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A B S T R A C T

This research investigates the individual and combined use of Moringa oleifera (MO) Lam., biochar, and sand to 
remove turbidity, pathogens, and heavy metals from drinking water. Contaminated water was synthetically 
prepared using kaolin, standard nickel/lead solutions, and Escherichia coli (E. coli). The optimal dose of MO seed 
protein, extracted in 1 M NaCl solution, was determined using a jar test flocculator. MO treatment reduced water 
turbidity from 200 to 4 NTU and achieved a 1–2 log reduction in E. coli from an initial count of 1×105 CFU/ml. 
Nevertheless, no significant reduction in nickel and lead concentrations was noted. Subsequently, the MO-treated 
water was passed through a biochar column supported on a sand bed, revealing clear water with 1 NTU turbidity 
and no trace of E. coli counts being detected. The sequential process of using biochar and sand reduced nickel and 
lead by 97.5 % and 99.3 %, respectively. The physicochemical properties of the treated water met WHO and UK 
standards for safe drinking water. All experiments were performed in duplicates (n=2; P < 0.05). The scalability 
and economic feasibility of the project, the mechanism of removal of contaminants by MO and biochar, and the 
study’s limitations are also discussed.

1. Introduction

Anthropogenic additions of pollutants into water are causing acute 
and chronic health problems (Alao et al., 2023a; Ayejoto and Egbueri, 
2023; Ayejoto et al., 2024, 2023). High water turbidity is one of the 
indicators of the presence of suspended solids and pathogens like E. coli 
and coliform bacteria, (Tabraiz et al., 2016) which may cause gastro
intestinal infections, pneumonia, neonatal meningitis and sepsis (Shah 
et al., 2023). Heavy metals like nickel and lead may cause skin allergies, 
organ damage and cancer if their concentration in water increases 
threshold limits (Iqbal et al., 2024). Although modern water treatment 
methods like reverse osmosis, electrodialysis, graphene-based materials 
and nanomaterials are very effective, they attract high capital costs 
(Barbosa et al., 2018; Abbas et al., 2023). Moreover, operating and 
monitoring these methods requires highly skilled labour, which is 
challenging in underprivileged regions (Zeeshan and Ruhl, 2023). 
Mediating this issue by using synthetic chemicals like alum may cause 

other long-term health issues like Alzheimer’s (Yavuz and Vaizoǧlu, 
2013; Doll, 1993; Nkhata, 2002). In this context, the residual aluminium 
level in the treated water is limited to 0.2 mg/l by the Drinking Water 
Inspectorate (DWI) UK (Drinking Water Inspectorate (DWI), 2016), 
0.05–0.02 mg/l by the Environmental Protection Agency (EPA) USA and 
0.2 mg/l by the WHO (World Health Organisation, 2022). The frequent 
use of these clarifiers by the treatment plants is causing ecological 
concerns (both toxic and chronic), especially for the fish (Mortula et al., 
2009). Furthermore, flocculant chemicals are not readily available in 
underprivileged regions (Chowdareddy et al., 2023; Dandesa et al., 
2023). Consequently, there is an urgent need to establish natural and 
renewable alternatives to decontaminate drinking water using green 
chemistry. This is highlighted by the United Nations as a critical area of 
development, considering the impact it can have on marginalised 
communities (U. Nations, 2017).

Safe drinking water is defined as water that does not pose significant 
health risks to consumers. Various regulatory frameworks ensure this 
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safety by establishing guidelines and limits for contaminants tailored to 
each country’s specific needs and resources. The World Health Organi
zation (WHO) provides global guidelines on safe contaminant levels, 
though adherence is voluntary (Binnie Chris Thomas, 2018; Cotruvo, 
2017). In the United States, the Safe Drinking Water Act (SDWA), 
enforced by the Environmental Protection Agency (EPA), sets some of 
the strictest standards for drinking water safety (U.S.E.P.A. EPA, 2018). 
Australia’s Drinking Water Guidelines (ADWG) address the country’s 
diverse climates by setting region-specific limits under the guidance of 
the National Health and Medical Research Council (NHMRC) (ADWG, 
2024). In Europe, the EU Drinking Water Directive mandates that 
member states comply with uniform water quality standards (L. and LE, 
2020). Similarly, in the UK, the Drinking Water Inspectorate (DWI) 
monitors and enforces water quality standards across England and Wales 
to ensure the highest quality of drinking water (D.W.I. dwi, 2019).

From a green chemistry point of view, there is growing literature on 
Moringa oleifera (MO) Lam. seeds and biochar and their potential for 
water purification. Samia Jahn, in the 1970s, identified the presence of a 
cationic protein in MO seeds, which was found to be contributing to the 
coagulation process by attracting negatively charged contaminants and 
microbes, forming heavier flocs that sink to the bottom. As such, a 
higher protein concentration can offer significantly improved coagula
tion efficiency, highlighting its potential for drinking water treatments 
(Ueda Yamaguchi et al., 2021). Studies by Ndabigengesere et al 
(Ndabigengesere et al., 1995)., Madsen (Madsen et al., 1987), Okuda et 
al (Okuda et al., 1999)., Bichi et al (Bichi et al., 2012). and Grabow 
(Grabow et al., 1985; Wok Grabow et al., 19851985) have also 
confirmed the potential of MO seeds for water purification.

MO seed protein has an isoelectric potential of 9–11 and a molecular 
mass ranging from 6 to 16 kg Dalton (kDa) (Amran et al., 2018a). The 
seed protein offers various functional groups derived from amino acids, 
the primary constituent of the seed protein. These groups mainly include 
the amino group (-NH2), carboxylic group (-COOH), hydroxyl group 
(-OH), amide group (-CONH2), and phenyl group (aromatic ring). These 
functional groups in MO seeds act as natural clarifiers, reducing water 
turbidity and other contaminants and rendering their coagulation effi
ciency comparable to alum (Chowdareddy et al., 2023; Shah et al., 
2024a). Furthermore, the macromolecular netty structure of the seed 
protein itself helps remove pollutants by adsorption and inter-particle 
bridging (Shabaa et al., 2021). The positively charged coagulant pro
tein can also attract the negatively charged contaminants, removing 
them through coagulation and sedimentation when the pH of a solution 
is less than 10 (Saleem and Bachmann, 2019).

Like MO, biochar is another sustainable material extensively 
explored as a green chemistry alternative for water treatment 
(Kozyatnyk and Njenga, 2023). Biochar is a carbonaceous material ob
tained from the pyrolysis of biomass in an oxygen-limited atmosphere at 
a temperature of 200–1200 ◦C (Inyang et al., 2016). The raw material 
required for its synthesis is abundant, and the process is simple and 
environmentally friendly (Shah et al., 2024a). The process also helps 
carbon sequestration by avoiding biomass degradation, which otherwise 
may generate greenhouse gases (Sizmur et al., 2017). High-temperature 
pyrolysis results in a high surface area, thus improving the adsorption 
capacity of biochar (Blanco-Canqui, 2019). The pH of biochar is alka
line, ranging from 7.5 to 10, since metals like calcium, magnesium, 
sodium, and potassium detach from the parent biomass during pyrolysis 
and accumulate into biochar product (Shakoor et al., 2020). The high 
porosity, large surface area, macro-morphological structure, and 
numerous functional groups on the biochar surface make it an excellent 
adsorbent for removing metals, pathogens, and other impurities (Wang 
et al., 2019). The removal mechanism can involve adsorption, chemi
sorption, making chelates, diffusion through pores, and ion exchange 
(Shah et al., 2024b). Biochar is much cheaper than activated carbon due 
to the low temperature and energy requirements during pyrolysis 
(Inyang et al., 2016; Cha et al., 2016; Huggins et al., 2016).

Combining different natural materials that offer a range of properties 

can be the most efficient way to decontaminate polluted water. For 
example, the use of sand, along with biochar, has offered improved 
performance in removing heavy metals and E. coli. 3 log removal of 
E. coli was achieved (Mohanty et al., 2014). Lau et al (Lau et al., 2017). 
suggested modifying biochar with sulfuric acid to enhance the removal 
of E. coli from stormwater. The acid-modified biochar could remove up 
to 98 % of E. coli. The addition of alum and activated carbon to MO was 
explored by De Paula et al., 90 % removal of turbidity could be achieved 
(De Paula et al., 2014). Sera et al (Sera et al., 2021)., studied removing 
heavy metals from water using MO powder and activated carbon. A high 
percentage removal of As, Pb and Cd was obtained. Kozyatnyk and 
Njenga (Kozyatnyk and Njenga, 2023) used a combination of MO and 
biochar to study the removal of multiple heavy metals, including Cr, Co, 
Zn, Ni, and Pb. A 5–58 % removal was reported. Most of these studies 
involved expensive technological protocols and synthetic agents, which 
fall outside the scope of green chemistry from a practical point of view.

There is a significant gap in the literature regarding the use of cost- 
effective and simple procedures to combine natural materials for the 
treatment of drinking water, which this study aims to provide. This is the 
first study focusing on the combined, sequential use of Moringa oleifera, 
biochar and sand to treat drinking water. The primary objective here is 
to evaluate the effectiveness of MO, sand, and biochar in removing 
turbidity, E. coli, and heavy metals from contaminated water, both 
individually and in combination. The hypothesis posits that (a) 
increasing the dose of MO protein and the length of the biochar column 
will enhance contaminant removal efficiency, and (b) the sequential use 
of MO and biochar will improve the water quality. To substantiate the 
efficiency of the devised system, the treated water was checked for its 
physicochemical properties to ensure that it meets drinking water 
criteria set by the World Health Organisation (WHO) and UK standards. 
Notably, all materials used to remove contaminants in this study were 
food-grade. Sewage sludge-derived biochar (SSB), which offers dual 
advantages by managing hazardous waste and treating contaminated 
water, was the biochar of choice. The adoption of natural resources to 
provide potable water is being advocated by the United Nations and is 
linked to its Sustainable Development Goals SDG 6 and SDG 3 (UNDP, 
2023).

2. Methodology

2.1. Materials

Sun-dried MO seeds aged (post-drying) six months were procured 
from a farmer in Lahore, Pakistan. The UK Biochar Research Centre at 
the University of Edinburgh provided sewage sludge-derived biochar 
(SSB) pyrolysed at 700 ℃. This research used fine sand of 0.2–0.5 mm 
grain size purchased from Amazon and China clay (Kaolin) acquired 
from Trusleaf Ltd, UK. The University of Wolverhampton provided 
E. coli k12 for microbial studies, initially sourced from NCIMB Ltd. 
Aberdeen, UK.

Sodium chloride (analytical grade) used to extract the MO protein 
was sourced from Fischer Scientific, UK. Tap water and deionised water 
were obtained from the University’s microbiology projects laboratory. 
The standard metal solutions were prepared using lead nitrate (99 %) 
and nickel sulphate (99 %) metal salts bought from Fisher Scientific Ltd. 
and Scientific & Chemical Supplies Ltd. UK, respectively. Table 1 and 

Table 1 
Physicochemical characteristics of tap and distilled water used for experiments.

Parameter Distilled water Tap water

pH 6.8 ± 0.2 7.6 ± 0.2
TDS (ppm) 1.0 – 2.0 248–255
Hardness (Clarke) trace 13.10
Conductivity (µs/cm) 2–3 501
Turbidity (NTU) 0.10 0.5
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Table 2 report the physicochemical properties of the tap and distilled 
water used and the sewage sludge biochar, respectively.

2.2. Preparation of reagents

2.2.1. Synthetic turbidity solution
3 g kaolin was mixed with 5 L tap water and left overnight for the 

hydrolysis process to complete. The mixture was stirred for 30 minutes 
at 500 rpm using a Stuart magnetic stirrer, resulting in a stock solution of 
approximately 1000 NTU turbidity, which was subsequently diluted as 
required for various experiments.

2.2.2. Standard heavy metal solutions
Standard 1000 mg/L solutions of nickel and lead were prepared from 

hydrated nickel sulphate (NiSO4.6H2O) and lead nitrate (Pb(NO3)2) salts 
by dissolving stoichiometric amounts in deionised water. Heavy metal 
solutions of desired concentrations for various experiments were created 
through further dilutions as desired.

2.2.3. Preparation and characterisation of biochar
SSB was sieved to obtain a particle size (PS) range of 0.4–0.8 mm, the 

same as that of MO seeds. The sieved biochar was washed with warm 
water at 40 ◦C and then deionised water to remove any physical con
taminants on its surface. It was oven-dried at 112 ◦C till it reached a 
constant weight. The resulting biochar was used in the column to 
remove pollutants from the synthetically made turbid water. The sand 
was used without any treatment as a supportive adsorbent bed.

Each adsorbent (SSB, MO, and sand) was characterised through five 
different analytical techniques, namely (i) FTIR (Bruker Alpha 1) for 
determining the functional groups (Wei et al., 2018), (ii) SEM (Zeiss 
EVO 50 kit) for the morphological study (Muneer et al., 2021), (iii) XRD 
(Panalytical Empyrean equipment) for crystallographic analysis 
(Azhar-ul-Haq et al., 2022), (iv) X-ray fluorescence screening (Pan
alytical Epsilon 3) kit for the elemental analysis (Ghzal et al., 2023).

2.2.4. Extraction of MO seed protein
Good-quality seeds were handpicked and manually deshelled before 

grinding into a fine powder using a stainless-steel pestle and mortar. The 
powder obtained was sieved to achieve a particle size range of 
0.4–0.8 mm. The sieved seed powder was dissolved in a freshly prepared 
1 M NaCl solution (2 % w/v) to extract the coagulant seed protein. The 
mass was stirred for 3 minutes using a Stuart magnetic stirrer at 
240 rpm. After 1 h, it was filtered using a cotton cloth. The filtrate, the 
Moringa oleifera seed protein extract (MOSE), was used in experiments at 
varying calculated dose rates.

2.3. Dose optimisation of MOSE

A turbidity solution of 200 NTU made from the stock solution was 
taken into six glass beakers. 10 mg/L nickel, 10 mg/L lead and 1×105 

colony-forming units (CFU)/ml of E. coli were added into each beaker. 
Varying doses of MOSE were added to each beaker and placed in a Stuart 
flocculator SW6 equipped with six rotators. The beakers were floccu
lated by flash mixing for 2 minutes at 130 rpm to achieve a thorough 
mixing, followed by a slow mixing for 15 minutes at 36 rpm to aid the 

flocculation. The control sample contained the same concentration of 
synthetic contaminants without featuring any MOSE. The flocculated 
beakers were allowed to settle, and the turbidity of the solution in each 
beaker, including the control sample, was measured after 1, 1.5, 2 and 
2.5 h. The E. coli concentrations were measured every hour until clear 
water of less than 5 NTU was obtained. The E. coli growth was monitored 
again in each beaker to check for any regrowth of the pathogens after 
24 h. The optimum dose was the MO dosage that offered minimum 
turbidity and E. coli growth. The methodology adopted here is consistent 
with previous literature (Shabaa et al., 2021; Delelegn et al., 2018).

2.4. Physicochemical characterisation

The residual turbidity (RT) of water was measured using a calibrated 
Lovibond conductivity photometer model TB211IR, and the percentage 
turbidity removal (% RT) was calculated using Eq. (1) (Shabaa et al., 
2021; Shamsnejati et al., 2015a): 

% RT =
Ti − Tf

Ti
× 100 (1) 

Where Ti and Tf represent the turbidity (NTU) of the samples before and 
after flocculation, respectively. A calibrated Hanna pH meter model pH 
20 was used to measure the pH of the samples. A Jenway 4510 model 
conductivity meter and a Hanna’s TDS meter were used to measure the 
conductivity and the concentration of total solids in the beakers. Weight 
measurements were performed using Sartorius Secura portable precision 
balance. Agilent Technologies 5100 inductively coupled plasma–optical 
emission spectroscopy (ICP-OES) was used to measure the residual 
concentration of elements like nickel (Ni), lead (Pb), calcium (Ca), 
magnesium (Mg), iron (Fe) and silicon (Si). The dissolved oxygen (DO) 
of the samples was measured using a WTW 3410 m. All the kits passed 
PAT (portable appliance test) and were calibrated before conducting the 
relevant tests.

2.5. Microbial load characterisation

Nutrient broth containing E. coli k12 was shaken for 12 h at 37 ◦C 
using a Thermo-scientific MAXQ 8000 shaker to promote aerobic con
ditions for bacterial growth. All the accessories used in the experiment, 
including the pestle and mortar, sieves, beakers, and micropipette tips, 
were autoclaved for 20 minutes at 15 psi and 121 ◦C in a Prioclave 
autoclave. Each beaker was seeded with E. coli at 1×105 CFU/ml and 
flocculated using a jar test flocculator. After 1 and 2 h, a 20 µl sample 
was taken from each beaker and incubated on agar plates at 37 ◦C for 
12 h. The gram staining method was used to identify the type of mi
crobial growth. The concentration of E. coli in each beaker, including the 
control sample, was determined using Eq. (2): 

N = nc × df × pf (2) 

Where N is the concentration of E.coli (CFU/ml), nc represents the 
number of colonies counted, df is the dilution factor, and pf is the plating 
factor. The method adopted was similar to the ones reported in studies 
(Delelegn et al., 2018; Vega Andrade et al., 2021). All experiments were 
performed in duplicates (n = 2).

2.6. Statistical analysis

All experiments were conducted in duplicate (n=2) to enhance the 
reliability of the study findings (average of determinations ± standard 
deviation). An ANOVA test was then applied to determine if there were 
statistically significant differences between the results obtained from the 
duplicate experiments. The P value was < 0.05. By performing experi
ments in duplicate, we aimed to minimise the potential impact of 
random errors.

Table 2 
Physicochemical properties of SSB adsorbent. Here, Ms/cm stands for milli 
Siemens per centimetre.

Property Value

pH 9.60
Electric conductivity 133.4 mS/cm
C stability 96.44 %
Total ash 63.91 wt%
Moisture 1.69 wt%
Adsorption capacity 3.02–2.51 mg/g (Shah et al., 2024b).
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3. Results and discussion

3.1. Functional groups

FTIR analysis of the biochar, MO and sand was performed within a 
4000–500 cm− 1 range at an instrumental resolution of 4 cm− 1 with 32 
scans per sample. The study results shown in Fig. 1 revealed the presence 
of various organic and inorganic functionalities in each studied adsor
bent. Numerous small peaks from 3500 to 3300 cm− 1 in raw biochar 
before metal adsorption correspond to the stretching vibrations of the 
hydroxyl groups of different organic and inorganic compounds. Further, 
the stretching vibrations of -C–––C- and -C–––N bonds appeared within the 
2300–1900 cm− 1 range. Small peaks within 1550–1300 cm− 1 corre
spond to the stretching vibrations of carbon-oxygen (C––O) bonds of 
groups like ketonic, ester, carboxylic, and anhydrides. Small peaks ob
tained at 1579.18 cm− 1 and peak obtained at 999.74 cm− 1 correspond 
to the stretching vibrations of the -Si-O bonds in aromatic compounds 
and the -C-O vibrations, respectively (Mandu et al., 2015).

However, after the adsorption of Pb and Ni on biochar, the small 
peaks within the range 1900–2300 cm− 1 disappeared, thus confirming 
the involvement of -C––O, -C–––C- and -C–––N bonds in the adsorption of 
metals. There was a shift in the minor peaks of the O-H group 
(3500–3300 cm− 1) and C––O bonds (1650–1300 cm− 1) after metal 
adsorption, indicating the involvement of hydroxyl and carboxyl groups 
in the adsorption of Pb and Ni. Post-adsorption of metals, there was a 
shift in the peak intensity at 999.74 cm− 1, confirming the involvement 
of -Si-O functional groups in adsorption. Additionally, the variation in 
peaks within the range 3500–3300 cm− 1 reveals the possible involve
ment of hydroxyl groups (Azhar-ul-Haq et al., 2022; Ghzal et al., 2023).

Fig. 1 further reveals the presence of different functionalities of MO 
as stretching vibrations of O-H and N-H (amide groups) obtained at 
3400 cm− 1 having a broadband peak. These vibrations of the O-H and N- 
H groups reveal the presence of protein and fatty acid structures as the 
main constituents of Moringa oleifera. Further, symmetrical and asym
metrical stretching vibrations of the C-H bond (of the CH2 group of fatty 
acid) and -C––O bonds (of fatty acid and protein) were shown at 
2921.70 cm− 1 and 2852.33 cm− 1 and in the regions between 1800 and 
1600 cm− 1 respectively. Bands that appear at 1744.45 cm− 1 and 
1644.47 cm− 1 are associated with fatty acids, while the amide group of 
protein and C-N stretching or N-H deformation results in peaks at 
1579.18 cm− 1 and 1540.42 cm− 1, respectively. Overall, the results of 

FTIR confirm the presence of protein structure in MO seeds (Hoa and 
Hue, 2018; Gaikwad and Munavalli, 2019). For sand, the FTIR spectrum 
indicates adsorption bands at 681.45 cm− 1 and 791.63 cm− 1, revealing 
the presence of quartz mineral as the main composition. The peaks ob
tained at 1093.59 cm− 1 and 2160.67 cm− 1 correspond to symmetric 
vibrations of the Si-O group and the -C––O stretch bending vibration 
(Amran et al., 2022).

Significant changes in the peak intensity and position of key func
tional groups, including hydroxyl (-OH), carbonyl (-C––O), carboxyl 
(-COOH), and amine (-NH) groups, were observed for each studied 
material. These variations strongly suggest the direct involvement of 
these functional groups in the adsorption process. The observed changes 
likely indicate the formation of new bonds (mainly electrostatic in
teractions, H-bonds) between the adsorbate molecules and the func
tional groups on the adsorbent surface, leading to the removal of 
contaminants from the solution (Azhar-ul-Haq et al., 2022; Kwabena 
Ntibrey et al., 2020). It is worth mentioning that FTIR analysis of MO 
post-treatment was technically not feasible for this study. The reason is 
that the high dilution of the seed protein as used for coagulation, pre
vents characterisation. Unlike the powder, the solution, especially at a 
high dilution, obscures the revelation of its actual surface characteristics 
(Shah et al., 2024c).

3.2. Morphological study

SEM analysis was carried out on the adsorbents, before and after the 
adsorption of Pb and Ni to morphologically characterise the adsorbents. 
Before sorption, as revealed in Fig. 2, the surface of the biochar (Fig. 2a- 
b), MO (Fig. 2e-f), and sand (Fig. 2g-h) was highly rough, with numerous 
cavities present on their surface. These active sites play a crucial role in 
adsorption, serving as the binding points for the adsorption of metal ions 
on the surface. Following the adsorption process, the morphological 
characteristics of each studied adsorbent are shown in Figs. 2b-c and 2i- 
j. These characteristics reveal the variation in the surface texture from a 
highly rough and heterogeneous structure to a somewhat homogeneous 
one. These results suggest that the studied adsorbents have effectively 
captured and adsorbed the metal ions from the solution (Saleem et al., 
2020; Li et al., 2017).

Biochar is characterised by its large surface area and interconnected 
pore network. As shown in Fig. 2a-b, this morphology acts as vacant sites 
for the adsorption of various contaminants, including heavy metals. As 
adsorption occurs, the surface morphology of biochar evolves with the 
formation of adsorbate-biochar complexes. These alterations influence 
the surface area and pore size distribution, as shown in Fig. 2c-d. Studies 
by Lehmann have highlighted the significant role of biochar morphology 
in governing adsorption mechanisms, emphasising the importance of 
understanding morphological changes for adsorption applications 
(Johannes Lehmann, 2015).

Fig. 2e-f shows the SEM analysis of Moringa oleifera powder within 
the 0.4–0.8 mm particle size range, revealing features of its surface 
morphology, such as the shape, texture, and structural features of the 
particles. The MO powder particles can be seen to exhibit a heteroge
neous morphology characterised by irregular shapes and sizes. 
Furthermore, the SEM analysis reveals variations in particle shape and 
size distribution within the 0.4–0.8 mm range. Some particles are more 
spherical or ellipsoidal, while others appear more irregular and angular. 
This heterogeneity in particle morphology may result from differences in 
seed characteristics, processing conditions, and particle aggregation 
during powder formation (Saleem et al., 2020).

Regarding sand, the SEM micrographs reveal its natural morphology 
characterised by its irregular shapes, rough surfaces, and heterogeneous 
composition, as shown in Fig. 2g-h. Sand grains typically exhibit various 
sizes and shapes, with surface features such as pits, cracks, and mineral 
coatings. The porous nature of sand provides numerous sites for the 
adsorption of heavy metals, including surface adsorption, ion exchange, 
and precipitation. Following the adsorption of heavy metals, Fig. 2i-j 

Fig. 1. FTIR analysis comparing raw biochar, biochar after adsorption, raw 
Moringa oleifera and sand after contaminant adsorption highlighting the 
involvement of various functional groups, such as -O-H, -C-O and -N-H, in the 
adsorption process.
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Fig. 2. Scanning electron micrograph of all the three adsorbents showing (a-b) biochar before adsorption at different magnifications, (c-d) biochar at different 
magnifications after adsorption, (e-f) MO at different magnifications, (g-h) sand at different magnifications before adsorption and (i-j) sand after adsorption of 
contaminants. The study revealed the heterogeneous surface of each studied material, favouring the adsorption process.
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shows notable changes in the surface morphology and structure of sand 
particles. SEM data also shows clusters immobilised on the sand surface, 
indicating successful adsorption and removal of heavy metals from the 
solution. Overall, the qualitative analysis of the SEM images revealed a 
significant decrease in the particle size distribution of adsorbents after 
adsorption. This suggests the metal ions may have filled the smaller 
pores and cavities on the biochar surface (Muneer et al., 2021; 
Azhar-ul-Haq et al., 2022).

3.3. Crystallographic analysis

Results of the XRD analysis of biochar, MO and sand are revealed in 
Fig. 3, where the metal adsorption peaks for biochar (Fig. 3a) appear at 
an angle of 18–28◦ representing the crystal plane index C (002), signi
fying the parallel and azimuthal alignment of aromatic and carbonised 
lamellae. In addition, the peaks at 40–46◦ angle represent crystal plane 
index C (100) corresponding to the condensed aromatic carbonised 
planes. The presence of CaCO3 (calcite), SiO2 (quartz), CaO (lime), Ca 
(OH)2 and Al2O3 (alumina) was confirmed by the peaks obtained at an 
angle of 43◦ (JCPDS card no. 05-0586), 68–72◦ (JCPDS card no. 46- 
1045), 41◦ (JCPDS Card no. 011-1160), 60◦ (JCPDS card no. 01-073- 
5492) and 83◦ (JCPDS Card no. 11-0517), respectively (Shah et al., 
2024a; Muneer et al., 2021).

For sand, as shown in Fig. 3b, a high degree of crystallinity was 
observed, as validated by the narrow peaks obtained. Some quartz 
phases were also found in the highest relative intensities, with some 
impurities such as Al2O3, Fe2O3, and ZrO2 being present in minor phases 
(Su et al., 2021). This crystalline material exhibited excellent adsorption 
properties, which can be attributed to its unique crystallographic char
acteristics. The specific crystal structure and surface morphology pro
vided numerous adsorption sites and facilitated the diffusion of 
adsorbates.

The presence of functional groups within the crystal lattice further 
enhanced the material’s ability to interact with and adsorb contami
nants. These adsorption sites can interact with adsorbate molecules 
through various mechanisms, such as physical adsorption (weak van der 
Waals forces), chemisorption (strong chemical bonding), or ion ex
change. Regarding MO, the XRD data (Fig. 3c) reveals a high quantity of 
proteins in the material composition at the particle size studied 
(0.4–0.8 mm). The de-husked MO seeds appear amorphous, informed by 
a partially resolved X-ray pattern, which is favourable for adsorption. 

The peak at 2θ approximates 20, corresponding to the diffraction of the 
amorphous constituent protein of MO. The XRD data also confirmed 
various heterogeneous substances, including proteins, lipids, and minor 
proportions of carbohydrates and ash (Shah et al., 2024c; Saleem et al., 
2020).

3.4. Elemental composition

The X-ray fluorescence screening (XRF) was performed for the bio
char after the adsorption of the contaminants. It revealed the presence of 
different cationic, anionic, and neutral elements in SSB, having different 
percentage compositions, as summarised in Table 3. Before metal 
adsorption, biochar was mainly composed of carbon C (29.55 %), 
hydrogen H (0.83 %), nitrogen N (3.79 %), oxygen O (2.75 %), silica Si 
(2.019 %), phosphorous P (1.074 %), and many other trace elements. 
The total ash content of the SSB is 63.91 % (UK Biochar Research Centre 
and Welcome to the UKBRC,). No change in the composition of these 
elements was observed after adsorption. While the elemental composi
tion of most elements remained unchanged after adsorption, a signifi
cant increase in lead and nickel concentrations was observed. This 
suggests that the SSB selectively adsorbed these heavy metals, likely due 
to interactions between the metals and functional groups on the biochar 
surface. Further analysis, such as FTIR, helps to identify the specific 
functional groups involved in the adsorption process, which is the 
study’s main objective.

3.5. Performance of MO Lam

3.5.1. Selection of contaminants
The water to be treated was synthetically prepared to replicate 

heavily contaminated water. A turbid solution of 200 NTU was obtained 
by adding kaolin clay to tap water and thoroughly mixing it. Turbidity is 
the measure of suspended solids (SS) present in a solution, and its 
allowable level in drinking water is up to 5 NTU (World Health Orga
nisation, 2022). Contaminants like algae, clay, silt, and some other 
organic and inorganic substances may attach to the SS. Similarly, 
pathogens can hide inside the clay particles, requiring an additional 
dose of bactericides or clarifiers (Hoa and Hue, 2018). Lead and nickel 
were added to this solution to study the removal of these heavy metals 
by diluting the stock solutions of lead nitrate and nickel sulphate.

Heavy metals are toxic contaminants that persist in the environment 
and pollute the ecosystems (Ayeni et al., 2022). Lead is number 2 on the 
ATSDR list of toxic substances, with a permissible limit of 10 µg/l or 
0.01 mg/l (Baskaran and Abraham, 2022). Exposure over this limit can 
damage kidneys and cause neurological effects in pregnant mothers and 
infants. Similarly, nickel, limited at 0.07 mg/l (Babakhani and Sartaj, 

Fig. 3. XRD analysis revealing the crystallographic characteristics of (a) post- 
adsorption biochar, (b) post-adsorption sand and (c) raw MO. The study 
revealed the presence of different aromatic compounds and various heteroge
neous substances, including proteins, lipids, and minor proportions of carbo
hydrates and ash.

Table 3 
XRF analysis of biochar (SSB) before and after adsorption revealed a significant 
increase in the percentages of Pb and Ni. These findings strongly suggest the 
successful adsorption of these metals onto the surface of the biochar.

Element SSB composition

Before adsorption After adsorption

C 29.55 wt% 29.55 wt%
H 0.83 wt% 0.83 wt%
O 2.75 wt% 2.75 wt%
N 3.79 wt% 3.79 wt%
Si 2.02 wt% 2.02 wt%
P 1.07 wt% 1.07 wt%
Mg 500.19 mg/l 530.23 mg/l
As 0.78 mg/l 0.78 mg/l
Cr 284.10 mg/l 284.14 mg/l
Co 13. 14 mg/l 13.19 mg/l
Pb 196.68 mg/l 206.60 mg/l
Ni 70.52 mg/l 80.24 mg/l
Se 1.59 mg/l 2.37 mg/l
Zn 900.51 mg/l g/l
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2023), can result in skin irritations and damage the stomach, lungs and 
kidneys. To characterise MO’s performance, lead and nickel were added 
at a concentration of 10 mg/l. To study the reduction of pathogens, 
Escherichia coli (E. coli) were added to the synthetic mixture solution at a 
high concentration of 1×10 5 CFU/ml, an approach consistent with the 
literature (Grabow et al., 1985; Delelegn et al., 2018). The reason for this 
selection was that the presence of E. coli is indicative that the water may 
have faecal contamination directly or indirectly, such as through a 
leaking sewerage pipe. Several water-borne diseases, including diar
rhoea, typhoid, nausea, cramps and headaches, are caused by E. coli. The 
maximum acceptable limit of E. coli in drinking water is 100 MPN/ml 
(MPN stands for most probable number) (World Health Organisation, 
2022).

3.5.2. Selection of extractant for seed protein
The MO seed protein was extracted in 1 M NaCl instead of water. 

According to researchers like Okuda et al (Johannes Lehmann, 2015). 
and Magersa et al (Su et al., 2021)., both water and salt-extracted so
lutions contain protein and polysaccharides. However, the ionic strength 
of salt-extracted MO protein is much higher than water-extracted vari
ants. This increases the solubility of the seed protein, offering improved 
coagulation at lower doses.

3.5.3. Reduction in turbidity
The reduction in turbidity of synthetically contaminated water by 

applying varying doses of MO salt extracts is summarised in Table 4. The 
residual turbidity measurement for varying MO doses and treatment 
times are shown in Fig. 4. MO doses ranged from 25 to 200 mg/l, and the 
water samples were taken at various time intervals. Initially, after one 
hour, only the 50 mg/l dose of MO could achieve a turbidity level close 
to 5 NTU. This reduction in water turbidity can be attributed to the 
ongoing process of floc formation and their settling, which remained 
incomplete within this timeframe for the other doses. However, as time 
progressed, notably after two hours, doses of 50, 75, and 100 mg/l 
significantly reduced turbidity levels below 5 NTU. This turbidity value 
aligns with WHO standards for drinking water turbidity (World Health 
Organisation, 2022). The enhancement in turbidity reduction over time 
suggests the continued effectiveness of MO salt extracts in clarifying 
water.

Fig. 4 outlines the residual turbidity of the solutions at different MO 
doses, with an initial turbidity of 200 NTU. This indicates a dose- 
response relationship, where higher doses of MO extract led to a more 
effective reduction in turbidity levels. However, excessively high doses, 
such as 200 mg/l, do not necessarily yield proportionally more signifi
cant decreases and may even exhibit diminishing returns. The study’s 
outcome rejects hypothesis “a” that increasing the dose of MO seed 
protein increases the coagulation efficiency. This suggests an optimal 
dosage range for MO salt extracts in water clarification applications. 
Furthermore, the time-dependence aspect of turbidity reduction 

highlights the importance of allowing adequate contact time for the 
clarification process to occur effectively. While significant reductions 
can be observed within two hours, further improvements continue to 
manifest over a 24 h period, indicating the persistence and efficacy of 
MO salt extracts in water treatment applications.

3.5.4. Reduction in the concentration of Ni and Pb
Table 3 summarises the reductions in nickel and lead concentrations 

achieved through the application of various doses of MO after 2 h of 
flocculation. MO demonstrated notable effectiveness in lead removal, as 
indicated by the considerable reduction in lead concentration across all 
doses compared to the control sample. However, the removal of nickel 
appears to be less efficient, with relatively smaller reductions observed 
across the different MO doses. Table 5 highlights a dose-dependent 
relationship between MO dose and the removal of heavy metals. As 
the dose of MO increases from 25 to 200 mg/l, there is a general trend of 
improved metal removal, with lower concentrations of both nickel and 
lead observed. This suggests that higher doses of MO have a greater 
capacity to facilitate the coagulation and subsequent removal of heavy 
metals from water samples.

However, despite the increase in metal removal with higher MO 
doses, none of the doses evaluated in the study met the drinking water 
standard, particularly concerning residual nickel concentrations. The 
experiment demonstrated that the data did not support the hypothesis 
“a”. Therefore, it was rejected. Overall, Table 5 underscores the poten
tial of MO as a viable option for heavy metal remediation in contami
nated water. However, it also highlights the need for continued research 
and development to enhance its efficacy and ensure compliance with 
regulatory standards for safe drinking water.

3.5.5. Reduction in E. coli
To investigate the efficacy of reducing E. coli levels, samples were 

collected from the beakers at 1 h and 2 h intervals. No further sampling 
for E. coli was considered after the 2 h mark due to achieving clear water 
within this time frame. Subsequent sampling after 24 h aimed to assess 
any potential regrowth of E. coli. Table 6 summarises the reduction in 
E. coli concentrations across varying doses of salt-extracted coagulant 
protein.

Analysing the data as shown in Fig. 5, significant reductions in 
pathogenic growth were observed at MO doses of 50 mg/l (93 %), 
75 mg/l (97.5 %), and 100 mg/l (99.6 %) following the 1 h mark. 
Additional decreases in bacterial counts were recorded after 2 h with 

Table 4 
Residual turbidity of the solution at different doses of MO (Initial turbidity 200 
NTU). Experiments were performed in duplicate (n=2). Values are given as 
average ± standard deviation (S.D.) with P value ˂0.05.

1 M NaCl 
extracted MO dose 
mg/l

Residual turbidity (NTU)

1 h 1.5 h 2 h 2.5 h 24 h

25 10.2 
±0.223

6.67 
±0.226

5.59 
±0.218

4.89 
±0.226

2.35 
±0.321

50 6.68 
±0.263

3.68 
±0.231

2.5 
±0.323

1.72 
±0.123

1.86 
±0.214

75 10.2 
±0.341

7.31 
±0.322

4.28 
±0.242

3.45 
±0.231

1.5 
±0.132

100 16.5 
±0.422

6.42 
±0.312

6.33 
±0.114

4.18 
±0.122

2.31 
±0.144

200 26.9 
±0.223

16.8 
±0.189

10.5 
±0.213

10 
±0.412

5.59 
±0.323

Fig. 4. Residual turbidity of the contaminated water treated with different 
doses of MO after 1, 1.5, 2, 2.5, and 24 h.
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coagulant doses of 25 mg/l (99.8 %), 50 mg/l (99.6 %), 75 mg/l 
(99.95 %), and 100 mg/l (99.75 %). Despite these reductions, none of 
the coagulant proteins completely eradicated E. coli, which fell below 
the WHO recommended standard.

Residual E. coli concentrations at different MO doses and time points, 
as listed in Table 4, highlight the effectiveness of the coagulant in 
reducing bacterial counts. The inclusion of statistical analysis enhances 
the reliability of the findings, reinforcing the significance of the 
observed reductions. Additionally, the results after 2 h show the reduced 
E. coli levels over longer periods post-coagulation.

Table 7 summarises the bacterial growth following 24 h of floccu
lation with MO protein extracts. Overall, a substantial increase in E. coli 
levels was observed when the beakers were not covered. It could 
potentially be attributed to the organic nature of MO seed protein, which 
might attract pathogens over time if the containers are not adequately 
covered. Subsequent experiments explored that covering the beakers 
using stretch bands led to no considerable additional growth of E. coli. 
Consequently, keeping the containers properly covered and consuming 
the treated water within 24 h can be considered the best practice to 
reduce the risk of bacterial re-growth (Jahn, 1986).

Fig. 6 provides a comprehensive comparison of residual E. coli levels 
at different doses of salt-extracted MO protein after 24 h of flocculation, 
considering both covered and open container conditions. The data here 
emphasises the importance of considering post-treatment handling 
procedures in water purification protocols. By addressing factors such as 
container covering and timely consumption of treated water, practi
tioners can enhance the effectiveness of MO protein-based flocculation 
methods in maintaining water safety.

3.6. Combined sand and biochar treatment

3.6.1. Purification outcomes and water quality
The combined sand and biochar treatment method was assessed for 

its efficacy in purifying water, considering various parameters such as 
turbidity, heavy metals, and E. coli reductions. Results were compared 
against established water quality standards, including pH, turbidity, 
E. coli levels, and concentrations of metals like Ni, Pb, and Fe. Water 
parameter limits recommended by WHO include turbidity ≤5 NTU, 
E. coli 0/100 ml, Ni ≤0.07 mg/l, and Pb ≤0.01 mg/l. UK standards 
specify pH 6.5–9.5, turbidity ≤4 NTU (at consumer’s tap), Ni ≤0.02 mg/ 
l, Pb ≤0.01 mg/l, and Fe ≤0.02 mg/l (Drinking Water Inspectorate 

Table 5 
Reduction in the concentration of Ni and Pb by different doses of MO, 2 h post flocculation.

Heavy metals Contaminated 
water

Control 
sample

MO 25 mg/l MO 50 mg/l MO 75 mg/l MO 100 mg/l MO 200 mg/l

Ni (mg/l) 10 4.78 2.49 2.55 2.52 2.44 2.40
Pb (mg/l) 10 3.02 0.31 0.58 0.19 0.17 0.15

Table 6 
Residual concentrations of E. coli at different doses of MO after 1 h and 2 h. 
Experiments were performed in duplicate (n=2). Values are given as average ±
standard deviation (S.D.) with P value ˂0.05.

1 M NaCl extracted MO dose Residual log E. coli (CFU/ml)

(mg/l) 1 h 2 h

0 4.556±0.121 3.361±0.311
25 4.146±0.231 2.301±0.298
50 3.845±0.224 2.602±0.321
75 2.397±0.132 2.176±0.214
100 3.531±0.241 2.397±0.112
200 4.021±0.126 2.778±0.213

Fig. 5. Residual concentration of E. coli at different doses of MO after 1 hour 
and 2 hours.

Table 7 
Residual log E. coli at different doses of MO salt-extracted protein after 24 h of 
flocculation for both covered beakers and beakers without cover. Values are 
given as average ± standard deviation (S.D.) with a P value ˂0.05 (n=2).

1 M NaCl extracted MO dose Residual log E. coli (CFU/ml)

(mg/l) Not covered Covered

0 12.56±0.211 9.61±0.121
25 12.32±0.312 7.82±0.169
50 9.97±0.126 6.55±0.323
75 9.79±0.241 6.47±0.241
100 9.47±0.221 5.01±0.311
200 9.21±0.234 7.13±0.123

Fig. 6. Residual E. coli at different doses of MO salt extracted protein after 24 h 
of flocculation for covered and without cover beakers.
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(DWI), 2016; World Health Organisation, 2022).
Initially, water treated with a 75 mg/l dose of MO exhibited prom

ising results in reducing turbidity and E. coli levels post-flocculation. 
Subsequent filtration through a column containing sewage sludge bio
char supported on a sand bed improved water quality. Overall, four 
scenarios of treating the contaminated water were explored: (a) MOSE, 
(b) sand, (c) biochar, and (d) a combination of MOSE, sand and biochar, 
as summarised in Table 8.

Of these scenarios, biochar treatment (scenario c) showed superior 
efficacy in reducing turbidity, heavy metals, and E. coli compared to 
sand treatment (scenario b). However, despite reducing turbidity to 
acceptable levels, biochar treatment left high concentrations of patho
gens and heavy metals. In scenario d, where water was sequentially 
treated with MOSE, biochar, and sand, optimal results were achieved 
with a 6 cm bed height for both biochar and sand. This configuration 
resulted in clear water with minimal turbidity, reduced heavy metals 
concentrations, and the absence of E. coli. Moreover, slight increases in 
pH and levels of calcium and magnesium were observed, likely due to 
the mineral content of MO seeds.

As shown in Table 9, when MOSE was used solely, turbidity 
decreased from 200 NTU to nearly 4 NTU, which meets WHO standards. 
Despite a significant drop in E. coli levels from 1×105 CFU/ml to 150 
CFU/ml, it fell short of drinking water criteria. Similarly, metal reduc
tion was suboptimal. Biochar treatment (scenario c) outperformed sand 
(scenario b) in reducing turbidity, heavy metals, and E. coli. Despite 
achieving recommended turbidity levels, pathogens and metal concen
trations remained high.

Scenario d involved initially treating contaminated water with 
75 mg/l MO. Subsequently, the water was passed through a column 
filled with biochar and sand, each with bed heights of 4 cm, 6 cm, and 
8 cm. Clearwater with less than 5 NTU turbidity was achieved with a bed 
height of 4 cm for both biochar and sand. However, some E. coli and lead 
(Pb) concentrations slightly exceeded recommended levels. Therefore, 
the bed height was increased to 6 cm for both biochar and sand. Clear 
water with 1.0 NTU turbidity and minimal Ni and Pb presence was 
obtained. Iron and silica levels were reduced, and no E. coli were 
detected. The pH level of the treated water rose slightly from 8.4 to 8.8 
due to the alkaline nature of biochar. The increase in calcium and 
magnesium levels can be attributed to the mineral content of MO Lam. 
protein. Dissolved oxygen (DO) levels remained satisfactory between 7 
and 7.5 mg/l, meeting UK and EPA criteria. While the WHO lacks spe
cific guidance on DO levels, the UK and EPA standards range between 6 
and 8.5 mg/l (World Health Organisation, 2022; D.W.I. dwi, 2019; E.P. 
A et al., 2014). The finally treated water met drinking water criteria 
according to WHO and UK standards. Notably, further increasing the 
bed height to 8 cm biochar and 8 cm sand did not significantly improve 
the quality of the treated water. The study’s outcomes closely align with 
the predictions of hypothesis “b” while hypothesis “a” could not be 
verified.

3.6.2. Optimum column dimensions
In each experimental condition, the flow rate of contaminated water 

passing through the bed remained constant at 32.14 ml /minute. Under 

the most effective operating parameters, both the biochar and sand 
within the column were set at a height of 6 cm. The biochar weighed 
17 g, while the sand weighed 40 g, resulting in a column composition of 
29.8 % biochar and 70.2 % sand by weight. To further understand the 
capacity of the column, the bed volume for both biochar and sand was 
calculated using Eq. (3) (Alchouron et al., 2021): 

BV = πR2H (3) 

R represents the internal radius of the column containing biochar 
(1.25 cm), and H denotes the height of the adsorbent in the column 
(6 cm). Consequently, the bed volume was determined to be 29.43 cm3. 
This calculation aids in assessing the column’s capacity and efficiency in 
treating contaminated water under the specified conditions.

3.7. Mechanism of removal of contaminants

3.7.1. Moringa oleifera
A chain of amino acids linked together by peptide bonds, called 

polypeptides, present in MO seed protein functions as a “coagulant” to 
remove contaminants such as turbidity, heavy metals and bacteria from 
water (Bichi et al., 2012; Okuda and Ali, 2019; Villaseñor-Basulto et al., 
2018). These cationic proteins and peptides having a molecular mass of 
3 – 60 kDa function actively when the pH of the solution is 6 – 10 (Vega 
Andrade et al., 2021). In this study, the pH of synthetic water was near 7 
(neutral), and the seed protein was extracted in brine solution for 
enhanced solubility. Hence, effective coagulation was achieved. As the 
MO seed protein was added in the appropriate dose, the cationic pro
teins acted as charged polyelectrolytes, attracting the negatively 
charged E. coli and kaolin particles (added to create synthetic turbidity). 
Hence, the particles in a stable solution formed a colloid, initiating the 
coagulation mechanism in the beakers having MO seed protein. The 
stirring process (using the jar test flocculator) aided the formation of 
flocs. On becoming heavier, these flocs settled down under gravity, and 
the pure water was decanted. Hence, a substantial reduction in turbidity 
and E. coli concentration was noted after the MO treatment (Okuda and 
Ali, 2019; Fouad et al., 2019).

Another factor that supports coagulation is as the surface charges on 
the contaminant particles neutralise, the electrical double layer (EDL) 
surrounding the charges thickens. Thus, the particles come close to each 
other and are held together in a colloid through van der Waals forces 
(Chowdareddy et al., 2023; Shah et al., 2024a). The process is sum
marised in Fig. 7. It’s worth noting that the presence of various func
tional groups like ketones, esters, carboxyl and anhydrides on the 
surface of the seed protein provide various sites to adsorb the contam
inants and form inter-particle bridges (Shamsnejati et al., 2015b).

3.7.2. Sewage sludge biochar (SSB)
This study showed a promising reduction in turbidity, E. coli and 

heavy metals using biochar. The primary mechanism for the removal of 
these contaminants is adsorption. The SEM analysis shown in Fig. 2, 
revealed that the biochar (SSB) possesses a large surface area due to 
pores on its surface. These pores play a crucial role in the adsorption 
process, allowing the biochar to capture contaminants such as kaolin 
particles, E. coli, Ni, and Pb, depending on the size and distribution of the 
pores (Li et al., 2017; Norberto et al., 2023). The adsorption process here 
is primarily driven by diffusion, where the concentration gradient be
tween the contaminated water, which contains high levels of suspended 
kaolin particles, bacteria, and heavy metals, and the carbon-rich matrix 
of the SSB, facilitates the flow of pollutants into the biochar 
(Dharmarathna and Priyantha, 2024). Additionally, hydrophobic in
teractions support the adsorption process where heavy metals in the 
water engage in electron exchange with the SSB surface through the 
dissociation of acidic or anionic groups on the biochar (Shah et al., 
2024a).

Electrostatic interactions also play a significant role in the adsorption 

Table 8 
Overview of water treatment scenarios a to d considered for comparison of 
different particle sizes of MO.

Scenario Treatment method Particle-size

a Moringa oleifera seed extract using a jar test flocculator 0.4–0.8 mm
b Contaminated water passed through a column packed 

with sand
0.25–0.5 mm

c Contaminated water passed through a column packed 
with biochar

0.4–0.8 mm

d Contaminated water pre-treated with MOSE passed 
through a column containing a combination of sand 
and biochar

-
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of Ni and Pb, as revealed by FTIR analysis informed by Fig. 1. The 
presence of hydroxyl, carboxylic, and carbonyl groups on the SSB sur
face, which are negatively charged, attracts the cationic metals, facili
tating their binding to these functional groups. Conversely, positively 
charged functional groups, such as the amino group (NH2), can attract 
and bind negatively charged contaminants (Zohaib Abbas, 2024). 
Hydrogen bonding further enhances the stability of the adsorbed con
taminants, with functional groups like hydroxyl, carboxylic, and 
carbonyl forming hydrogen bonds with metal ions and E. coli on the SSB 
surface. These bonds prevent the desorption of the contaminants, 
ensuring their retention on the biochar surface, contributing to the 
overall effectiveness of the adsorption process (Li et al., 2017).

3.8. Implications, scalability and economic feasibility

The study offers a potential route for removing heavy metals and 
pathogens from drinking water using Moringa oleifera Lam. seeds, sand, 
and biochar on a domestic scale. MO trees are widely cultivated in Af
rican and Asian regions, where the proposed system can offer a cost- 
effective way of treating water. The methodology demonstrated in this 
study to extract MO seed protein can be implemented at a household 
level through dehusking MO seeds. The coagulant protein in the MO 
seeds can then be extracted using table salt as a solvent. Biochar can be 
obtained from any carbon-rich material, such as waste crops, dead 
leaves, or sewage sludge. The global availability of sand further en
hances the scalability of the proposed methodology. Although none of 
the clarifiers individually produced clean water, the combined use of 

Table 9 
A comparison of the removal of turbidity, heavy metals (Pb and Ni), and E. coli using MO, sand, and biochar individually and in combination at variable bed heights and 
settling times.

Parameter Contaminated 
water

Scenario a Scenario b Scenario c Scenario d

MO 
(75 mg/l)

Sand 
(80 g)

Biochar 
(34 g)

Water treated with MO (75 mg/l) passed through a bed of biochar 
and sand

2 h settling 
time

12 cm bed 
height

12 cm bed 
height

4 cm bed height 
each

6 cm bed height 
each

8 cm bed height 
each

pH 8.42 8.33 9.23 8.60 8.82 8.87 8.96
Appearance Very turbid Moderately clear Slightly 

turbid
Moderately Clear Clear Very clear Very clear

Turbidity 
(NTU)

200 4.28 5.7 4.42 2.93 1.0 < 1

Ni (mg/L) 10 2.52 0.99 0.78 0.06 0.03 0.02
Pb (mg/L) 10 0.19 0.63 0.51 0.06 0.01 0.01
E. coli (CFU/ 
ml)

1×105 150 750 650 50 Not Detected Not Detected

Ca (mg/l) 36.05 42 26.58 59.68 55.20 59.64 61.53
Mg (mg/l) 6.62 10.23 5.93 35.12 46.50 50.33 52.52
Fe (mg/l) 0.04 0.06 0.04 0.02 0.03 0.01 0.01
SiO2 (mg/l) 5.81 4.91 8.96 3.10 5.0 4.08 3.72

Fig. 7. Mechanism of the removal of contaminants from the contaminated water using MO seeds.
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MO seeds, sand, and biochar has demonstrated to successfully remove 
all the toxicants to WHO-acceptable levels. Consequently, the procedure 
can be replicated domestically to obtain clean drinking water, particu
larly in underprivileged and disaster-affected regions.

3.9. Cost analysis

The treatment cost will depend on the quantity of water to be treated, 
the concentration and nature of contaminants present, and the degree of 
purity required. Below is a cost analysis of the process based on treating 
100 L of highly contaminated water with 200 NTU turbidity, 10 mg/L of 
each Ni and Pb as representative heavy metals, and 1×105 CFU/ml 
E. coli concentration. The optimum dose of MO, according to the study 
results, is 75 mg/L. So, the amount of MO seed powder required to treat 
100 L water is 7500 mg or 7.5 g. The weight of the seeds (Shelled) will 
almost be 1.5 times, i.e. 11.2 g (Jahn, 1986). The amount of biochar 
required = 17 g (Section 3.6.2) x 100 = 1700 g = 1.7 kg. The actual 
amount of biochar required = calculated amount/ cycles of use = 1.7/3 
= 0.56 kg.

Moving on to the cost of the materials used, the cost of MO seeds 
(Herbyzone, Lahore, Pakistan) is £5/1000 g. This translates into 5.6 
pence for 11.2 g seeds. The cost of commercially produced biochar is £1/ 
kg (Carbon Gold, 2024). Hence, the cost of 0.56 kg of biochar is £0.56 or 
56 pence. The cost of materials (MO seeds and biochar) required to treat 
100 L of contaminated water is 56.56 pence, which translates into 0.56 
pence/ L. Further experiments and scale-up efforts are needed to bridge 
the gap between laboratory findings and practical applications.

3.10. Comparing MO and biochar with conventional and emerging 
technologies

Several physical, chemical, and biological methods may be used to 
remove contaminants from water, depending on the economic con
straints, the nature and concentration of contaminants, and the tech
nology available (Binnie Chris Thomas, 2018; Kausley et al., 2019; 
WHO, 2018). The conventional methods include screening, filtration, 
aeration, straining, sedimentation, and filtration. These methods pri
marily remove suspended solids (Talpur and Talpur, 2018; Ministry of 
Health Malaysia, 2018). Coagulation removes dissolved solids as well, to 
a certain extent. Coagulants generally used include aluminium sulphate 
(alum) and ferric chloride. The drawbacks of using these chemicals 
include the formation of voluminous sludge, health impacts such as the 
association of neurotoxic and neurodegenerative diseases like Alz
heimer’s and their limited efficacy for cold water (Muhammad et al., 
2015; Amran et al., 2018b; Megersa et al., 2019; Ndabigengesere and 
Subba Narasiah, 1998; Adesina et al., 2019). Other methods used to 
extract contaminants, including heavy metals, are precipitation, ion 
exchange, and filtration using packed beds, adsorbents such as activated 
carbon, and dendritic-based polymers (Sajid et al., 2018). 
Membrane-based processes like reverse osmosis (RO), microfiltration, 
ultrafiltration (Kausley et al., 2019) and electrochemical methods, 
including electro-coagulation, electro-oxidation and electro-dialysis, 
can effectively remove both anions and cations from water (Colin 
Ingram, 2006). The systems based on solar energy are also being effec
tively used (Ahmed, 2024; Zeeshan et al., 2023; Alao et al., 2023b). 
However, these systems are expensive to install and maintain, requiring 
skilled labour. The use of chemical coagulants also causes various 
health-related problems, as discussed. These demerits justify intro
ducing cost-effective, sustainable, and environmentally friendly 
methods to treat water based on green chemistry.

3.11. Limitations and future directions

The research faced certain limitations, including the inability to 
perform post-treatment FTIR analysis on Moringa oleifera protein due to 
technical constraints related to high dilution levels. This limitation 

prevented the complete characterisation of the surface functionalities 
involved in contaminant adsorption. Additionally, while the study 
demonstrated the effectiveness of biochar, sand, and Moringa oleifera in 
removing contaminelectrochemical methods, including elecants, the 
varying levels of success across different materials and contaminants 
highlight the complexity of optimising these adsorbents for real-world 
applications. Future research should focus on refining the characteri
sation techniques, exploring alternative methods for evaluating diluted 
samples, and further investigating the adsorption mechanisms to 
enhance the efficacy of these materials. Moreover, there is a need for 
extended studies to test the long-term stability and regeneration po
tential of these adsorbents in varying environmental conditions.

4. Conclusions

The research aimed to purify drinking water using sustainable re
sources, specifically MO Lam., sand, and biochar, to remove contami
nants like turbidity, heavy metals, and E. coli. Synthetically 
contaminated water was first treated with MO seed protein extracted in 
a 1 M NaCl solution. The coagulant protein was thoroughly mixed into 
the contaminated water using a jar test flocculator. After a 2 h settling 
time, the optimum MO seed dose of 75 mg/l reduced the water turbidity 
from 200 NTU to < 5 NTU, achieving a 90–99 % reduction in E. coli. 
However, no significant decrease in the concentration of heavy metals 
(Ni and Pb) was noted. This water was then passed through a column 
containing biochar and sand (30 % and 70 % by weight, respectively). 
At an optimum bed height of 12 cm (6 cm for each adsorbent), clear 
water of 1 NTU was obtained. Both heavy metals were removed to 
acceptable levels, and no residual E. coli was detected. The treated water 
was further evaluated for other parameters such as pH, calcium, mag
nesium, silica and iron levels, all meeting WHO and UK criteria for safe 
drinking water. Although promising results were obtained, further ex
periments and scale-ups are necessary to bridge the gap between labo
ratory scale results and practical applications.
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