 1.2915 0.517 0.219 0.219 
BKC/ZnO 2.46 1.96 1.372 1.2348 0.494 0.219 0.219 

BKC/Ag 2.46 1.94 1.358 1.2222 0.489 0.219 0.219 

BKC/Ag/Zn 2.46 1.87 1.309 1.1781 0.471 0.219 0.219 

 

Table 10: Effect of Dosage  
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Adsorbents  Wastewater 

(mg/L) 

Effect of temperature on total iron removal (mg/L) 

30 oC 40 oC 50 oC 60 oC 70 oC 80 oC 
BKC 0.830 0.490 0.441 0.3969 0.218 0.206 0.115 

BKC/ZnO 0.830 0.390 0.234 0.2106 0.063 0.019 0.019 

BKC/Ag 0.830 0.380 0.228 0.2052 0.062 0.018 0.018 
BKC/Ag/ZnO 0.830 0.350 0.210 0.189 0.057 0.017 0.017 

  Effect of temperature on lead removal (mg/L) 

BKC 0.140 0.040 0.036 0.0324 0.018 0.017 0.009 
BKC/ZnO 0.140 0.040 0.024 0.0216 0.006 0.002 0.002 

BKC/Ag 0.140 0.040 0.024 0.0216 0.006 0.002 0.002 

BKC/Ag/ZnO 0.140 0.030 0.018 0.0162 0.005 0.001 0.001 
  Effect of Temperature on copper removal (mg/L) 

BKC 0.050 0.040 0.036 0.0324 0.018 0.017 0.009 

BKC/Zn 0.050 0.040 0.024 0.0216 0.006 0.002 0.002 
BKC/Ag 0.050 0.040 0.024 0.0216 0.006 0.002 0.002 

BKC/Ag/Zn 0.050 0.030 0.018 0.0162 0.005 0.001 0.001 

  Effect of temperature on manganese removal, (mg/L) 

BKC 0.250 0.190 0.171 0.1539 0.085 0.080 0.045 

BKC/ZnO 0.250 0.170 0.102 0.0918 0.028 0.008 0.008 

BKC/Ag 0.250 0.170 0.102 0.0918 0.028 0.008 0.008 
BKC/Ag/ZnO 0.250 0.150 0.090 0.081 0.024 0.007 0.007 

  Effect of Temperature on arsenic removal, (mg/L) 

BKC 0.220 0.095 0.0855 0.077 0.042 0.040 0.022 
BKC/ZnO 0.220 0.085 0.051 0.0459 0.014 0.004 0.004 

BKC/Ag 0.220 0.088 0.0528 0.0475 0.014 0.004 0.004 

BKC/Ag/ZnO 0.220 0.082 0.049 0.0443 0.013 0.004 0.004 
  Effect of temperature on mercury removal, (mg/L) 

BK 0.110 0.092 0.0828 0.0745 0.041 0.039 0.022 

BKC/Zn 0.110 0.075 0.045 0.0405 0.012 0.004 0.004 
BKC/Ag 0.110 0.073 0.0438 0.0394 0.012 0.004 0.004 

BKC/Ag/ZnO 0.110 0.071 0.043 0.0383 0.012 0.003 0.003 

  Effect of temperature on silver removal, (mg/L) 
BKC, mg/L 0.02 0.012 0.0108 0.0097 0.005 0.005 0.003 

BKC/ZnO 0.02 0.012 0.0072 0.0065 0.002 0.001 0.001 

BKC/Ag 0.02 0.013 0.0078 0.007 0.002 0.001 0.001 

BKC/Ag/ZnO 0.02 0.012 0.007 0.0065 0.002 0.001 0.001 

                 Effect of temperature on zinc removal, (mg/L) 

BKC 2.46 0.971 0.8739 0.7865 0.433 0.409 0.228 
BKC/ZnO 2.46 0.994 0.5964 0.5368 0.161 0.048 0.048 

BKC/Ag 2.46 0.959 0.5754 0.5179 0.155 0.047 0.047 

BKC/Ag/Zn 2.46 0.87 0.522 0.4698 0.141 0.042 0.042 

 

Table 11: Effect of Temperature 
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Parameters Sample Intercept = 

1/Qob 

Slope = 

1/Qo 

Qo b 𝑹𝑳 R2 

Total Iron BKC 0.0122 0.2754 3.631082 22.57377 0.050668 0.9934 

BKC/Ag 0.005 0.1702 5.875441 34.04 0.034184 0.9882 

BKC/ZnO 0.0089 0.0521 19.19386 5.853933 0.170684 0.9672 
BKC/Ag/ZnO 0.0042 0.1479 6.761325 35.21429 0.033082 0.9965 

Lead BKC 0.0071 1.1212 0.891902 157.9155 0.043275 0.9787 

BKC/Ag 0.0073 0.9596 1.042101 131.4521 0.051538 0.9822 

BKC/ZnO 0.0071 0.9635 1.037883 135.7042 0.050004 0.9631 
BKC/Ag/ZnO 0.0067 0.9205 1.086366 137.3881 0.049421 0.9952 

Copper BKC 0.016 2.0667 0.483863 129.1688 0.134076 0.9369 
BKC/Ag 0.0106 79.47 0.012583 7497.17 0.002661 0.9941 

BKC/ZnO 0.0119 1.2395 0.806777 104.1597 0.161083 0.9767 

BKC/Ag/ZnO 0.0086 1.7186 0.581869 199.8372 0.090976 0.991 
Manganese BKC 0.004 0.6663 1.500825 166.575 0.023450 0.9815 

BKC/Ag 0.0042 0.5856 1.70765 139.4286 0.027888 0.9804 

BKC/ZnO 0.0045 0.5536 1.806358 123.0222 0.031491 0.9691 
BKC/Ag/ZnO 0.004 0.5564 1.797268 139.1 0.027952 0.9809 

Arsenic BKC 0.202 3.3463 0.298838 16.56584 0.215309 0.9311 

BKC/Ag 0.1976 1.6134 0.619809 8.16498 0.357616 0.9501 
BKC/ZnO 0.1807 1.7948 0.557165 9.932485 0.313957 0.9719 

BKC/Ag/ZnO 0.0977 1.7992 0.555803 18.41556 0.197964 0.9638 

Mercury BKC 0.1395 3.2893 0.304016 23.57921 0.278264 0.9453 
BKC/Ag 0.1175 3.8017 0.26304 32.35489 0.219345 0.9828 

BKC/ZnO 0.1084 4.0524 0.246767 37.38376 0.19561 0.9748 

BKC/Ag/ZnO 0.0724 4.7933 0.208625 66.2058 0.120734 0.9841 
Silver BKC 0.3093 18.319 0.054588 59.22729 0.457761 0.9453 

BKC/Ag 0.2787 21.549 0.046406 77.3197 0.392712 0.9616 

BKC/ZnO 0.2712 21.99 0.045475 81.08407 0.381435 0.9683 
BKC/Ag/ZnO 0.2619 22.469 0.044506 85.79229 0.368209 0.9697 

Zinc BKC 0.2320 0.2493 4.011231 1.074569 0.274466 0.9912 

BKC/Ag 0.1888 0.2956 3.38295 1.565678 0.206119 0.9816 
BKC/ZnO 0.2037 0.3023 3.307972 1.484045 0.215019 0.9765 

BKC/Ag/ZnO 0.1632 0.3255 3.072197 1.994485 0.169307 0.9843 

 

Table 12: Langmuir Adsorption Isotherm 
Constants for BKC, BKC/Ag, 

 

Parameter Sample Intercept 

= log K 

Slope 

= 1/n 

n K R2 

Total Iron BKC 0.7723 0.3789 2.639219 5.919704 0.9924 

BKC/Ag 1.3575 0.5808 1.721763 22.77718 0.9985 

BKC/ZnO 1.7951 0.8777 1.139341 62.38785 0.9986 
BKC/Ag/ZnO 1.5296 0.6394 1.563966 33.85322 0.995 

Lead BKC 1.0632 0.6455 1.549187 11.56645 0.9703 

BKC/Ag 1.2293 0.7055 1.417434 16.95509 0.9787 
BKC/ZnO 1.2498 0.7106 1.407261 17.77461 0.9678 

BKC/Ag/ZnO 1.2695 0.7083 1.411831 18.59945 0.9942 

Copper BKC 1.0592 0.7682 1.301744 11.46041 0.9962 
BKC/Ag 2.0419 1.0654 0.938615 110.1286 0.9936 

BKC/ZnO 1.4556 0.8586 1.164687 28.5496 0.9999 

BKC/Ag/ZnO 1.3846 0.8015 1.247661 24.24376 0.9995 
Manganese BKC 1.0796 0.5500 1.818182 12.01158 0.9989 

BKC/Ag 1.2264 0.6057 1.650982 16.84225 0.9982 

BKC/ZnO 1.2689 0.6273 1.594134 18.57377 0.9969 

BKC/Ag/ZnO 1.2983 0.6265 1.596169 19.87467 0.9999 

Arsenic BKC -0.2105 0.5283 1.892864 0.615886 0.8866 

BKC/Ag 0.1336 0.6904 1.448436 1.360191 0.9658 
BKC/ZnO 0.0862 0.6459 1.548227 1.219551 0.9692 

BKC/Ag/ZnO 0.0236 0.5672 1.763047 1.055845 0.9929 

Mercury BKC 0.0269 0.6217 1.608493 1.063898 0.9397 
BKC/Ag 0.0758 0.5485 1.823154 1.190694 0.9568 

BKC/ZnO 0.1099 0.5245 1.906578 1.287953 0.9199 

BKC/Ag/ZnO 0.3071 0.3792 2.637131 2.02815 0.9727 
Silver BKC -0.2209 0.7376 1.355748 0.601312 0.9821 

BKC/Ag -0.3401 0.6796 1.471454 0.456983 0.982 

BKC/ZnO -0.3438 0.676 1.47929 0.453106 0.9788 
BKC/Ag/ZnO -0.4022 0.6461 1.547748 0.396096 0.987 

Zinc BKC 0.3006 0.5611 1.782214 1.998021 0.9725 

BKC/Ag 0.2973 0.491 2.03666 1.982896 0.9404 
BKC/ZnO 0.2781 0.5 2.00000 1.897143 0.9396 

 

Table 13: Freundlich Isotherm Constants for BKC, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO  
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Parameters 
Total Iron 

Adsorbents 
BKC 

Interce

pt = 

ΔSo/R 

16.465 

Slope 

=  -

ΔHo/R 

-4738 

R2 
0.9366 

R  (Jmol-1 

K-1) 

8.3145 

ΔSo 

(J/K) 

137 

ΔHo 

((kj/mol) 

39394 

ΔGo (kj/mol) 

303 313 323 333 343 353 

-2086 -3455 -4824 -6193 -7562 -8931 

BKC/ZnO 29.58 -8560 0.9396 8.3145 246 71172 -3349 -5808 -8267 -10727 -13186 -15646 
BKC/Ag 29.476 -8515 0.939 8.3145 245 70798 -3461 -5912 -8362 -10813 -13264 -15715 

BKC/Ag/ZnO 29.185 -8386 0.9373 8.3145 243 69725 -3800 -6227 -8653 -11080 -13507 -15933 

Lead BKC 22.167 -6873.9 0.9643 8.3145 184 57153 1308 -535 -2378 -4221 -6064 -7908 
BKC/ZnO 34.078 -10285 0.9545 8.3145 283 85515 -338 -3171 -6005 -8838 -11672 -14505 

BKC/Ag 34.074 -10285 0.9545 8.3145 283 85515 -328 -3161 -5994 -8827 -11660 -14493 

BKC/Ag/ZnO 31.502 -9331 0.9482 8.3145 262 77583 -1780 -4399 -7019 -9638 -12257 -14876 
Copper BKC 20.284 -6192.9 0.9571 8.3145 169 51491 390 -1297 -2984 -4670 -6357 -8043 

BKC/ZnO 34.426 -10410 0.9549 8.3145 286 86554 -175 -3038 -5900 -8762 -11625 -14487 

BKC/Ag 34.426 -10410 0.9549 8.3145 286 86554 -175 -3038 -5900 -8762 -11625 -14487 

BKC/Ag/ZnO 30.938 -9113.5 0.9461 8.3145 257 75774 -2168 -4740 -7312 -9885 -12457 -15029 

Manganese BKC 19.275 -5821 0.9524 8.3145 160 48399 -161 -1763 -3366 -4969 -6571 -8174 

BKC/ZnO 32.054 -9540.7 0.9501 8.3145 267 79326 -1427 -4092 -6758 -9423 -12088 -14753 
BKC/Ag 32.054 -9540.7 0.9501 8.3145 267 79326 -1427 -4092 -6758 -9423 -12088 -14753 

BKC/Ag/ZnO 30.938 -9113 0.9461 8.3145 257 75770 -2172 -4744 -7317 -9889 -12461 -15034 

Arsenic BKC 14.985 -4095.8 0.9256 8.3145 125 34055 -3697 -4943 -6189 -7435 -8681 -9927 
BKC/ZnO 28.928 -8267 0.9357 8.3145 241 68736 -4142 -6547 -8953 -11358 -13763 -16168 

BKC/Ag 29.024 -8312.3 0.9363 8.3145 241 69113 -4007 -6421 -8834 -11247 -13660 -16073 

BKC/Ag/ZnO 28.836 -8222.6 0.9351 8.3145 240 68367 -4280 -6677 -9075 -11472 -13870 -16267 
Mercury BKC 21.406 -6600.2 0.9616 8.3145 178 54877 949 -830 -2610 -4390 -6170 -7950 

BKC/ZnO 32.082 -9551.5 0.9502 8.3145 267 79416 -1408 -4075 -6743 -9410 -12078 -14745 

BKC/Ag 31.803 -9446.1 0.9493 8.3145 264 78540 -1581 -4226 -6870 -9514 -12159 -14803 
BKC/Ag/ZnO 31.539 -9345.6 0.9484 8.3145 262 77704 -1752 -4374 -6997 -9619 -12241 -14864 

Silver BKC 16.582 -4785.9 0.9374 8.3145 138 39792 -1983 -3361 -4740 -6119 -7497 -8876 

BKC/ZnO 30.938 -9113 0.9461 8.3145 257 75770 -2172 -4744 -7317 -9889 -12461 -15034 

BKC/Ag 31.603 -9370.3 0.9486 8.3145 263 77909 -1708 -4336 -6963 -9591 -12218 -14846 

BKC/Ag/ZnO 30.938 -9113.5 0.9461 8.3145 257 75774 -2168 -4740 -7312 -9885 -12457 -15029 
Zinc BKC 14.74 -3974.6 0.9233 8.3145 123 33047 -4088 -5313 -6539 -7764 -8990 -10215 

BKC/ZnO 29.054 -8326 0.9365 8.3145 242 69227 -3969 -6385 -8800 -11216 -13632 -16048 

BKC/Ag 28.952 -8278.4 0.9359 8.3145 241 68831 -4108 -6515 -8922 -11329 -13737 -16144 
BKC/Ag/ZnO 28.713 -8161.9 0.9342 8.3145 239 67862 -4474 -6862 -9249 -11636 -14024 -16411 

 

Table 14: Thermodynamic Parameters  
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