
sustainability

Article

Efficiency of Different Moringa oleifera (Lam.) Varieties as
Natural Coagulants for Urban Wastewater Treatment

Nidhal Marzougui 1,* , Ferdaous Guasmi 2, Sondes Dhouioui 1, Mohamed Bouhlel 1, Mohamed Hachicha 1,
Ronny Berndtsson 3,* and Noomene Sleimi 4

����������
�������

Citation: Marzougui, N.; Guasmi, F.;

Dhouioui, S.; Bouhlel, M.; Hachicha,

M.; Berndtsson, R.; Sleimi, N.

Efficiency of Different Moringa oleifera

(Lam.) Varieties as Natural

Coagulants for Urban Wastewater

Treatment. Sustainability 2021, 13,

13500. https://doi.org/10.3390/

su132313500

Academic Editors: Farooq Sher, Gyan

Chhipi Shrestha, Bingyi Kang, Ianis

Delpla and Nicolas Beauchamp

Received: 27 October 2021

Accepted: 1 December 2021

Published: 6 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 LR Valorisation des Eaux Non Conventionnelles (LR 16INRGREF02), Institut National de Recherches en
Génie Rural, Eaux et Forets, Université de Cartahge, 17 Rue Hédi Karray, BP No. 10, Ariana 2080, Tunisia;
dhouiouisondes@gmail.com (S.D.); bouhlelmohamed13@gmail.com (M.B.);
hachicha.mohamed@iresa.agrinet.tn (M.H.)

2 Laboratoire d’Aridoculture et Cultures Oasiennes, Institut des Régions Arides, Université de Gabès,
Route ElJorf, Medenine 4119, Tunisia; guasmifer@yahoo.fr

3 Centre for Advanced Middle Eastern Studies & Division of Water Resources Engineering, Lund University,
22100 Lund, Sweden

4 LR-RME Resources, Materials and Ecosystems, Faculty of Sciences of Bizerte, University of Carthage,
Jarzouna, Bizerte 7021, Tunisia; noomene.sleimi@gmail.com

* Correspondence: marzouguinidhal@gmail.com (N.M.); ronny.berndtsson@tvrl.lth.se (R.B.)

Abstract: There is a great need to find cheaper but still efficient treatment methods for wastewater.
This study aimed to test the purifying performance of three different Moringa oleifera varieties that
were cultivated in Tunisia on raw (RUW) and secondary treated urban wastewater (TUW). The seeds
of the Mornag, Egyptian, and Indian varieties were powdered, added to the water (at concentrations
of 0, 50, 100, and 150 mg·L−1), and stirred for 45 min at 120 rpm, and then left to settle for two hours.
A physicochemical characterization of the wastewater was carried out before and after treatment.
The investigated treatments decontaminated both types of urban wastewater. The best treatments
were obtained with the Egyptian variety (at 150 mg·L−1), which excelled at the reduction of EC,
TSS, BOD5, Cl, SO4, Ca, Na, Cd, and Fe in RUW and BOD5, EC, Na, Mg, Cl, and Cd in TUW. High
amounts of TKN was found in both types of Moringa-treated wastewater, meaning that it could be
used in agricultural irrigation, leading to less use of chemical nitrogen fertilizers and thus improving
sustainability for crops, soils, animals, and humans. The Egyptian Moringa variety constitutes a
cost-effective and environmentally friendly adsorbent that can be used as a replacement for more
expensive treatment technologies.

Keywords: coagulation; Moringa oleifera; raw urban wastewater; removal efficiency; treated urban
wastewater

1. Introduction

The increasing use of freshwater in agricultural, industrial, and human consumption
threatens freshwater reserves across the globe, causing significant shortages. In addition,
since the 1990s, the problem of water pollution has worsened in almost all rivers in Africa,
Latin America, and Asia [1]. The deterioration of water quality is expected to intensify in
the coming decades [2]. It is estimated that 80% of all domestic and industrial wastewater
worldwide is discharged into the environment without any prior treatment, resulting
in increasing overall water quality deterioration and causing harmful effects on human
health, ecosystems, and sustainable development [3]. Wastewater discharge is increasing
continuously due to industrial development and the rise in the living standards of the
world’s population. The self-purification capacities have been exceeded, which forces
researchers to develop new techniques to purify these effluents [4].

Wastewater purification constitutes a set of techniques that are used to treat wastew-
ater either for reuse or recycling in the natural environment. Conventional wastewater
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treatment processes (chemical precipitation, adsorption on activated carbon, ion exchange,
evaporation, and membrane processes) entail major difficulties in removing metallic el-
ements [5]. They are not sustainable due to a large carbon footprint and high energy
demand. These processes generate a significant amount of greenhouse gases annually
that can vary between 61 and 161 kg of carbon dioxide equivalent per population equiv-
alent (CO2 eq/PE), depending on the treatment process. Their specific annual energy
consumption can vary from 15 to 86 kWh/PE [6]. Thus, current treatment methods are
expensive and insufficient to meet the present regulatory limits [7]. As a result, new
approaches for sustainable wastewater treatment need to be developed that integrate
ecological and economical concerns. This can be achieved by coupling the mineralization
of organic pollutants that generate CO2 with photosynthesis (i.e., reducing CO2 emissions
by utilizing biological materials, such as microorganisms and plants) [8]. New techniques
for removing wastewater pollutants, such as metallic elements, are being continuously
developed with increased performance and lower costs [9]. Moreover, treatment processes
that are environmentally friendly and inexpensive, and which reduce by-products, im-
prove biodegradability, and consume less energy, are advantageous [10]. Some of these
treatments essentially consist of using plants to absorb the cations that are contained in the
effluent, and thus plant materials act as extractors of macro- and micro-nutrients within
effluents [11].

The species Moringa oleifera Lam. (M. oleifera) has been newly introduced in Tunisia
and in the Middle East and North Africa (MENA). Tunisia is suffering from severe water
shortages, and thus has adopted the treated wastewater reuse strategy to minimize pressure
on conventional water resources [12]. The seeds of this tropical multi-purpose tree contain
water-soluble, positively charged proteins, which can act as an effective coagulant to target
various aspects of the treatment of conventional water and wastewater, such as turbidity,
alkalinity, total dissolved solids, and hardness [13,14]. Research has still not been conducted
on the potential for the M. oleifera seed to treat wastewater in Tunisia. Globally, however,
M. oleifera has already been employed as a natural coagulant to purify contaminated
effluents [10]. However, its biosorption behavior as it relates to the elimination of heavy
metals, toxic organic compounds (hydrocarbon, nitrogenous, phosphate materials, etc.),
and microorganisms from wastewater needs to be further studied [14]. Furthermore, the
efficiency of treatment needs to be investigated for different climates and different types
of wastewaters.

In view of the above, the objective of this study was to test the purifying performance
of the seeds of three different M. oleifera varieties that are cultivated in Tunisia on raw
and secondary treated urban wastewater. Many countries in the MENA suffer from water
shortages, which are coupled with a lack of energy and chemicals for the treatment of
wastewater. Thus, developing new, inexpensive treatment methods that can be used in a
hot, dry climate is of ultimate importance. In this sense, the study is of high concern, novel,
and can potentially expand the market for this type of treatment product in the MENA.

2. Materials and Methods
2.1. Plant Materials and Wastewater Sampling

The seeds of the three M. oleifera varieties that were used in this study were col-
lected from Tunisian farmers in 2017 by the Research Laboratory Valorization of Non-
Conventional Water team and retained in hermetically sealed boxes under ambient labora-
tory conditions with temperatures varying from 20 to 28 ◦C. Seed sample authentication
was performed according to the OECD (Organisation for Economic Cooperation and Devel-
opment) seed scheme procedure for verifying the M. oleifera varieties’ progress at different
stages in the seed production process. This was based on the examination of farmers’
control plots through laboratory tests on the M. oleifera seeds and seedling samples that
were taken from various lots, and through several field inspections of the M. oleifera crops
as they grew. Figure 1 and Table 1 show the seed morphology and characteristics of the
three identified varieties, which are named the Mornag, Egyptian, and Indian varieties.
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Figure 1. Seeds of the studied varieties of Moringa oleifera Lam: (A) Mornag variety; (B) Egyptian
variety; and (C) Indian variety.

Table 1. Qualitative and quantitaive parameters for characterization of the seeds of the studied
Moringa oleifera varieties (n = 3).

Parameter
Variety Mornag Egyptian Indian

Seed color Dark brown Light brown Dark brown
Wing color White Light brown Light brown

100 seeds weight (g) 33.68 ± 0.2 31.12 ± 0.1 38.25 ± 0.3
Seed length (mm) 1.05 ± 0.1 0.92 ± 0.2 1.29 ± 0.1

Seed diameter (mm) 1.01 ± 0.2 0.89 ± 0.1 1.06 ± 0.1
Wing length (cm) 3.23 ± 0.1 2.98 ± 0.1 3.64 ± 0.2

Seed-wing diameter (cm) 1.95 ± 0.1 1.58 ± 0.09 2.02 ± 0.08

2.2. Wastewater Sampling

A total of 112 out of 122 treatment plants treat wastewater that is of urban origins
in Tunisia [15]. The raw (RUW) and secondary treated urban wastewater (TUW) that
was used in this study was collected in November 2017 in clean polyethylene bottles,
according to a representative sampling regime that comprised 24 h average samples being
taken from the entrance and the exit of the secondary treatment section of the wastewater
treatment plant (WWTP) of Grombalia City, an agricultural town that is located in the
northeast of Tunisia (Figure 2). This WWTP has recently undergone total rehabilitation and
extension after having exceeded 15 years of service [15]. Its main characteristics, as well as
its treatment process, are shown in Figure 2.

2.3. Seed Processing, Wastewater Treatment, and Analyses

The coat and wings of the Moringa oleifera seeds were removed manually. The seeds
were washed with 95% ethanol, dried, ground until a fine powder was obtained, and
sieved through a 44 mm sieve [16]. Each wastewater quality sample was treated with
increasing concentrations of the Moringa seed coagulant (50, 100, and 150 mg·L−1), as
described by Mangale Sapana et al. [17]. The solutions were kept on the agitator for 45 min
at 110–120 rpm and then put to rest for 2 h. After sedimentation, the obtained supernatant
constituted the purified wastewater [17]. The physicochemical characterization of the
wastewater, before and after treatment, was based on the parameters given in Table 2 for
the NT 106.02 and NT 106.03 standards, which relate to the discharge of treated wastewater
to the environment and its reuse for agricultural purposes, respectively [18,19].
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Figure 2. Location of wastewater treatment sampling in Tunisia (source: ArcGIS 10.3).

Table 2. Studied parameters and analysis methods.

Parameter Method of Analysis Unit Source

Conductivity (EC) WTW LF330 conductometer
(Germany) (mS·cm−1)

Mean hydrogen ion concentration (pH) Adwa 1000 pH meter (Romania) -
Chemical oxygen demand (COD) Method by oxidation with KMnO4 (mg O2·L−1) [20]

Five-day biochemical oxygen demand (BOD5) Instrumental method (mg O2·L−1) [20]
Total suspended solids (TSS) Filtration on filter paper [21]

Chloride (Cl) Mohr method (mg·L−1) [22]

Sodium (Na), potassium (K) Spectrometric method with flame photometer
Jenway PFP7 (U.K.) (mg·L−1) [23]

Calcium (Ca), magnesium (Mg) Complexometric EDTA (Chem-Lab)
titration with basic medium (mg·L−1) [24]

Sulfate (SO4) Manual spectrometric method (mg·L−1) [23]
Bicarbonate (HCO3) Volumetric titration (mg·L−1) [23]

Total Kjeldahl nitrogen (TKN) Manual spectrometric method (mg·L−1) [25]
Metal trace elements (MTE): cadmium (Cd),

lead (Pb), nickel (Ni), zinc (Zn), iron (Fe)
Atomic absorption spectroscopy with

PerkinElmer PinAAcle 900 T, USA. (mg·L−1) [26]

2.4. Statistical Analyses

Statistical analyses were performed for three independent factors (wastewater quality,
Moringa variety, and coagulant concentration), which were used to explain variations in the
dependent quantitative variables: chemical oxygen demand (COD), five-day biochemical
oxygen demand (BOD5), total suspended solids (TSS), electrical conductivity (EC), mean
hydrogen ion concentration (pH), and concentrations of chloride (Cl), bicarbonate (HCO3),
sulfate (SO4), calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), total Kjeldahl
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nitrogen (TKN), cadmium (Cd), zinc (Zn), iron (Fe), lead (Pb), and nickel (Ni). The
normality of the quantitative variables was assessed using the Shapiro–Wilk test. An
analysis of variance (ANOVA) was performed using SPSS software (IBM SPSS statistics,
version 20), and this was complemented by a Duncan’s test of the Moringa varieties and
coagulant concentration groups to compare their means using a pairwise comparison.
Values of p < 0.05 were considered to be statistically significant. Principal component
analysis (PCA) was performed using XLSTAT software (Adinosoft, version 2014.5.03),
based on the removal efficiency (H %) of the physicochemical parameters of the wastewater
that was treated by the M. oleifera coagulant. The H value was calculated using the following
formula: %(H) =

[
Ci−C f

Ci

]
× 100; where Ci and Cf are the initial and final concentrations

of corresponding parameters [27].

3. Results and Discussion
3.1. Urban Wastewater Treatment
3.1.1. pH Change

The pH greatly affects the coagulation conditions. An optimal pH leads to the best
coagulation when the solubility of the coagulant is minimal, which gives better precip-
itation [28]. At this optimum pH, Hendrawati et al., stated that the amino acids of the
coagulating peptide, such as that of M. oleifera (named MO 2.1) [27], ionize to make car-
boxylate ions and protons, while the proton charge attracts electrons to produce a neutral
group and then form flocs [29]. For the Moringa’s non-protein organic components, the
coagulation mechanism was described by Villaseñor-Basulto et al., as a cross-linked struc-
ture with a network form in the manner that has been proposed for sweep coagulation
processes [10]. The results here showed that the pH values before the Moringa treatment
were 7.2 for raw urban wastewater (RUW) and 7.7 for treated urban wastewater (TUW)
(Table 3). The value was ideal for coagulation in the RUW but less ideal for coagulation in
the TUW, according to Naceradska et al. [30], who found that the optimal pH range for
natural organic substance coagulation is about 4–7.5. The treatment slightly increased the
pH of the RUW and slightly decreased that of the TUW (Table 3). The pH was not altered
significantly by the three factors that we focused on, however (p > 0.05; Table 4). In view
of the above, the increase in the pH that followed the treatment may have resulted in the
release of carboxylate groups, which shifted the solution’s pH to alkaline, allowing for
colloid destabilization, according to the mechanism proposed by Hendrawati et al. [29].
However, other authors have previously suggested that this process is caused by the release
of hydroxyl groups [31,32]. Thus, it is still under debate exactly what the process is that is
influencing these results.

Table 3 shows that the pH of the two types of urban wastewater that we studied falls
within the recommended pH range (6.5–8.5) for the agricultural reuse of TUW, according
to Tunisian standards, even after treatment with the Moringa coagulant, meaning that the
Moringa coagulant appears to be suitable for treating RUW for agricultural reuse purposes.
No additional step was required to adjust the pH value after the treatment.
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Table 3. Physicochemical characterization of raw and treated urban wastewater before and after treatment with three varieties of Moringa oleifera.

Before
Treatment

Mornag Variety Egyptian Variety Indian Variety NT 106.03
[19]Water Quality Parameter 50 mg·L−1 100 mg·L−1 150 mg·L−1 50 mg·L−1 100 mg·L−1 150 mg·L−1 50 mg·L−1 100 mg·L−1 150 mg·L−1

Raw urban
wastewater

EC (mS·cm−1) 277± 0.38 a 271 ± 0.15 a 270 ± 0.18 a 268 ± 0.25 a 221 ± 0.02 a 217 ± 0.39 a 216 ± 0.02 a 223 ± 0.19 a 213 ± 0.01 a 222 ± 0.3 a 700
pH 7.2 ± 0.25 b 7.5 ± 0.01 a 7.6 ± 0.09 a, b 7.6 ± 0.28 a 7.7 ± 0.5 a 7.4 ± 0.37 a, b 7.4 ± 0.29 a 7.3 ± 0.01 a 7.3 ± 0.07 a, b 7.4 ± 0.01 a 6.5–8.5
COD (mgO2·L−1) 556.8 ± 32.97 d 134.4 ± 2.29 c 124.8 ± 2.2 b 76.8 ± 3.25 a 268.8 ± 4.8 c 172.8 ± 1 b 144 ± 1 a 307.2 ± 3.6 c 249.6 ± 2.43 b 115.2 ± 23 a 90
BOD5 (mgO2·L−1) 32 ± 1.53 c 16 ± 1 b 14 ± 0.76 a 13 ± 0.5 a 14 ± 0.76 b 13 ± 0.52 a 12 ± 0.25 a 19 ± 2.65 b 17 ± 1.53 a 17 ± 2 a 30
TSS (mg·L−1) 1150 ± 125 c 850 ± 333 b 796 ± 61 b 759 ± 50.54 a 900 ± 97.4 b 447 ± 28.36 b 350 ± 25.24 a 900 ± 15.6 b 569 ± 48.2 b 452 ± 75.6 a 30
Cl (mg·L−1) 11.2 ± 0.41 c 12.69 ± 0.16 a, b 15.5 ± 0.05 a, b 16.9 ± 0.25 a 8.46 ± 0.02 a, b 8.46 ± 0.29 a, b 8.46 ± 0.13 a 9.87 ± 0.09 a, b 12.7 ± 0.16 a, b 12.7 ± 0.12 a 2000
HCO3 (mg·L−1) 3.5 ± 0.6 c 4.5 ± 0.25 a 4 ± 1 b 3 ± 0.76 b 12.5 ± 0.26 a 10 ± 1 b 14 ± 0.5 b 5 ± 1 a 5 ± 0.57 b 5 ± 1.52 b -
SO4 (mg·L−1) 10.43 ± 0.59 c 10.54 ± 0.25 a 10.1 ± 0.3 b 11.36 ± 0.33 b 5.53 ± 0.25 a 4.75 ± 0.25 b 4.7 ± 0.1 b 10.5 ± 0.26 a 10.15 ± 0.207 b 10.11 ± 0.13 b -
Ca (mg·L−1) 7.5 ± 0.25 c 7.5 ± 0.76 a 6 ± 0.76 a 11 ± 0.25 b 4 ± 0.25 a 5 ± 0.66 a 5 ± 0.58 b 4.5 ± 0.17 a 4.5 ± 0.25 a 4.5 ± 0.29 b -
Mg (mg·L−1) 9.5 ± 0.5 b 9 ± 0.29 c 7.5 ± 2 b 5 ± 0.47 a 8.5 ± 0.14 c 7.5 ± 0.29 b 7 ± 0.29 a 9.5 ± 1.04 c 9.5 ± 1.06 b 9 ± 1.37 a -
K (mg·L−1) 1.09 ± 0.005 b 1.01 ± 0.01 a 1.05 ± 0.02 a 0.99 ± 0.5 b 1.06 ± 0.01 a 1.08 ± 0.02 a 0.86 ± 0.01 b 0.84 ± 0.01 a 0.82 ± 0.01 a 0.84 ± 0.03 b -
Na (mg·L−1) 8.94 ± 0.53 a 12.5 ± 0.27 b 13.57 ± 0.26 c 13.25 ± 0.38 b 8.2 ± 0.06 b 8.41 ± 0.24 c 8.51 ± 0.27 b 10.36 ± 0.27 b 10.51 ± 0.04 c 10.2 ± 0.2 b -
TKN (mg·L−1) 141.60 ± 1.03 d 145.67 ± 0.18 c 147.31 ± 0.25 b 152.88 ± 0.54 a 154.67 ± 0.03 c 150.31 ± 0.1 b 162.9 ± 0.19 a 158.8 ± 0.11 c 169.71 ± 0.3 b 161 ± 0.2 a -
Cd (mg·L−1) 0.006 ± 0.001 a 0.017 ± 0.001 a 0.015 ± 0.004 a 0.014 ± 0.003 a 0.028 ± 0.003 a 0.025 ± 0.04 a 0 ± 0.005 a 0.029 ± 0.01 a 0.032 ± 0.002 a 0.028 ± 0 a 0.01
Zn (mg·L−1) 0.181 ± 0.01 a 0.3 ± 0.11 c 0.18 ± 0.01 b 14.44 ± 0.06 d 1.66 ± 0.53 c 2.12 ± 0.07 b 0.54 ± 0.01 d 0.3 ± 0.06 c 0.18 ± 0.01 b 0.14 ± 0.06 d 1
Fe (mg·L−1) 1.546 ± 0.038 a 0.862 ± 0.017 b 0.658 ± 0.024 c 0.703 ± 0.005 b 1.074 ± 0.003 b 1.006 ± 0.009 c 0.538 ± 0.013 b 0.603 ± 0.03 b 0.756 ± 0.002 c 0.549 ± 0 b 5
Pb (mg·L−1) 0.045 ± 0 a 0.163 ± 0 a 0.106 ± 0.05 a 0.114 ± 0 a 0.154 ± 0.02 a 0.177 ± 0.02 a 0.077 ± 0.01 a 0.034 ± 0 a 0.044 ± 0 a 0.042 ± 0 a 1
Ni (mg·L−1) 0.031 ± 0.02 a 0.098 ± 0.04 a 0.103 ± 0.021 a 0.084 ± 0.002 a 0.14 ± 0.03 a 0.134 ± 0.01 a 0.081 ± 0.002 a 0.05 ± 0.007 a 0.04 ± 0.005 a 0.037 ± 0 a 1

Treated urban
wastewater

EC (mS·cm−1) 229 ± 0.15 a 220 ± 0.15 a 219 ± 0.06 a 217 ± 0.42 a 190 ± 0.21 a 189 ± 0.06 a 161 ± 0.14 a 210 ± 0.1 a 214 ± 0.03 a 207 ± 0.02 a

pH 7.7 ± 0.12 b 7.4 ± 0.06 a 7.3 ± 0.11 a, b 7.19 ± 0.11 a 7.4 ± 0.22 a 7.4 ± 0.27 a, b 7.4 ± 0.23 a 7.4 ± 0.2 a 7.4 ± 0.06 a, b 7.4 ± 0.2 a

COD (mgO2·L−1) 105.6 ± 0.11 d 96 ± 0.57 c 67.2 ± 0.9 b 38.6 ± 0.35 a 163.2 ± 0.15 c 144 ± 0.57 b 76.8 ± 0.69 a 105.6 ± 0.3 c 96 ± 0.57 b 86.4 ± 0.83 a

BOD5 (mgO2·L−1) 15 ± 1 c 7 ± 0.28 b 6 ± 0.5 a 5 ± 1 b 4 ± 1 b 3 ± 0 a 2 ± 0.58 b 7 ± 1 b 6 ± 0.58 a 5 ± 0.58 b

TSS (mg·L−1) 23 ± 5.56 c 30 ± 1 b 25 ± 1 b 18 ± 2.51 a 21 ± 1 b 19 ± 0.76 b 18 ± 0.5 a 20 ± 0.68 b 19 ± 1 b 17 ± 1 a

Cl (mg·L−1) 15.51 ± 0.02 c 12.69 ± 0.18 a, b 12.69 ± 0.05 b 12.69 ± 0.18 a 9.87 ± 0.07 a, b 8.46 ± 0.3 b 8.46 ± 0.28 a 12.69 ± 0.78 a, b 12.69 ± 1.25 b 12.69 ± 0.39 a

HCO3 (mg·L−1) 5 ± 0.5 a 9 ± 0.32 b 7.5 ± 0.36 b 8 ± 0.52 b 9 ± 0.58 b 10 ± 0.45 b 7.5 ± 0.25 b 6 ± 0.57 b 6 ± 0.63 b 6 ± 0.5 b

SO4 (mg·L−1) 7.53 ± 0.029 c 3.96 ± 0.33 c 7.08 ± 0.02 b 5.00 ± 0.89 b 2.14 ± 0.12 a 2.26 ± 0.03 b 3.82 ± 0.042 b 10.41 ± 0.11 a 10.76 ± 0.33 b 10.72 ± 0.12 b

Ca (mg·L−1) 7.5 ± 0.25 c 5 ± 1 a 5 ± 0.25 a 5 ± 0.27 b 5.5 ± 0.3 a 5.5 ± 0.25 a 5.5 ± 0.29 b 5 ± 0 a 5 ± 0.53 a 5 ± 0.14 b

Mg (mg·L−1) 5.5 ± 0.2 b 8 ± 0.36 c 8 ± 0.52 b 8 ± 0.28 a 8 ± 0.5 c 7 ± 0.38 b 4.5 ± 0.25 a 17.5 ± 0.51 c 11 ± 0.58 b 10 ± 0.15 a

K (mg·L−1) 0.78 ± 0.01 b 0.08 ± 0.01 a 0.08 ± 0.02 a 0.86 ± 0.01 b 0.85 ± 0.03 a 0.77 ± 0.01 a 1.77 ± 0.06 b 0.73 ± 0.08 a 0.74 ± 0.17 a 0.80 ± 0.17 b

Na (mg·L−1) 11.14 ± 0.06 a 10.21 ± 0.07 b 10.81 ± 0.14 c 10.71 ± 0.43 b 10.01 ± 0.28 b 9.91 ± 0.07 c 8.5 ± 0.25 b 11.26 ± 0.43 b 10.66 ± 0.34 c 10.66 ± 0.28 b

TKN (mg·L−1) 115.46 ± 0.04 d 110.89 ± 0.39 c 120.89 ± 0.06 b 118.89 ± 0.06 a 121.89 ± 0.06 c 118.71 ± 0.12 b 123.07 ± 0.56 a 121.68 ± 0.38 c 132.78 ± 0.1 b 138.68 ± 0.3 a

Cd (mg·L−1) 0.004 ± 0.001 a 0.014 ± 0.001 a 0.005 ± 0.002 a 0.002 ± 0.001 a 0.026 ± 0.002 a 0.021 ± 0.01 a 0 ± 0.005 a 0.03 ± 0.005 a 0.031 ± 0.002 a 0.032 ± 0 a

Zn (mg·L−1) 0.205 ± 0 a 0.16 ± 0.03 c 0.24 ± 0.03 b 0.16 ± 0.02 d 0.84 ± 0.03 c 0.2 ± 0.06 b 0.24 ± 0.03 d 0.3 ± 0.05 c 0.22 ± 0.01 b 0.26 ± 0.03 d

Fe (mg·L−1) 1.18 ± 0.002 a 0.836 ± 0.002 b 0.872 ± 0.008 c 0.757 ± 0.009 b 1.08 ± 0.03 b 1.069 ± 0.35 c 1.048 ± 0.006 b 0.588 ± 0.03 b 0.647 ± 0.012 c 0.495 ± 0.01 b

Pb (mg·L−1) 0.041 ± 0 a 0.116 ± 0 a 0.12 ± 0.07 a 0.089 ± 0 a 0.149 ± 0 a 0.145 ± 0.02 a 0.066 ± 0.01 a 0.043 ± 0 a 0.06 ± 0.02 a 0.043 ± 0 a

Ni (mg·L−1) 0.031 ± 0.001 a 0.095 ± 0.05 a 0.086 ± 0.002 a 0.085 ± 0.002 a 0.14 ± 0.015 a 0.117 ± 0.002 a 0.056 ± 0.004 a 0.069 ± 0.003 a 0.046 ± 0.002 a 0.057 ± 0 a

Values are mean ± standard deviation (n = 3); The different letters within the same column indicate a difference between the treatments at p < 0.05 level (Duncan’s test). NT 106.02: Tunisian standard for water
discharge to the environment. NT 106.02: Tunisian standard for wastewater reuse in agriculture.
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Table 4. Interactive effects of treatment with Moringa oleifera varieties as coagulant used at different concentrations with tow
different urban wastewater qualities: Raw and secondary treated.

Parameters

Factors Interactions

Wastewater
Quality Variety Coagulant

Concentration
Quality
× Variety

Quality ×
Concentration

Variety ×
Concentration

Quality ×
Variety ×

Concentration

EC * * NS NS NS NS NS
pH NS NS NS NS NS NS NS

COD * * * * * * *
BOD5 * * * * NS NS NS
TSS * * * * * * *

TKN * * * * * * *
K * * * * * NS *

Na * * NS * * * *
Cl * * NS * * * *

HCO3 * * NS * NS NS *
SO4 * * * * * * *
Ca * * * * * * *
Mg NS * * * * NS *
Cd - - - - - - -
Zn * * * * * * *
Fe NS * * NS NS * *

NS: not significant at p < 0.05; *: significant at p < 0.05.

3.1.2. EC Change

EC reflects the degree of the water’s overall mineralization [33]. Treatment with the
Moringa coagulant reduced the EC of both the RUW and the TUW, which were initially
compliant with the standards anyway. Villaseñor-Basulto et al., also confirmed this when
they recorded an EC removal rate of 17% following their treatment of municipal effluents
using M. oleifera seeds [10]. The reduction in EC likely occurred as a result of the addition of
the Moringa coagulant, which led to the dispersion of minerals and inorganic compounds,
and this was followed by precipitation and the formation of flocs that were then separated
from the solution [29]. The variation in EC was significant according to the wastewater
quality and Moringa variety factors, but it did not depend significantly upon the coagulant
concentrations (Table 4). The Egyptian variety was the most effective at reducing EC for
both types of urban wastewater, and its best removal efficiency (29.7%) was recorded with
the TUW at 150 mg·L−1 of Moringa coagulant (Table 3).

3.1.3. COD and BOD5 Removal

In urban wastewater, the COD levels are related to industrial pollution and the
BOD levels are directly linked with domestic human waste. The bacteria present in
wastewater feed on the complex organic matter that pollutes the water, breaking them
down into simpler compounds, such as carbon dioxide and water, a process ultimately
leading to bacteria multiplication [34]. The high levels of COD (556.8 mgO2·L−1) and
BOD5 (32 mgO2·L−1) in the control RUW show that the samples were highly polluted by
pathogenic bacteria, suggesting that these bacteria used the dissolved oxygen for organic
matter degradation. The seeds of the three Moringa varieties were all efficient at removing
COD in both types of urban wastewater. Statistical analyses revealed a significant effect
on the COD content caused by the “wastewater quality”, “coagulant concentration”, and
“variety used” factors taken separately, while their combined effect was also significant
(p < 0.05; Table 4). Treatment with the Moringa seeds decreased the COD in the RUW
compared to the control, and this effect did depend on the coagulant dose. However,
most of the COD values that we obtained still exceed the limit values fixed in the Tunisian
NT 106.03 standards that govern agricultural reuse (Table 3). Only the Mornag variety
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treatment at the dose of 150 mg·L−1 resulted in a COD content of the RUW in accordance
with the standards, given its 86.2% removal efficiency. Similarly, for the TUW, an increase
in the coagulant dosage decreased the COD. The Mornag variety coagulant was the most
effective at treating the TUW. It resulted in COD values that comply with the standards
when using an added dose of 100 mg·L−1 (Table 3). However, the highest COD removal
efficiency (63.4%) was obtained with the coagulant dose of 150 mg·L−1. In addition, the
Egyptian and Indian varieties, at the dose of 150 mg·L−1, removed enough COD from the
TUW for it to comply with the Tunisian standards that govern agricultural reuse. Nonfodji
et al., found that the removal percentage of COD from hospital wastewater increased
when the Moringa coagulant dosage was increased. They also showed that preparing the
M. oleifera seeds with a protein-polyaluminum chloride composite coagulant improves
the coagulation process, leading to better COD removal [35]. Adsorption and charge
neutralization are the most likely mechanisms by which the pollutants in urban wastewater
samples were removed by the M. oleifera coagulant, as mentioned by Nhut et al. [27]. The
peptide polymer chain of the Moringa coagulant adsorbs pollutants that are present in the
wastewater, such as organic matter [27,36]. In comparison with other natural coagulants,
M. oleifera was able to remove 83.3% of COD, compared to 90.0% observed for Cicer aretinum
and 80.7% for cactus [37], showing that it has good effectiveness.

Regarding BOD5, the variation in treatment was significant, but it was not dependent
on all of the three factors that were studied (p < 0.05). Only the interaction between the
“wastewater quality” and “variety used” factors had a significant effect on BOD5 content
(Table 4). Before treatment, the BOD5 value of the RUW slightly exceeded the limit set
according to the standards, while that of the TUW complied with the standards (Table 3).
Treatment with the coagulants of the three Moringa varieties resulted in the BOD5 of
the RUW meeting the standards, while the TUW was left with lower BOD5 values. The
optimum BOD5 removal efficiencies for the RUW (62.5%) and TUW (86.6%) were found
with the Egyptian variety at the dose of 150 mg·L−1. The higher the concentration of
coagulant, the more the BOD5 decreased. These results corroborate the work of Adeniran
et al., who noted that the COD of domestic wastewater decreased from 81.6 to 72 mg·L−1

with Moringa seed treatment, while the BOD5 decreased from 96.5 to 80.2 mg·L−1 [38].
The reduction in the BOD5 after treatment with the Moringa varieties shows that the
treatment substantially reduced the amount of oxidizable material that was present in
urban wastewater. Villaseñor-Basulto et al., reported that M. oleifara seeds continue to
be used today in contemporary applications, mainly wastewater treatment. Indeed, the
removal efficiency was very good for the tapioca starch effluents, with a 99% removal rate
for both BOD and COD [10].

The COD/BOD5 ratio provides information on the biodegradability of wastewater [39].
In our case, the COD/BOD5 ratio of the RUW decreased mainly with the Mornag variety
from 17.4 to its lowest value of 5.9, which was observed with the 150 mg·L−1 concentration.
In contrast, the COD/BOD5 ratio of the TUW increased with all tested Moringa varieties
(Figure 3). The increase indicates that a significant fraction of the organic matter in the
TUW was biologically removed, and therefore additional physicochemical treatment is
recommended for the removal of the remaining non-biodegradable constituents in the
TUW [40]. For both of the studied wastewater qualities, the COD/BOD5 ratios that
we obtained after the Moringa treatment were still greater than 3, thus showing that
the biodegradability is low [41]. To remedy this, ultrafiltration following Moringa seed
treatment is recommended because it can increase the COD removal rate from 40 to 99%,
according to Formentini-Schmitt et al. [42].
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Figure 3. Treatment effect of application of Moringa oleifera variety on the COD/BOD5 ratio.

3.1.4. Influence of the Treatments on TSS Contents

Statistical analyses revealed significant effects of the factors on TSS content (p < 0.05;
Table 4). The control RUW was very rich in TSS and treatments with all of the Moringa
varieties reduced the content. However, the treatment was not sufficient for the wastewater
to reach the standards for agricultural reuse. This was not the case for the TUW, which
initially complied with these standards. The treatment with the coagulants served to further
reduce the amount of TSS (Table 3). The Egyptian and Indian Moringa varieties were the
most efficient at reducing TSS for the RUW at the dose of 150 mg·L−1 (H: 61.0% and 60.7%,
respectively). For the TUW, TSS removal efficiency was low: the optimum efficiency (26%)
was obtained with the Indian variety at 150 mg·L−1. Better TSS removal efficiencies were
recorded by researchers who have used other treatment processes. Hidayat et al., used
a 150 mg·L−1 dose of M. oleifera seeds in a primary sedimentation tank, followed by two
stages of settling with natural filters (coconut fiber followed by sand) to remove organic
matter in tapioca starch wastewater. The removal efficiency for TSS was 91% [43]. Garde
et al., used M. oleifera seed extract with distilled water to treat coffee industry effluents and
recorded a TSS removal efficiency of 54% [44]. Bhatia et al., removed a large amount of
TSS (99.3%) by mixing M. oleifera seed flour after lipid extraction with a liquid dispersion
flocculant named NALCO 7751 [45]. These authors later used a factorial experimental
design and response surface methodology to optimize their process and found that the
optimum dose of M. oleifera was 3469 mg·L−1 and that the optimum dose of NALCO 7751
was 6736 mg·L−1 [46].

3.1.5. Removal of Ion-Forming Salts

For the removal of ion-forming salts (Cl−, K+, Na+, HCO3
−, SO4

2−, and Ca2+), the
variations in their content were found to be significant with the “wastewater quality” and
“variety used” factors, and with the interaction between all of the tested factors (p < 0.05;
Table 4). The Egyptian variety at the dose of 150 mg·L−1 reduced the Cl− and SO4

2−

contents of the RUW with removal efficiencies of 24.5% and 54.93%, respectively (Table 3).
For the TUW, Cl− and SO4

2− decreased after treatment with all of the Moringa seed,
although the optimum reductions (45.4% and 71.6%) were recorded for the Egyptian variety
at 100–150 mg·L−1 and 50 mg·L−1, respectively. The cationic amino acids that comprise the
coagulant attract and neutralize the negatively charged chloride ions. Chee et al., argued
that the M. oleifera seed is a good coagulant for removing negatively charged ions due to its
high porosity, its surface texture, and its high content of coagulant proteins (31.4%) [47]. The
M. oleifera protein seed is charged with cationic dimmers of about 6.5–13 kDa that has an
iso-electric point above 9.6. The interactions between the negatively charged ions and the
M. oleifera seed therefore occurred through an ion adsorption mechanism [37]. The Egyptian



Sustainability 2021, 13, 13500 10 of 14

variety was also efficient at reducing the concentrations of Ca2+, Mg2+, K+, and Na+ ions for
both types of urban wastewater. The Moringa seed coagulants therefore remove hardness
from water through adsorption and inter-particle bridging [17]. Madhavan and Karpagam
compared the Mg removal efficiency of the seeds of two natural coagulants, M. oleifera
and Strychnos potatorum, testing them on tannery effluents. They observed that Strychnos
potatorum (58.6%) was more efficient at removing Mg than M. oleifera (42.9%) [48].

3.1.6. Influence of Treatment on TKN Concentration

Regarding TKN contents, significant variation was detected according to the three
studied factors. The variation was also dependent on their interaction (p < 0.05; Table 4).
The results showed an increase in the TKN contents in both types of urban wastewater
following their treatment with the three Moringa varieties (Table 3). This corroborates
the work of Ndabigengesere and Narasiah, who found that TKN increased in domestic
wastewater after being treated with M. oleifera seeds [49]. The TKN increase comes from
the high contents of nutrients in the powdered Moringa seed [50]. To avoid the addition
of TKN and other nutrients when using M. oleifera seed as a natural coagulant, the active
protein needs to be purified. However, the process of nutrient removal needs to be further
investigated [51]. The high amount of TKN in Moringa-treated urban wastewater means
that it would be good for agricultural irrigation, however, because the use of such water
would allow us to avoid using chemical nitrogen fertilizers that contribute to the pollution
problems of groundwater [52]. Thus, using Moringa-treated urban wastewater would
reduce production costs for the farmer.

3.1.7. Metallic Trace Element (MTE) Removal

Regarding MTE contents, the treatment of the RUW and TUW with the Egyptian
variety at 150 mg·L−1 led to a treated wastewater quality that was in accordance with
the NT 106.03 standards, which relate to the reuse of treated wastewater for agricultural
purposes (Table 3). The results revealed a significant variation in Zn content that was
caused by all of the three factors and their interaction (p < 0.05; Table 4). Fe content varied
significantly depending on the variety used and the coagulant concentration, and as well
as their interaction (p < 0.05). In contrast, the Ni, Pb, and Cd contents were almost constant
after treatment (Table 3). These results do not agree with the work of Shan et al., who
showed that Cd was removed by up to 98% from wastewater and Pb by up to 78.1% [14].
Indeed, to ensure the proper removal of MTEs using plant material with a high oil content,
such as M. oleifera seeds (34.8%), it would be necessary to extract the oil because it affects
the coagulation activity and MTE removal [53]. Many authors stated that adsorption and
charge neutralization are the result of the interaction mechanism between the M. oleifera
proteins and MTEs [30,48,51,54]. The powdered M. oleifera seed has been considered to be
a potential MTE-removing agent because of its oxygen and nitrogen-donating carboxylate
and amino groups [54]. The MTE adsorption of Moringa is limited to surface adsorption
because M. oleifera is a cationic polyelectrolyte with a short chain and low molecular
weight. The adsorption occurs because positive metal ions form a bridge between the
anionic polyelectrolyte and negatively charged protein functional groups on the surface of
the colloidal particle. The structure of the polyelectrolyte coagulant consists of repeating
units with a small molecular weight that form molecules of a colloidal size which carry
electrical charges or ionizable groups, providing a bonding surface for the flocs [55,56]. In
the coagulation process, MTE ions react with proteins and destroy them in wastewater.
MTE adsorption occurs due to the seed’s high protein content. By increasing the amount of
positive charges in the solution, a clearing mechanism probably dominated in the solution,
and the MTE ions therefore moved in colloid-polymer flocs that then settled [54].

3.2. Clustering of Moringa oleifera Varieties

A PCA, based on the removal efficiencies for the parameters that we studied here, was
used to analyze the similarities between and the variational properties of the treatment
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efficiency. For the RUW, the first two PCAs represented 66.7% of the total variation. PCA1
(39.9% of total variation) was positively correlated with TKN and K contents. PCA2 (27.3%
of total variation) was positively correlated with SO4 and Cl contents and was negatively
correlated with HCO3. The first two PCAs were used to structure the RUW samples into
three groups:

• The first group was represented by the negative aspects of PCA1 and PCA2. It
constituted the RUW that had been treated with the Mornag variety at 50, 100, and
150 mg·L−1. This treatment exhibited the lowest EC removal efficiencies (2.2–3.3%)
and the highest amount of COD removal (75.9–86.2%);

• The second, with the positive aspects of PCA1, included the RUW that had been
treated with the Egyptian variety at different doses. These treatments corresponded
with the best treatment of BOD5 (56.4–62.5%), EC (20.2–22.0%), TSS (21.7–69.6%),
Ca (33.3–46.7%), Na (4.8–8.3%), Cl (25.0%), SO4 (46.9–54.9%), Cd (100%), and Fe
(30.5–65.2%);

• The third group, with the negative aspects of PCA1 and the positive aspects of PCA2,
included the RUW that had been treated with the Indian variety at different added
concentrations. It was characterized by the lowest removal efficiencies for BOD5
(40.6–46.8%), and the highest for K (23.4–24.6%), Pb (2.2–24.5%), Zn (0.6–22.7%), and
Ni (2.2–24.4%).

The TUW samples could be structured into four groups based on the PCA results
(69.0% of total variation):

• The first group had the positive aspects of PCA1 and PCA2. It contained the TUW that
had been treated with the Mornag variety at different added concentrations. These
treatments resulted in the highest amount of COD removal (75.9–86.2%), and a chloride
removal efficiency of 18.2% and the lowest removal efficiency for EC (3.9–5.2%);

• The second group, with the positive aspects of PCA1 and the negative aspects of
PCA2, was formed by the TUW that was treated with the Egyptian variety at doses of
50 and 100 mg·L−1. These treatments resulted in the highest removal efficiency for
SO4 (70.0–71.6%);

• The third group, with the negative aspects of PCA1 and PCA2, included the TUW that
was treated with the Egyptian variety at 150 mg·L−1, which had the highest removal
efficiency for BOD5 (86.6%), EC (29.7%), Cl (45.5%), Mg (18.2%), Na (23.7%), and
Cd (100%);

• The fourth group, with the negative aspects of PCA1 and the positive aspects of PCA2,
was represented by the TUW that had been treated with the Indian variety for all
added concentrations. These treatments displayed the highest Fe removal efficiency
(45.2–58.1%).

PCA1 and PCA2 show that the Egyptian variety, has presented satisfactory results
in treating both of the urban wastewater types at the dose of 150 mg·L−1. It can there-
fore be used as an alternative for the chemical coagulants that are commonly used in
the wastewater treatment plants in Tunisia [15] because of its low cost, abundance, and
its environmentally friendliness, and because it does not leave toxic residues [48]. The
efficiency and simplicity of this treatment method, in addition to the fertilizing power of
the Moringa-treated wastewater, would encourage farmers to use it to improve the quality
of the TUW that is used for irrigation.

4. Conclusions

The treatment effect of the seeds of three M. oleifera varieties was evaluated using the
concentrations of 0, 50, 100, and 150 mg·L−1 on raw (RUW) and treated urban wastewater
(TUW). The treatment was efficient at reducing the contaminants that are present in both
types of urban wastewater. Wastewater quality had a significant effect on the variation
(66.6%) of the studied water treatments. The M. oleifera variety significantly influenced
the treatment outcome (77.7%), and the type of treatment applied also had a significant
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effect (55.5%). The Egyptian variety presented satisfactory results when treating both
of the urban wastewater types at the dose of 150 mg·L−1 because it resulted in the best
reduction of EC, TSS, BOD5, Cl, SO4, Ca, Na, Cd, and Fe in the RUW and BOD5, EC, Na,
Mg, Cl and Cd in the TUW. The high TKN amount in Moringa-treated urban wastewater
means that it would be suited for use in agricultural irrigation because it means farmers
can avoid using chemical nitrogen fertilizers. Thus, urban wastewater treated with the M.
oleifera coagulants can be used in irrigation, without inconvenience to crops, soil, animals,
and human consumers. In addition, the Egyptian Moringa variety is a cost-effective and
environmentally friendly adsorbent that can be used as a replacement for other expensive
treatment technologies.

To the authors’ knowledge, this is one of the first studies to have investigated the
treatment of urban wastewater using M. oleifera in northern Africa. Tunisia, as well as
many other MENA countries, suffers from severe water and energy shortages. Developing
alternative, inexpensive treatment methods is therefore of great importance. Similarly,
Tunisia shares common climate characteristics and socioeconomic conditions with many
other MENA countries, with resulting similarities in wastewater properties. Thus, the
results of this study can potentially be important and applicable for many other countries
in the MENA region.
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