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A B S T R A C T   

A new approach to treat oily steelworks wastewater using a natural coagulant is reported. Moringa oleifera crude 
extract (MOCE) was used, and its efficiency was compared to traditional alum and synthetic polymer (Nalco 
9908) by optimising pH, dose and settling time. Jar tests showed that MOCE caused rapid coagulation- 
flocculation kinetics and higher oil removal than alum and the polymer (95 %-MOCE, 71 %-alum and 48 
%-polymer). Additionally, MOCE exhibited a wider effective pH range (pH 3–11) and did not affect the initial pH 
of the wastewater. However, MOCE produced higher sludge volume (35 mL/L) as compared to alum (25 mL/L), 
and the synthetic polymer only produced a sticky sludge stuck to the walls of the vessel. Tests on steelworks 
wastewater combining MOCE and the polymer produced a synergistic effect exhibiting reduced settling time and 
increased oil removal. Overall, this study shows that MO extracts have high potential in sustainable treatment of 
oily wastewaters.   

1. Introduction 

The UK government is strengthening their stance on environmental 
protection due to increasing knowledge and awareness of the conse
quences of pollution combined with a shift toward a greener economy 
(DEFRA, 2019). Consequently, the steel industry is seeing an emphasis 
on producing “green steel” that meets the required quality and produc
tion volumes (Conejo et al., 2020) while at the same time meeting 
stringent environmental regulations such as those related to wastewater 
quality (Water Framework Directive, 2017). 

Globally the steel industry uses a vast amount of water for cooling, 
de-scaling and dust-scrubbing at a water consumption rate that varies 
between 1 and 150 m3/tonne of steel produced (Suvio et al., 2010). 
Although there is a huge variation between steelworks, due to differ
ences in plant configuration, geographical location and local legislation 
(Suvio et al., 2010), the majority of the consumed water ends up as a 
contaminated wastewater requiring treatment before discharge into the 
environment. Equally, the steel production uses a vast amount of oil, 
which ends up as waste oil ejected to sumps and fast flowing flumes 
where it mixes with wastewater and other contaminants, generating 
emulsified oily wastewater (Ma et al., 2019). To tackle oil pollution, 
chemical dosing with coagulation-flocculation is commonly practiced 

for onsite wastewater treatment. Traditional metal salt coagulants, 
which are based on either aluminium or iron (i.e. aluminium sulfate 
(alum), polyaluminium chloride (PAC) or ferric sulfate/chloride), are 
often preferred. This is due to their ease of accessibility, low cost and 
high pollutant removal efficiencies at optimised conditions (Bratby, 
2006). Synthetic cationic polymers are also commonly used to remove 
oil from wastewater because of their positive charge, which is effective 
in neutralising negative oil droplets (Bratby, 2006). Advantages of 
synthetic polymers over metal based coagulants include lower coagulant 
dosages, reduced by-product sludge volumes and potential cost savings 
(Bolto and Gregory, 2007). Despite being commonly used, these chem
icals are hazardous, non-biodegradable, and produce voluminous sludge 
as well as being sensitive to pH and dosage conditions (Bratby, 2006). 
For example, residual aluminium in the treated water has been linked 
with Alzheimer’s disease (Rondeau et al., 2000) and synthetic polymers 
contain toxic monomers, such as acrylamide (Bolto and Gregory, 2007), 
which could also remain as residue in the treated wastewater. Conse
quently, there is an increasing interest in natural coagulants due to their 
non-toxic, biodegradable, and safe to handle properties. 

The process of coagulation-flocculation has been the subject of 
studies by several authors for the treatment of wastewater generated in 
the steel industry. Cheng and Gong (2018) treated oily Cold Mill 
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wastewater by comparing polyaluminium chloride (PAC), polyferric 
sulfate (PFS) and polyacrylamide (PAM), and reported oil removals of 
83 %, ≈70 % and ≈45 % respectively. Kuzin and Kruchinina (2019) 
investigated modified alum with titanium compounds to treat steelwork 
wastewaters. Their results showed increased removal efficiency of sus
pended solids and a wider effective pH range as compared to traditional 
alum. You et al. (2018) modified poly-silicate-aluminium ferric sulfate 
(PSAFS) with manganese (Mn), zinc (Zn) and magnesium (Mg) and 
found that manganese was the most effective modifier for oil removal. 
Despite the positive removal rates observed in these studies, concerns 
remain about the use of synthetic metal-based coagulants. Alternatively, 
natural coagulants are a potential environmentally friendly solution to 
treat oily wastewater. For example, chitosan, which is found naturally in 
shells of crustaceans, has been utilised in only limited studies for oil 
removal. Hosny et al. (2016) showed that chitosan removed more oil 
than alum at 96.4 % and 85.0 % respectively. However, chitosan was 
found to have a limited pH range and dosage sensitivity (Hosny et al., 
2016). Hence exploratory studies on other natural coagulants are 
mandatory. Particularly, plant based extractants are other alternatives 
for natural coagulants given their known reported advantages such as 
pH tolerance (El Bouaidi et al., 2022). However, studies concerned with 
their use to treat oily wastewaters are scarce. To address this knowledge 
gap, we have carried out this study using coagulants extracted from the 
seeds of the plant Moringa oleifera (MO). 

Historically, MO has been known to have clarification properties due 
to observations of villagers in the Sudan using MO seed extract to clarify 
turbid water from the Nile (Jahn and Dirar, 1979). Over time, research 
interest has grown on MO, with notable studies by Gassenschmidt et al. 
(1995), Ndabigengesere et al. (1995), and Ghebremichael et al. (2005) 
who identified that the coagulating property of MO is linked to the 
cationic protein content of the MO seeds. In coagulation-flocculation, 
MO has been as effective or exceeds alum and other natural co
agulants such as chitosan (Jagaba et al., 2020). Moringa oleifera is also 
financially attractive as a natural coagulant. This is because the main 
financial value of the MO seeds is in its oil (30–40 % by weight) 
commonly referred to as “Ben Oil” (Anwar et al., 2005), while the 
coagulating proteins are obtained from the low-value waste seed cake 
left after the oil is extracted. The waste seed cake currently has little 
industrial use and is often regarded as a waste material; except on oc
casions, it is used as a fertiliser or green manure (Gopalakrishnan et al., 
2016). Consequently, the alternative use of the seed cake as a natural 
coagulant is an attractive and sustainable method for resources valor
isation and meets the circular economy paradigm. Except for few studies 
on palm oil mill effluent (POME) (Bhatia et al., 2006; Bhatia et al., 
2007a; Bhatia et al., 2007b; Jagaba et al., 2020), the use of MO to treat 
industrial oily wastewater is lacking. Therefore, this study aims to 
investigate the effectiveness of extracted coagulant from MO seed cake 
and compare its performance to alum and a synthetic polymer. Both 
model oil-water emulsions and oily steel works wastewater from Tata 
Steel, Port Talbot, UK were used in this study. 

2. Materials and methods 

2.1. Coagulant preparation 

Moringa seeds (Moringa oleifera) were purchased from Amazon.co.uk 
and shipped from Beijing (China). The extraction method by Ghe
bremichael et al. (2005) was adapted in this study. Briefly, shells of the 
MO seeds were removed, and the kernels were crushed into a powder 
with a mortar and pestle. The obtained powder was then sieved with a 2 
mm sieve; the sieved product is termed MO seed powder (MOP). The 
natural oil in MOP was extracted with 95 % ethanol and the solids (seed 
cake) recovered by centrifugation (4400 rpm, 45 min). The collected 
seed cake was dried in an oven (80 ◦C) before being cooled to room 
temperature in a desiccator. Samples of seed cake 50 g/L were sus
pended in NaCl solution 1 M, 0.2 M or 0 M (de-ionised water), stirred for 

30 min, then filtered through Whatman standard filter paper and again 
with Whatman cellulose nitrate membrane filters (0.45 μm pore size). 
The obtained filtrate formed the stock solution of Moringa oleifera Crude 
Extract (MOCE), its protein content was determined via the Bradford 
assay using a Pierce™ Coomassie Plus Assay Kit purchased from Thermo 
Fisher Scientific (Loughborough, UK) at a dilution factor of 20. A stock 
solution of MOCE was used within 24 h from preparation. 

Aluminium sulfate hexadecahydrate (Alum) (Al2(SO4)3.16H2O) was 
purchased from Fisher Scientific (Loughborough, UK) and a 100 mg Al/L 
stock solution was used. In addition, an industrial synthetic polymer 
(poly-powder Nalco 9908) was also used (stock solution at 1 g/L) for 
comparison. When conducting a jar test experiment, an aliquot was 
taken from each stock solution and dosed into the target wastewater 
using a pipette. 

2.2. Characterization of Moringa oleifera crude extract 

To investigate the charge characteristics of MOCE, zeta potential 
measurements were taken of the stock solution over the pH range 3–11. 
Zeta potential was measured using the Malvern ZetaSizer Nano ZS. 
Measurements were only taken with 0 M and 0.2 M NaCl extracted 
MOCE to avoid salt interference. Aliquots (3 mL) of MOCE were added 
into vials and their pH was adjusted using 0.1 M HCl or NaOH. The 
samples were then centrifuged (4400 rpm, 10 min) to remove any pre
cipitate and the supernatant was collected for analysis with the zeta
sizer. The salting-in effect on MO protein extraction was also studied 
using different NaCl concentrations and the protein concentration of 
each extract was measured using the Bradford Assay. 

The molecular mass of the proteins in MOCE (1 M) were determined 
using reduced SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis) on NuPAGE Bis-Tris Protein Gels, 1.0 mm, 10-well (15 
to 260 kDa) and a colloidal blue staining kit, all developed by Invi
trogen™ and purchased from Thermo Fisher Scientific (Loughborough, 
UK). 

2.3. Preparation of model oil-water emulsions 

Model oil-water emulsions were prepared in tap water (400 mL) 
using a synthetic motor oil (0.3 g) (Mobile Super 3000X1 5W-40) and 
the surfactant sodium dodecyl sulfate (SDS) (0.025 g). The emulsion was 
mixed at 2000 rpm for 45 min then sonicated for 15 min to stabilise the 
mixture. 

2.4. Steel works wastewater samples 

Being the largest user of oil at the Port Talbot site, the Hot Mill was 
the target for wastewater sampling. Prior to collecting the sample, the 
wastewater was allowed to drain for 15 s to remove any stagnant liquid 
in the sampling pipe. The collected samples were always used on the 
same day of collection. 

2.5. Wastewater analysis 

The pH was measured with an Orion Star A211 pH meter (pH elec
trode: Orion, Ross, Sure-Flow-Electrode) and turbidity with a HACH 
2100AN turbidimeter. The UV/Vis absorbance scans were obtained by 
an Agilent 8453 spectrophotometer and the removal efficiency was 
measured by the change in absorbance at 254 nm (Abs254). Measure
ments of total organic carbon (TOC) were done with Shimadzu’s total 
organic analyser (TOC-L) and particle size distribution was analysed 
using Malvern Zeta Sizer Nano series. Sludge analysis involved three 
parameters including sludge volume, total suspended solids (TSS), and 
sludge volume index (SVI); all determined according to the standard 
methods published in Clesceri et al. (1998). Analysis for oil in water was 
carried out with an FT-IR following a liquid-liquid extraction method 
described by Pisal (2009). The extraction solvent was 
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tetrachloroethylene, and the absorbance was measured at a wave 
number of 2925 cm− 1. Sample concentrations were measured using a 
pre-determined calibration line that correlated absorbance and oil 
concentration according to the Beer-Lambert law. 

2.6. Coagulation-flocculation experiments 

All jar test experiments included a 2-min rapid (flash) mix at 245 rpm 
as the coagulant is added, followed by a 15-min slow mix at 45 rpm 
before the paddles were removed and the wastewater sample was 
allowed to settle. The experiments on model oil emulsions evaluated the 
effects of pH (3− 11) and coagulant dosage, varied as indicated between 
brackets for each coagulant: alum (2.5–100 Al mg/L), polymer 
(0.625–100 mg/L) and MOCE (5–100 mg/L protein dose). The MOCE 
dose was calculated according to its protein content of the stock solution 
(measured by the Bradford assay) (see Fig. S1). Experiments on Hot Mill 
wastewater evaluated the effect of coagulant dosage and settling time 
using both MOCE (1–20 mg/L) and the synthetic polymer (0.25–5 mg/ 
L). A maximum settling time of 15 h (900 min) was used and in some 
experiments, samples were taken at: 0, 15, 60, 90, 120, 390 and 900 
min. 

To investigate the benefit of combining the MOCE and polymer as 
coagulant and flocculant, a dual system was proposed and tested on Hot 
Mill wastewater. The ratios of MOCE/Polymer were 2:1 (2 mg/L MOCE 
+ 1 mg/L Polymer), 4:1 (2 mg/L MOCE + 0.5 mg/L polymer), 5:1 (5 
mg/L MOCE + 1 mg/L Polymer) and 10:1 (5 mg/L MOCE + 0.5 mg/L 
Polymer). The settling time for these experiments was only 15 min to 
resemble more practical settling times in real industrial applications. 

2.7. Statistical analysis 

Each experimental data point with repeats, typically thrice, is a mean 
of collected data and is accompanied with error bars displaying standard 
error. 

3. Results and discussion 

3.1. Coagulation-flocculation performance on model oil-water emulsions 

The model emulsions were prepared as representative oily waste
waters and evidence of effective emulsification is shown in the oil par
ticle size (≤20 μm) (Coca et al., 2011) and their negative surface charge 
by the zeta potential (− 32.3 mV) (Table S1). In comparison to real 
sources of industrial oily wastewaters, the model emulsions do not have 
the complexity in organics and solids that wastewaters such as steel 
(Cheng and Gong, 2018) or palm oil effluent (POME) (Bhatia et al., 
2006) have but rather used as a basis for investigating the treatment of 
oil-water emulsions with MO extracts. 

3.1.1. Optimisation and comparison of coagulant dosages 
A critical step in the MOCE extraction is the addition of salt as it 

improves protein solubility. This was demonstrated by Okuda et al. 
(1999), who reduced the optimum MO coagulant dosage by 7.4 times 
when salt was used in the extraction as compared to extraction with 
water only. The increase of protein solubility in a salty solution was 
explained by the salting-in effect (i.e. increased ionic strength of the 
solution, caused by salt, results in stronger electrostatic repulsion be
tween the proteins and this leads to stronger interaction between the 
proteins and water, thereby improved protein solubility and extraction) 
(Zayas, 1997). The protein concentration of the MOCE (1 M) stock so
lution used in this study was determined to be 8000 mg/L via the 
Bradford assay. The salting-in effect for MO proteins was demonstrated 
via increasing NaCl concentration from 0 M to 0.2 M and 1 M, which 
increased protein concentration by 59 % and 68.5 % respectively. 

Once extracted into a liquid form, MOCE was compared to alum and 
the synthetic polymer for removing UV absorbance at 254 nm, turbidity, 

and TOC from model oil-water emulsions. The optimum coagulant 
dosages as shown in Fig. 1(A–C) are 2.5, 5 and 50 mg/L (6.25 mL/L) for 
the polymer, alum (as Al) and MOCE respectively; noting that 5 mg/L Al 
equates to approximately 60 mg/L of alum. The polymer had the lowest 
but most sensitive dosage conditions as any little deviation from the 
optimum (2.5 mg/L) would sharply decrease the removal rates, which 
implies difficult control of the polymer dose. The optimum MOCE dose 
of 50 mg/L (6.25 mL/L) is similar to that found by Nkurinziza et al. 
(2009), who treated surface water (150 NTU), removing 98.4 % 
turbidity with a dose of 4.2 mL/L salt extracted MO (1 M NaCl). The 
MOCE dose is also comparable to the aluminium dose used in this study 
(in terms of total mass of solids used, ~60 mg/L). 

Various studies have compared MO extracted coagulants to alum, 
however, comparisons to synthetic polymers are limited. Salazar Gámez 
et al. (2015) treated natural water (47 NTU) and polluted water (3050 
NTU) with MO extract (1 M NaCl) similar to MOCE, finding turbidity 
removals from natural and polluted waters of 90 % and 100 % for MO at 
dosages of 62.5 mg/L and 250 mg/L, then 96 % and 100 % for alum at 
12.5 mg/L and 219 mg/L respectively. Salazar’s study also reported that 
MO performed better on higher initial turbidity waters than lower 
turbidity, as also found by Muyibi and Evison (1995), making it a more 
attractive alternative to alum for more polluted waters. Sánchez-Martín 
et al. (2012) compared the treatment of surface water (123 NTU) using 
MO seed extract (1 M NaCl, no oil extracted), alum and several synthetic 
flocculants (Flocudex CS-49, AS-10, CS-21 and AS-23). Their results 
showed that at a dosage of 10 mg/L, turbidity removals were >75 % for 
alum, CS-49 and MO, with MO outperforming three of the four synthetic 
flocculants. Coagulation tests on POME (7720 mg/L oil) by Jagaba et al. 
(2020) with alum, ferric chloride, chitosan, MO (oil then water extrac
tion for coagulating agents) and zeolite found optimum dosages for oil 
removal of 3000, 1000, 300, 2000 and 1200 mg/L respectively. The 
corresponding oil removals were alum (97.97 %), zeolite (96.54 %), 
ferric chloride (95.67 %), chitosan (94.86 %) and MO (87.05 %). These 
studies all re-enforce our results (Fig. 1A–C) that MO is a competitive 
coagulant that could be used as an alternative to traditional metal salts 
and synthetic polymers. In addition, the use of MO has no significant 
effect on pH change as compared to alum and its effect on the zeta po
tential is not as intense as alum and the polymer (Fig. 1D–E), which 
offers potential for MOCE blending with other flocculants/coagulants to 
further enhance the performance (Pise et al., 2009). 

3.1.2. Optimisation and comparison of coagulant initial pH range 
One of the most important parameters in coagulation-flocculation is 

pH of the wastewater as it can influence the coagulation mechanism and 
its effectiveness. From the data presented on Fig. 2(A–C), alum (Al) 
operates most effectively between pH 5–9. The polymer shows optimum 
performance at pH 8, while MOCE has the best performance across the 
whole pH range with consistently high removal rates at all pHs from 3 to 
11; though at pHs > 9 MOCE’s efficiency drops slightly. 

The performance of traditional metal salt coagulants including alum 
is influenced by the water pH. This is linked to the formation of various 
metal hydrolysis products and their solubility which varies with pH 
(Duan and Gregory, 2001). According to Amirtharajah and Mills (1982), 
at our optimum alum dosage of around 5 mg/L Al (60 mg/L alum) and 
pH 8, the mechanism for oil removal could be predominately sweep 
flocculation. This is due to the amorphous aluminium hydroxide (Al 
(OH)3) precipitates (Amirtharajah and Mills, 1982), which have been 
found effective for oil removal as shown in the study by Almojjly et al. 
(2018). Below pH 5 and above pH 9, Al(OH)2+ and Al(OH)4

− are the 
aluminium species predominantly formed in solution respectively, 
which are less effective coagulants, thus causing a dramatic decrease in 
removal rates as can be seen in Fig. 2(A–C). 

The synthetic polymer used in this study is cationic and is likely to 
operate with a charge neutralisation and bridging mechanism, both 
common for polymers (Bolto and Gregory, 2007). As shown in Fig. 2 (A- 
C), the performance of the polymer decreases below and above the 
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Fig. 1. Effect of coagulant dose on (A) turbidity removal, (B) absorbance removal at 254 nm (Abs254), (C) TOC removal, (D) final pH and (E) zeta potential. (Initial 
pH 7.8 and settling time of 900 min). 
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emulsion pH (7.8). This is likely affected by the change in charge of the 
oil droplets with the addition of H+ or OH− ions, subsequently, hin
dering charge neutralisation. These results (Fig. 2A–C) are consistent 
with the study by Hempoonsert et al. (2010), who investigated the effect 
of pH on oil removal using a cationic polyelectrolyte (Cat-Floc 2953) and 

microscopic analysis. Their study showed that the amount of oil 
captured on flocs at pH 7 and 9 was greater than that at pH 5 and 11. 

MOCE achieves high removal efficiencies across the pH range 3–11, 
which is a key advantage over alum and the polymer. Notably, the 
removal efficiencies are higher in the acidic pHs 3–5 with a slight 

Fig. 2. Effect of initial pH on (A) turbidity removal, (B) absorbance removal at 254 nm (Abs254), (C) TOC removal, (D) final pH and (E) zeta potential. (Al dosage 5 
mg/L, polymer 2.5 mg/L, MOCE 50 mg/L and settling time of 900 min), (F) effect of MOCE (0 M) and MOCE (0.2 M) on zeta potential at different pHs. 
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decreasing trend between pH 9 to pH 11. This was also seen visually, 
where the floc size increases and the clarity of the supernatant is 
improved with decreasing pH from 9 to 3. Beltrán-Heredia and Sánchez 
Martín (2008) treated textile wastewater with MO extract (1 M NaCl) 
and found that the dye removal was greater in the acidic pHs 4–8 (>95 
%) and lower at higher pHs 8–10 (>70 %). Sánchez-Martín et al. (2012) 
treated surface water with MO extract (1 M NaCl) and have also reported 
improved performance in the acidic pHs. Bhatia et al. (2007b) treated 
palm oil mill effluent (POME) finding that the finest flocs were produced 
at its natural acidic pH (pH 4) and removal efficiency decreased with 
increasing pH to 9. The reason for improved coagulation-flocculation 
with MOCE at more acidic pHs is explained by the cationic nature 
(positive charge) of MO proteins (Gassenschmidt et al., 1995; Ghe
bremichael et al., 2005), attributed to its abundant amount of positive 
amino acids (e.g. arginine) (Gassenschmidt et al., 1995; Ullah et al., 
2015). Upon the addition of acid (H+), the amino acid displays a buff
ering effect, where the carboxyl group COO− is suppressed to form 
COOH, this strengthens the positive charge of the amino group, enabling 
more effective neutralisation of the negatively charged oil droplets 
(Beltrán-Heredia and Sánchez Martín, 2008; Bhatia et al., 2007a; 
Sánchez-Martín et al., 2012). This ability of MOCE to operate effectively 
over a wide pH range indicates a highly stable coagulant. Santos et al. 
(2009) identified a specific coagulating-flocculating protein from MO to 
be a lectin, which demonstrated high thermal stability and a wide pH 
range via coagulating kaolin water with a similar efficiency to alum over 
the pH range 4 to 9. Additionally, the study of Ullah et al. (2015) 
attributed the high stability of isolated MO protein (MO-CBP-3) to the 
presence of di-sulfide bridges. 

3.1.3. Effect of coagulant dosage and initial pH on final pH 
While pH control for effective coagulation-flocculation is not critical 

for MOCE, it is for alum and the polymer as shown by the results in Fig. 2 
(A–C). However, the final pH of the treated wastewater still needs to be 
considered so environmental standards related to pH of the discharged 
wastewater are met. As can be seen in Fig. 1(D), increasing the dosage of 
alum (Al) rapidly reduces pH. Starting from pH 7.8, the optimum dose of 
5 mg/L Al (stated previously) lowers the pH to 5, this is due to the acidic 
nature of alum which consumes the alkalinity. Consequently, the pH has 
to be restored to neutral conditions by adding basic chemicals such as 
soda ash, lime or caustic soda generating additional costs for wastewater 
treatment plants (Bratby, 2006). In contrast, MOCE and the polymer 
show a minimal effect on the final pH. As can be seen in Fig. 1(D), both 
MOCE and the polymer changed the final pH by only 0.5 units at a dose 
of 100 mg/L and exhibited little change of the initial pH of the solution 
(Fig. 2D). Remarkably, when MOCE and the polymer were applied to an 
acidic emulsion below pH ~7, the final pH increases slightly while when 
they were applied to an alkaline solution, the final pH reduces slightly, 
thus providing a buffering effect to the solution’s pH. This amphoteric 
property of MOCE could be a consequence of its amino and carboxyl 
groups being able to react with H+ and OH− ions. A buffering effect 
would be an advantage during real industrial wastewater treatment 
since pH adjustment, which requires the addition of chemicals, will not 
be required. Our results are consistent with other studies by Ndabi
gengesere et al. (1995) and Ali et al. (2010), who also demonstrated that 
MO extracts had little effect on wastewater pH, whereas, alum reduced 
pH to 4.2 and 5.8 respectively in each study. 

3.1.4. Effect of coagulant dosage and initial pH on zeta potential 
To better understand the mechanism behind MOCE’s coagulation- 

flocculation capability, the zeta potential of MOCE’s solution is recor
ded with changes in pH (Fig. 2E–F). Zeta potential is an important 
parameter in coagulation-flocculation since it indicates the net charge 
on the proteins in MOCE and the oil droplets in the emulsion. 

Results from Fig. 2(F) show that the extraction method affects 
significantly MOCE’s zeta potential, with MOCE extracted by 0.2 M NaCl 
exhibited lower zeta potential than MOCE extracted by pure water at all 

pHs. According to Fig. 2(F), the points of zero charge (pzc) are 4.8 and 
11.5 (by extrapolation) for 0.2 M MOCE and 0 M MOCE respectively. 
The lower zeta potential for 0.2 M MOCE is suggested to be due to the 
adsorption of Cl− ions from the NaCl solution onto the cationic proteins 
(Zayas, 1997). For both 0 M and 0.2 M MOCE, the more alkaline pHs 
lead to a decrease in their zeta potentials (for example at pH 11, their 
zeta potentials are 0.60 mV and − 2.53 mV, respectively) whereas, an 
increase is observed in the acidic pHs (for example at pH 3, 11.87 mV 
and 2.55 mV respectively). This confirms that the slightly improved 
performance of MOCE (1 M salt) in acidic pHs (Fig. 2A–C) is due to the 
increase in cationic charge of the proteins. The results (Fig. 2F) also 
display a similar trend to the data presented by Magalhães et al. (2021), 
however, they reported pzc at pH 9.8 compared to ours being about pH 
11.5. Importantly, when 1 M MOCE is added to the emulsion, the MOCE 
salt concentration will be significantly diluted by about 160 times (2.5 
mL/400 mL), which is equivalent to 0.006 M salt. Moringa proteins in 0 
M at pH 7–8 have a positive zeta potential (≈3 mV) and 0.2 M MO 
proteins have a negative zeta potential (≈− 1 mV) as shown in Fig. 2(F). 
Referring to Fig. 1(E) shows that an increase in MOCE dose increases 
zeta potential, demonstrating that positively charged proteins are neu
tralising the negative oil droplets. Therefore, the 0 M NaCl curve 
(Fig. 2F) could closely represent the charge effect of MOCE during use 
due to dilution. This is because the electrical charge of biomolecules is 
affected by the ionic environment and the concentration of salt present 
in solution as evidenced by several studies in the literature (Patel et al., 
2019; Salgin et al., 2012). In addition, as shown in Fig. 2(E), the zeta 
potential values of oil droplets in the emulsion without coagulant 
addition range from − 59.6 mV (pH 11) to − 37.0 mV (pH 3) and oil 
droplets after MOCE addition range from − 27.0 mV (pH 11) to − 14.5 
mV (pH 3). Consequently, MOCE possesses a charge neutralisation 
mechanism when destabilising the negative oil droplets. However, the 
optimum dosage for MOCE (50 mg/L) corresponds to a zeta potential of 
− 19.4 mV (Fig. 1E). Therefore, charge neutralisation is not the sole 
mechanism for coagulation with MOCE. 

Coagulation mechanisms for MOCE reported in the literature include 
adsorption and charge neutralisation along with sweep flocculation 
through enmeshment (Fahmi et al., 2011; Okuda et al., 2001). Ndabi
gengesere et al. (1995) treated kaolin wastewater (− 46 mV) with water 
extracted MO (6 mV). At a dosage of 10 mL/L the kaolin was destabilised 
(0 mV) and further increase in dosage increased the zeta potential but 
the kaolin remained destabilised. They suggested adsorption and neu
tralisation of charges or adsorption and bridging of destabilised particles 
to explain this. In comparison to our results, 6.25 mL/L (50 mg/L) of 
MOCE would bring about effective demulsification but the zeta potential 
is not significantly altered (− 19.4 mV). The mechanism of inter-particle 
bridging is considered unlikely as it is more common for high molecular 
weight polymers (>1000 kDa) (Nordmark et al., 2016; Okuda et al., 
2001), whereas the molecular weights of MOCE in this study were found 
to range from 13.6 to 74.5 kDa (Fig. S2). Therefore, it is believed that the 
primary mechanism for coagulation of the model emulsions with MOCE 
is sweep flocculation via precipitation of the proteins. This is accom
panied by secondary charge neutralisation as evident from results in 
Fig. 1(E) and 2 (E and F). A schematic of each mechanism is presented in 
Table S2. 

Results from Figs. 1(E) and 2(E) could indicate that alum removes oil 
according to several possible coagulation mechanisms: (i) adsorption 
and charge neutralisation since zeta potential increases with dosages up 
to 20 mg/L, (ii) sweep flocculation via insoluble Al(OH)3 ≥ 20 mg/L as 
effective coagulation takes place without much change in zeta potential. 
Therefore, the main mechanism for coagulation at the optimum dosage 
of 5 mg/L Al could be a combination of charge neutralisation and sweep 
flocculation. The synthetic polymer exhibits a sole charge neutralisation 
mechanism on the model oil emulsion. As the optimum dosage (2.5 mg/ 
L) and pH conditions (7–8) established in Figs. 1(A–C) and 2(A–C), 
correspond to zeta potentials of near 0 mV (Figs. 1E and 2E), which is 
where oil droplet aggregation and hence oil removal is maximised via 
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the charge neutralisation mechanism. 

3.1.5. Effect of settling time 
Settling time is a critical consideration, as the residence time needs to 

be not too long (often min) through settling tanks and canals for 
coagulation-flocculation to be adequate for industrial applications. The 
results in Fig. 3(A–C) show that oil emulsions treated by alum and MOCE 
rapidly settle with removals of turbidity, absorbance and oil reaching, 
after 15 min settling time, 94 %, 93 % and 71 % for alum and 88 %, 70 % 
and 95 % for MOCE, respectively. The polymer was much slower, since 
within the same settling time of 15 min, only 48 %, 50 % and 27 % of 
turbidity, absorbance and oil were removed, respectively. In addition, a 
near 100 % oil removal took approximately 90 min for alum and MOCE, 
while the polymer required >900 min to achieve near complete oil 
removal (Fig. 3C). In a study by Bhatia et al. (2007a), who treated POME 
(2658 mg/L oil) with MO (oil extracted and water active agent extrac
tion), an optimum settling time of 114 min was reported, which is 
comparable to our settling time (90 min). Other studies have reported 
comparable or higher settling times in coagulation-flocculation with MO 
for other types of waters, including 120 min for surface water by Adesina 
et al. (2019). Our results clearly show that MOCE exhibits rapid kinetics 
for oil removal faster than the synthetic polymer, which would reduce 
the floor area of settling tanks when MOCE is used as a coagulant. 

3.1.6. Coagulation by-product sludge 
One of the fundamental drawbacks to coagulation-flocculation is the 

by-product sludge generated. Metal salts are extensively used coagulants 
with an estimated 107,000 and 165,000 t per year of alum and ferric, 
respectively, used in the UK (Keeley et al., 2014). Their frequent use is a 
concern due to their reported high sludge volumes, toxic components 
and lack of biodegradability (Bolto and Gregory, 2007; Bratby, 2006). 
Table 1 shows that MOCE-treated-emulsion had a sludge volume, TSS 
and SVI of 35 mL/L, 228 mg/L and 153 mL/g respectively, which were 
higher in comparison to alum’s 25 mL/L, 144 mg/L, and 123 mL/g. 
Thus, in our study, MOCE produced about 40 % more sludge than alum, 
which is in agreement with Jagaba et al. (2020), who reported a 30 % 
greater sludge volume of MO used to treat palm oil mill effluent 
compared to alum. However, Ndabigengesere et al. (1995) and Bhup
tawat et al. (2007) reported that MO produced lower sludge volumes 
than alum. The reason for the discrepancy in sludge volumes between 
studies could lie in the method used to extract the coagulant from MO 
seeds and could also be linked to the target wastewater, as our study and 

Fig. 3. Effect of settling time on the removals of (A) turbidity, (B) absorbance at 254 nm (Abs254) and (C) oil. Initial pH 7.8, dosages Al 5 mg/L, MOCE 50 mg/L and 
polymer 2.5 mg/L. 

Table 1 
Sludge volume, TSS and SVI for alum and MOCE. Experimental conditions: 
initial pH 7.8, dosages Al 5 mg/L, MOCE 50 mg/L and polymer 2.5 mg/L. 
Settling time of 60 min.  

Parameter Units Alum MOCE 

Sludge volume mL/L  25  35 
TSS mg/L  144  228 
SVI mL/g  123  153  
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Jagaba et al. (2020) both treated oil based wastewaters but Ndabi
gengesere et al. (1995) and Bhuptawat et al. (2007) treated model kaolin 
and sewage wastewaters. Although the polymer exhibited no appre
ciable settled volume of sludge, the sticky layer on the walls of the 
reactor presents an important issue, since over time, this layer grows to a 
significant thickness that reduces the canal’s cross section area for flow 
to pass through as observed in a real industrial system. The polymers 
stickiness is due to its high viscosity, which is a characteristic of poly
mers with a high molecular weight and charge density (Bratby, 2006). 

3.2. Coagulation-flocculation performance on steelworks real wastewater 

Oily wastewater was sampled from the Hot Mill of Tata Steel Port 
Talbot steelworks with the characteristics summarised in Table S1. In 
comparison to the model oil emulsion, the sample steelworks waste
water is of similar pH; however, it has a lower oil, turbidity, absorbance 
and TOC values (Table S1). The steelworks oil levels are lower than 
expected (100–150 mg/L) but are still high enough to require the 
wastewater being treated before discharge. 

3.2.1. Optimisation and comparison of coagulant dosages 
To investigate MOCE as an environmentally friendly alternative to 

the currently used synthetic polymer, the effect of coagulant (polymer 
and MOCE) dosage on the Hot Mill wastewater turbidity removal is 

shown on Fig. 4(A). Only turbidity removal is reported here since similar 
removal trends were obtained for the oil (see Fig. 3(A and C)). According 
to Fig. 4(A), the polymer has a slightly lower optimum dosage (1.5 mg/ 
L) as compared to MOCE (10 mg/L equivalent to 1.25 mL/L) and both 
have removed 90 % turbidity at these optimum doses. In comparison to 
the model emulsion results (Fig. 1A), this corresponds to a decrease in 
the required doses by 80 % and 40 % for MOCE and the polymer, 
respectively. However, higher doses are likely to be required when the 
oil content of the Hot Mill wastewater is high. Furthermore, MOCE has a 
more gradual improvement in performance with increasing dosage, 
while the turbidity removal by the polymer was found sensitive to its 
dose, which is consistent with the results of the model emulsion. Indeed, 
high removal efficiencies were obtained for polymer doses between 1 
and 2 mg/L but any further increase to >2 mg/L yielded a decrease in 
performance (Fig. 4A), making the control of the polymer dose difficult. 

The zeta potential results (Fig. 4B) highlight the charge neutralisa
tion effect of MOCE. This is because increasing the dosage from 0 mg/L 
to the optimum of 10 mg/L increases zeta potential from − 8.26 mV to 
− 4.32 mV and a further increase to 20 mg/L results in zeta potential of 
− 1.99 mV. What was interesting in the polymer results, is that the strong 
charge neutralisation mechanism presented when treating the model oil 
emulsion (Fig. 1E) was not observed. The optimum polymer dose for the 
model emulsion (2.5 mg/L) increased zeta potential from − 30.9 mV to 
− 2.37 mV (Fig. 1E), whereas, the optimum dose (1.5 mg/L) in Hot Mill 

Fig. 4. Effect of coagulant dosages used in the Hot Mill wastewater on (A) turbidity removal (settling time of 900 min) and (B) zeta potential. Effect of settling time 
on (C) turbidity removal (dosages MOCE 10 mg/L and polymer 1.5 mg/L). 
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wastewater tests only slightly increased zeta potential from − 14.35 mV 
to − 12.16 mV (Fig. 4B). Therefore, the polymer demonstrates different 
mechanisms of oil removal that could be related to adsorption and inter- 
particle bridging; which are commonly reported mechanisms for syn
thetic polymers (Bolto and Gregory, 2007). 

3.2.2. Effect of settling time 
Fig. 4(C) demonstrates the effect of settling time on turbidity 

removal and shows that the polymer slightly outperforms MOCE in the 
treatment of Hot Mill wastewater as compared to the model emulsion. 
Within 60 min of settling, the polymer removed 91 % (±2 %) and MOCE 
80 % (±12 %) turbidity from Hot Mill wastewater, whereas the polymer 
removed 49 % (±6 %) and MOCE 84 % (±5 %) turbidity from the model 
emulsion. The model emulsion had a higher initial turbidity, due to 
higher oil concentration, than the Hot Mill wastewater. This could 
explain the better performance of MOCE in the model emulsion in 
agreement with other researchers who demonstrated improved perfor
mance with MO at higher initial turbidity (Muyibi and Evison, 1995; 
Nkurinziza et al., 2009; Salazar Gámez et al., 2015). 

3.2.3. Dual Moringa oleifera crude extract and polymer dosing 
The use of synthetic polymers raises environmental concerns due to 

their toxic monomers such as acrylamide (Bratby, 2006) and un- 
environmentally friendly processing techniques (Renault et al., 2009). 
Therefore, natural coagulants such as MOCE are an attractive alternative 
but are not as well established. As demonstrated previously, the polymer 
has a lower optimum dosage, yet there is the issue of sticky layers being 
formed on the walls of the reactor while MOCE tends to require higher 
dosages but forms a clearly separable sludge. Consequently, dual 
coagulation-flocculation with MOCE-Polymer could be an attractive 
solution to exploit the benefits of both MO and the polymer. Fig. 5 
compares sole MOCE and sole polymer dosing to the dual MOCE/poly
mer system (expressed as dosage ratios of 2, 4, 5 and 10-MOCE/poly
mer) with a settling time of 15 min. Results show that MOCE (10 mg/ 
L) on its own removed turbidity (54 %), absorbance (19 %) and oil (71 
%) from the Hot Mill wastewater while the polymer (1.5 mg/L) pre
sented better results. However, when combining MOCE with the poly
mer, the removals depended on the ratio MOCE/polymer and have 
improved from MOCE alone. The removal rates increased when the 
polymer dose was invariant (1 or 0.5 mg/L) and MOCE dose increased (2 
to 5 mg/L). In contrast, with the MOCE as invariant (2 or 5 mg/L) and 
the polymer dose was increased (0.5 to 1 mg/L), the removal rates 

reduced. Therefore, the ratio selected for the dual system was 10-MOCE/ 
Polymer using 5 mg/L of MOCE (coagulant) followed by 0.5 mg/L 
polymer (flocculant) removing 69 % turbidity, 29 % absorbance and 88 
% oil. Overall, the results obtained in our study are comparable or better 
than other studies as summarised in Table S3. 

This dual coagulation-flocculation system demonstrates advantages 
over the sole polymer and sole MOCE dosing. At the ratio 10-MOCE/ 
Polymer, there is a reduction in the amount of coagulant needed; the 
more environmentally harmful synthetic polymer has its dosage reduced 
by 67 % to 0.5 mg/L, and MOCE dosage reduced by 50 % to 5 mg/L (i.e. 
total mass of 5.5 mg/L). Furthermore, 10-MOCE/polymer achieves 
higher removals than MOCE on its own; increasing turbidity, absorbance 
and oil removals by 15 %, 10 % and 17 % respectively. This improve
ment could be due to the polymer reducing the settling time via its 
bridging mechanism, which characterises polymers as demonstrated 
earlier. This was also found by Bhatia et al. (2006), who carried out a 
pilot scale study treating POME using MO coagulant (oil extracted and 
water active agent extraction) and a synthetic polymer (KP 9650) as a 
flocculant. Highlighting that just dosing with MO produced soft and 
weak flocs making downstream filtration problematic. By adding the 
polymer as a flocculant, flocs became larger, stronger, and their settling 
time was reduced as also demonstrated in our study. 

4. Conclusion 

The Moringa oleifera extract (MOCE) was found an effective coagu
lant for model oil-water emulsions and real oily steelworks Hot Mill 
wastewater. The advantages of MOCE were its wider pH range and 
minimal effect on the final pH. MOCE exhibited sweep flocculation and 
charge neutralisation mechanisms for oil removal. Although MOCE 
could bring about effective coagulation, the settling time for Hot Mill 
wastewater was high. Dual coagulation-flocculation system, utilising the 
polymer’s bridging mechanism, improved flocculation, and the settling 
time. Consequently, oil removal was increased, and the coagulant dos
ages were reduced. This study demonstrates that the Moringa oleifera 
natural coagulant could offer a green approach for the treatment of oily 
steelworks wastewaters. 
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