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Abstract
Water scarcity is a crucial environmental challenge. Wastewater remediation is an important way to tackle the challenge. 
Using nanoparticles of natural and agricultural wastes is considered a low-cost sustainable remediation technology. This 
study develops an effective prototype of a sustainable sewage wastewater (SWW) remediation process using zeolite and 
bagasse nanoparticles. All studied physico-chemical parameters and heavy metals of the SWW were reduced over the course 
of treatment with nanobagasse (NB), nanozeolite (NZ), and nanobagasse-nanozeolite double treatments (DT). After only 
2 weeks of remediation, the chemical oxygen demand (COD), biological oxygen demand (BOD), total suspended solid (TSS), 
and total dissolved solid (TDS) concentrations were decreased (in NB 38, 33, 58, and 30%; in NZ 40, 30, 63, and 58%; and 
in DT 47, 38, 75, and 62%), respectively, compared to raw SWW. The DT for 4 and 6 weeks (DT4W and DT6W) show 0.94 
and 0.67 Kelly ratios, respectively, which are suitable for irrigation. According to the water pollution index (WPI), all types 
of DT treatments produce excellent-quality water. DT6W recorded the highest significant rank of removal efficiency of 
COD, BOD, TSS, TDS, PO4, NO3, Ca, Mg, Na, Cu, Cd, Fe, and Ni (72.7, 59.6, 88.6, 74, 56.7, 88.2, 72.7, 58.7, 80.7, 94.6, 
91.1, 65.3, and 84.4%). This remediated water may be used directly for irrigation or other purposes. Also, this study proves 
that DT4W and DT6W are suitable for Chlorella sorokiniana growth and production of safe protein-rich biomass, 26 and 
31.8% protein, respectively. DT for 2, 4, and 6 weeks are suitable growth media for C. sorokiniana to produce diesel engines’ 
compatible biodiesel. Finally, this recent study presents an interpretation of the physiological status of C. sorokiniana cells 
grown in the raw SWW and DT media.

Keywords  Nanobagasse · Nanozeolite · Sewage wastewater remediation · Chlorella sorokiniana · Microalgal physiology · 
Biodiesel · Protein-rich biomass

1  Introduction

Due to the world’s growing population, industrial devel-
opment, and climate change, the production of municipal, 
industrial, and agricultural wastewater has significantly 
increased. This has become a crucial environmental chal-
lenge that requires an urgent and sustainable solution [1]. 
Hence, the United Nations sustainable development goal 6 

(UN-SDG 6) was adopted as a global goal with other goals 
in 2015 to work toward a sustainable and poverty-free world 
by 2030. SDG 6 seeks to ensure that people have access 
to clean water and adequate sanitation services worldwide. 
Globally, 56% of municipal wastewater flows were safely 
treated in 2020 (extrapolated from data from 128 countries 
representing 80% of the global population) [2]. In high-
income countries, nearly 70% of the generated municipal 
and industrial wastewater is treated. That ratio drops to 38% 
in upper-middle-income countries and to 28% in lower-mid-
dle-income countries [3].

Often, effective municipal wastewater remediation is 
an integrated process. It depends mainly on the type of 
domestic wastewater and contaminants [4]. One of the main 
municipal wastewater types is sewage wastewater (SWW). 
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SWW reclamation is a multi-stage process. It starts with 
pre-treatment to remove large objects and primary treatment 
to separate solid and liquid components. Then, the second-
ary biological treatment removes dissolved organic matter. 
Finally, tertiary advanced treatment further purifies the water 
before it is discharged or reused [5]. However, investigation 
of low-cost and applicable low technology is continuous.

Novel compounds such as nanoparticles have been a ris-
ing trend in wastewater treatment [6]. Specific nanoparticles 
have efficiently removed heavy metals, pathogens, chloro-
phenols contaminants, and toxins [7, 8]. Silver nanoparticles 
are commonly used due to their high reactivity and anti-
microbial properties [9]. Titanium dioxide nanoparticles 
are also effective in removing organic pollutants through 
photocatalysis [10]. Similarly, iron oxide nanoparticles can 
be used for the removal of heavy metals [11]. Nevertheless, 
using eco-friendly or “green” nanoparticles in wastewater 
treatment is a hot research field in the last decade [12]. Many 
products of natural materials, e.g., nanozeolite, and agricul-
tural wastes, e.g., nanobagasse, have proved to be effective in 
wastewater treatment where they efficiently adsorb nitrates 
and phosphates present in agricultural drainage wastewater 
[13, 14].

Natural zeolites are hydrated aluminosilicates of alkaline 
and alkaline-earth metals. It is known for its high capacity 
for ion exchange, adsorption, and catalytic power. Bagasse 
is the sugarcane waste remaining after the sugar extraction 
process, which is known for its high adsorption power. For-
tunately, the global production of natural zeolite and sug-
arcane bagasse has been estimated to be 1 million and 1 
billion tons/year, respectively [15, 16]. However, some criti-
cal questions need further investigation such as whether the 
nanoparticle of zeolite alone and bagasse alone can purify 
the SWW efficiently, which nanomaterial of those more effi-
cient is, whether the interaction between the nanoparticles 
of zeolite and bagasse is a good synergistic dual physical 
treatment, what the effect of application time on the process 
is, and what the physiological responses of green microalga 
Chlorella sorokiniana are as a freshwater model organism.

This work aims to establish a low-cost effective proto-
type of a sustainable SWW remediation process using eco-
friendly nanoparticles of zeolite and bagasse, measure the 
quality of treated water, and evaluate the effect of different 
types of remediated water on C. sorokiniana physiology dur-
ing biomass and biodiesel production.

2 � Materials and methods

2.1 � Experimental design

All experiments and analyses were carried out during 
2021–2023 at the facilities of the Plant Physiology Divi-
sion, Department of Agricultural Botany, Cairo University, 
Egypt. The experimental design in all trials was a completely 
randomized design with 3 replicates.

2.2 � Preparation of bagasse raw material

Bagasse as a by-product of the commercial sugarcane cul-
tivar was used. The sample of 40 mill-able cane stalks was 
squeezed by an electric pilot mill (Sugar Crops Research 
Institute, Agriculture Research Center, Giza Agriculture 
Research Station, Giza, Egypt). Wet bagasse was collected 
and washed with tap water to remove any debris then sun-
dried for 3 days and put in an oven at 110 °C until constant 
weight. Analysis of raw dry bagasse is shown in Table 1.

2.3 � Synthesis of bagasse nanoparticles

The synthesis of bagasse nanoparticles was done using the 
bottom molecular physical and chemical approach method 
under pressure 1.5 MPa according to Taha et al. [17] and 
Mahmoud et al. [18] with some modifications. The raw 
material of bagasse was ground for 18 h continuously and 
then soaked in a solution of HCl:NaOH:hexametaphosphate 
(1:1:2) as a molar ratio under vigorous stirring for 12 h. 
Next, 3 mL of (TEOS) solution as tetrahedral molecule 
(prepared by alcoholysis of tetrachloride) was added and 
left for 72 h. The resulting material was washed thoroughly 
with deionized water in a water/toluene system using a high-
speed stirrer and then washed again with ionized water alone 
for 3 h. After that, the material was filtered and then exposed 
to 120 °C for 72 h continuously. After that, it was left under 
pressure (1.5 MPa) for 36 h discontinuously. Finally, ultra-
sonication was done for 30 min to separate nanoparticle 
aggregation. The size and shape of bagasse nanoparticles 
were observed directly by transmission electron micros-
copy (TEM) using an electron acceleration voltage of 80 kV 
(Fig. 1). The chemical analysis of nanobagasse is shown in 
Table 1 using A. O. A. C. (1990) for determination of ash % 
and moisture % and C, H, N, S elemental analyzer based on 

Table 1   Analysis of raw dry 
bagasse material and bagasse 
nanoparticles

Material pH Moisture % Ash % C % N % H % S %

Raw dry bagasse - 8.83 2.53 46.81 0.6 5.2 0.215
Nanobagasse 6.5 1.76 36.5 50.49 0.8 0.65 0.532
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the principle of Dumas method (ema 502, VELP scientifica 
Srl, made in Italy).

2.4 � Synthesis of nanozeolite

Nanozeolite was prepared according to Hassan and 
Mahmoud [19]. Transmission electronic microscope exami-
nation and imaging (TEM) were done at the Cairo University 
Research Park (CURP) using an electron acceleration volt-
age of 80 kV (Fig. 2). Composition of nanozeolite is shown 
in Table 2 by X-ray fraction (XRF; X-MET 7500 mining 
analyzer, from Oxford instrument). The most abundant ele-
ment in its composition was silicon dioxide (SiO2) with a 
percentage of 45.50%, and the least was strontium oxide 
(SrO) with a percentage of 0.22%.

2.5 � Characteristics of treated and untreated 
wastewater

SWW was collected from the Al-Saff location, Giza gover-
norate, Egypt. Then, wastewater was stored in 20-L contain-
ers and transferred to the laboratory where it was analyzed 
(Table 3) and then treated with different treatments.

The water pollution index (WPI) is calculated depend-
ing on all available data from water analyses according 
to Hossain and Patra [20]. Kelly ratio (KR), magnesium 
hazard (MH), and sodium adsorption ratio (SAR) were cal-
culated according to the equations mentioned by Moursy 
and Negim [21]. The pH was monitored, and chemical 
oxygen demand (COD) was determined using HANNA® 
wastewater multiparameter benchtop photometer and pH 
meter HI83314 with COD medium-range reagent vials 
HI93754B-25 according to manufacturer instructions. 
Electrical conductivity (EC) and total dissolved solids 
(TDS) were measured by Adwa AD31 waterproof EC and 
TDS pocket tester (made in China) according to the manu-
facturer’s instructions. Total suspended solids (TSS) were 
separated by a 0.5-µm filter and then weighed on a 4-deci-
mal electric balance. Biological oxygen demand (BOD) 
was determined using BOD Trak II Apparatus (HACH, 
USA). Phosphate (PO4) was quantified according to AOAC 
methods [22]. Nitrate (NO3) was determined according 
to APHA [23]. Other measured elements were quantified 
by atomic absorption (Fisher Scientific ice 3000). The 
removal efficiency (RE; %) was calculated according to 
the following equation [24]:

Fig. 1   Transmission electron 
microscopic image of bagasse 
nanoparticles
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where Ci is the initial concentration at zero time (ti), while 
Ct is the concentration after a specific time (t).

2.6 � Experimental setup of SWW remediation 
by bagasse and zeolite nanoparticles

SWW was equally distributed into pre-autoclaved ten 2-L 
containers, then treated as shown in Table 4.

At the end of each treatment, remediated water in each 
container was centrifuged at 1600 rpm for 30 min to get 
rid of zeolite and bagasse nanoparticles.

(1)Removal efficiency = (Ci − Ct) × 100∕Ci
2.7 � Culture conditions of C. sorokiniana and growth 

monitoring

C. sorokiniana isolate BENHA721_ABO4 [24], which was 
used in this study, was a gift from Dr. Hamed Eladel. Seed 
culture was grown in Bold’s Basel Medium (BBM) [25] 
for 10 days and then inoculated into fresh media: untreated 
SWW (UT), double-treated SWW with nanobagasse and 
nanozeolite for 2 weeks (DT2W), double-treated SWW 
with nanobagasse and nanozeolite for 4 weeks (DT4W), 
and double-treated SWW with nanobagasse and nanoze-
olite for 6  weeks (DT6W) after harvesting and wash-
ing twice with each medium. The initial cell dry weight 
after inoculation was nearly 0.182 ± 0.012  g·L−1 and 

Fig. 2   Transmission electron 
microscopic image of zeolite 
nanoparticles

Table 2   Composition of nanozeolite

Chemical composition (%) SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O SrO P2O3 Loss on ignition
45.50 2.81 13.30 5.40 8.31 0.51 6.30 9.52 2.83 0.87 0.22 0.67 3.76

Trace elements (ppm) Ba Co Cr Se Cu Zn Zr Nb Ni Rb Y
10 1.2 35 0.8 19 64 257 13 55 15 22



Biomass Conversion and Biorefinery	

1 3

OD680 = 0.88 ± 0.01. Under fully aseptic conditions, cul-
tures were grown 300 mL each in 1-L blue cap bottles as 
bioreactor units under 32 ± 5 µmol photons m−2 s−1 and 
16:8-h light:dark cycles at 20 ± 2 °C. Air pump flow rate 
was 1.75 L·min−1 through 0.22-µm filters.

In each time interval (days 0, 2, 4, 6, 8, and 10 after 
inoculation to the untreated medium or treated media), 
the growth was monitored in two different ways: measur-
ing optical density at 680 nm by Helios gamma spectro-
photometer (ThermoSpectronic) and weighing dried cells 
from 5-mL culture harvested by passing through 0.45-µm 
cellulose nitrate 47-mm filter (Sartorius).

The logistic growth model [26] was applied to represent 
growth curves using the following equation:

where Y is the cell dry weight (g·L−1); YM is the maximum 
population (g·L−1); Y0 is the starting population (g·L−1); k 
is the rate constant (d−1), indicating the maximum specific 
growth rate; and x is the X coordinate of the first inflection 
point (day) indicating lag phase period.

The specific growth rate (µ) and biomass productiv-
ity (BP) were calculated by the following equations men-
tioned by Eladel et al. [24]:

where CDWi is the cell dry weight (g·L−1) at zero time and 
CDWt is the CDW after time t.

Division time (DT) was calculated by dividing the 
specific growth rate by ln2 according to Moheimani 
et al. [27]:

(2)Y = YM × Y0∕((YM − Y0) × exp(−k × x) + Y0)

(3)� = (ln CDWt − ln CDWi)∕t

(4)BP (g ⋅ L−1
⋅ d−1) = CDWt − CDWi∕t
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treated SWW with nanozeolite (NZ), and double-treated SWW with 
nanobagasse and nanozeolite (DT) concentrations (g·L−1) and reme-
diation time (week)

Treatment Duration of 
treatment 
(week)

Nanobagasse  
concentration 
(g·L−1)

Nanozeolite 
concentration 
(g·L−1)

UT Untreated 0 0
NB2W 2 20 0
NZ2W 2 0 20
DT2W 2 10 10
NB4W 4 20 0
NZ4W 4 0 20
DT4W 4 10 10
NB6W 6 20 0
NZ6W 6 0 20
DT6W 6 10 10
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Generation time (GT) was calculated as follows according 
to Moheimani et al. [27]:

2.8 � Chemical analyses of algal experiments

On the last day of the experiments, 50 mL of C. sorokini-
ana cultures was collected by centrifugation for 5 min at 
4 °C and 10,000 × g. Total lipids of microalgal cultures were 
determined as described by Bligh and Dyer [28]. FAMEs 
were prepared from total lipids using the rapid method 
according to ISO 12966–2 [29].

FAMEs were injected into (HP 6890 series GC) apparatus 
provided with a DB-23 column (60 m × 0.32 mm × 25 µm). 
The carrier gas was N2 with a flow rate of 1.5 mL/min, a 
splitting ratio of 1:50. The injector temperature was 250 °C 
and that of the Flame Ionization Detector (FID) was 280 °C. 
The temperature setting was as follows: 150 to 210 °C by 
increasing 5 °C/min, and then held at 210 °C for 25 min. 
Peaks were identified by comparing the retention times 
obtained with stander methyl esters (Supelco 37 component 
FAME mixture, Sigma).

The characteristics of biodiesel were estimated by Bio-
dieselAnalyzer© version 2.2 http://​brteam.​org/​analy​sis/#​
id02 [30] and compared to the US biodiesel standard ASTM 
D6751-20a [31] and the European standard EN 14214 [32].

The total nitrogen content of the dried material was 
determined using the modified micro-Kjeldahl method as 
described by Helrich [33]. The nitrogen percentage was 
multiplied by 6.25 to estimate the crude protein percent-
ages. Phosphate was determined calorimetrically by using 
the stannous chloride molybdophosphoric blue color method 
in sulfuric acid according to Jackson [34]. The concentra-
tions of Ca, Mg, Fe, Cu, Ni, and Cd were determined using 
Atomic Absorption Spectrophotometer with air-acetylene, 
fuel (Pye Unicam, model SP-1900, USA). Sodium cation 
was extracted from C. sorokiniana samples according to 
Garciadeblás et al. [35]. The determination of cation content 
was realized using a flame photometer (GENWAY PFP-7). 
Free proline concentration in Chlorella samples was done 
according to Bates et al. [36]. Total carbohydrates in sam-
ples were determined by the phosphomolybdic acid method 
according to Helrich [33].

The productivities of lipid (LP), protein (PP), and carbo-
hydrates (CP) were calculated by multiplying the specific 
growth rate by percentages of lipid, protein, and carbohy-
drates, respectively, according to Moheimani et al. [27].

The Folin–Ciocalteau method is used to measure the total 
phenolic content of a sample. The resulting colorimetric 

(5)Division time (Div ⋅ d−1) = �∕ ln 2

(6)GT (day) = 1∕DT

reaction is measured at 765 nm and compared with a stand-
ard curve generated with gallic acid standard solutions 
[37]. Total flavonoid content was quantified by the method 
described by Salerno et al. [38] using catechin as a standard.

Activities of superoxide dismutase (SOD) and catalase 
(CAT) enzymes were determined according to the ultraviolet 
absorption method assays of Giannopotitis and Ries [39] 
and Stewart and Bewley [40], respectively. Determination of 
gibberellic acid (GA) and abscisic acid (ABA) were quanti-
fied according to Fales and Jaouni [41]. Malondialdehyde 
(MDA) was determined as an indicator of lipid peroxidation 
according to Senthilkumar et al. [42]. Total chlorophyll and 
carotenoid contents were estimated according to Wellburn 
method [43]. Tocopherol and vitamin C analyses were per-
formed as detailed in Katoch [44].

2.9 � Transmission electron microscopy 
and Fourier‑transform infrared spectroscopy

In the Electronic Microscopy facility and Chemistry lab of 
CURP, nanoparticle imaging was done under the transmis-
sion electron microscope (TEM), and a Jasco FTIR 4600 
plus instrument was used to obtain spectra from air-dried 
algal pellets harvested from 10 mL of each treatment grown 
for 10 days, respectively. The spectra were recorded in the 
frequency range of 400 to 4000  cm−1 at a resolution of 
nearly 1 cm−1.

2.10 � Statistical analysis

Statistical software, SPSS Ver. 27, GraphPad prism ver. 
9.0.2, JMP pro 16, and MS-Excel ver. 365, have been used to 
analyze and present the experimental data and study the rela-
tionship among variables by analysis of variance (ANOVA), 
Duncan’s post hoc test, and cluster analysis.

3 � Results and discussion

3.1 � Effects of bagasse and zeolite nanoparticles 
on SWW treatment over the time

Bagasse is a byproduct of sugarcane processing. It contains 
cellulose that can be extracted and used to produce nanopar-
ticles. Bagasse nanoparticles are effective in removing pol-
lutants from water due to their high surface area and ability 
to adsorb contaminants [45, 46]. SWW treatment typically 
involves multiple stages, including physical, biological, and 
chemical processes [47]. Bagasse nanoparticles can be used 
in the chemical stage of sewage treatment as an adsorbent 
for pollutants such as heavy metals and organic compounds 
[48]. The use of bagasse nanoparticles in sewage treatment 
has the potential to reduce costs and improve efficiency 

http://brteam.org/analysis/#id02
http://brteam.org/analysis/#id02
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compared to traditional methods [49]. However, further 
research is needed to fully understand the effectiveness and 
potential drawbacks of using bagasse nanoparticles in SWW 
treatment. In this study (Tables 5 and 6), our results prove 
that nanobagasse (NB) reduced pH from slightly alkaline 
to neutral and reduced EC, COD, BOD, TSS, TDS, NO3, 
PO4, Ca, Mg, Na, Cu, Fe, Ni, and Cd of the SWW over the 
treatment time. The COD, BOD, TSS, and TDS concen-
trations after 2 weeks of remediation were 38, 33, 58, and 
30% decreased, respectively, compared to those of untreated 
SWW. After more than 2 weeks there are still very slight 
decreases in all studied parameters.

Zeolite nanoparticles have a high adsorption capacity for 
heavy metals and organic pollutants [50, 51]. The use of zeo-
lite nanoparticles can effectively reduce the concentration 
of pollutants in SWW [52, 53]. Zeolite nanoparticles can 
be easily synthesized and are cost-effective for large-scale 
production [54]. The use of zeolite nanoparticles in SWW 
treatment can improve the overall water quality leading to 
potential environmental and health benefits [55, 56]. How-
ever, further research is needed to optimize the use of zeo-
lite nanoparticles in SWW treatment systems. In this study 
(Tables 5 and 6), our results prove that nanozeolite (NZ) and 
nanobagasse-nanozeolite double treatments (DTs) reduced 
pH from slight alkaline to neutral and reduced EC, COD, 
BOD, TSS, TDS, NO3, PO4, Ca, Mg, Na, Cu, Fe, Ni, and Cd 
of the SWW over the treatment time. The COD, BOD, TSS, 
and TDS concentrations after 2 weeks of remediation were 
40, 30, 63, and 58% decreased by NZ and 47, 38, 75, and 
62% decreased by DT, respectively, compared to those of 
untreated SWW. These decreases are continuous over time.

Kelly ratio (KR) is one of several indices that can be used 
to assess the water quality for irrigation, along with sodium 
absorption ratio (SAR) and magnesium hazard (MH) [57]. 
A KR of more than 1 indicates excessive sodium in water, 
which can affect the soil structure and crop growth. There-
fore, water samples with a KR of less than 1 are suitable 
for irrigation, while those with a ratio of more than 1 are 
unsuitable [58]. KR is important because it can help to pre-
vent soil salinization and sodification, which are common 
problems in arid and semi-arid regions where irrigation is 
practiced [59]. In Table 5, our results of nanobagasse treat-
ments show that KR over time is higher than 1. That means 
of all nanobagasse-treated SWW contain high sodium to 
calcium and magnesium ratio, and they are not suitable for 
irrigation. The same results were noticed for all nanozeolite-
treated SWW. However, the double-treated SWW for 4 and 
6 weeks show 0.94 and 0.67 of KR, respectively, which are 
suitable for irrigation. This decrease in sodium to calcium 
and magnesium ratio may be due to the high ion exchange 
capacity of the mixture of nanobagasse and nanozeolite.

Also, the water pollution index (WPI) is a water quality 
index where a WPI of more than 1 indicates highly polluted Ta
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water, greater than 0.75 to 1 is moderately polluted water, 
greater than 0.5 to 0.75 is good water, and less than 0.5 is 
excellent water [20]. Our results (Table 5) of nanobagasse 
treatments show that WPI over time is between 0.5 and 0.75, 
which means that those types of treated water are good qual-
ity water. Also, types of nanozeolite-treated water range 
from good (in NZ2W) to excellent quality water (in NZ4W 
and NZ6W). Interestingly, all types of double-treated water 
are excellent quality water. This may be due to the greater 
absorbent capacity of the nanoparticles’ mixture.

The dual treatment (DT) has the highest removal effi-
ciencies (Table 6) for most parameters. This indicates that 
it is more effective in removing pollutants from the SWW 
than the nanobagasse (NB) or nanozeolite (NZ) alone. The 
retention time (2W, 4W, or 6W) influences some parameters 
such as COD, BOD, TSS, TDS, and heavy metals. Longer 
retention time leads to higher mean values for these param-
eters. This indicates that more pollutants are adsorbed by 
the nanoparticles over time. In more detail, DT6W recorded 
the highest significant rank of removal efficiency of COD, 
BOD, TSS, TDS, PO4, NO3, Ca, Mg, Na, Cu, Cd, Fe, and 
Ni (72.7, 59.6, 88.6, 74, 56.7, 88.2, 72.7, 58.7, 80.7, 94.6, 
91.1, 65.3, and 84.4%). Also, DT4W recorded the highest 
significant removal rank of removal efficiency of PO4, NO3, 
and Cu (52.2, 83.6, and 93.5%) and the second significant 
removal efficiency rank of the rest of the studied parameters 
as mentioned in Table 6.

In the rural areas of lower-middle-income countries, less 
than 28% of SWW is remediated [3]. Our dual treatment for 
4 and 6 weeks may be the most suitable low-cost applicable 
technique. In addition to the precipitation effects during 4 
to 6 weeks of storing the SWW in septic tanks, the organic 
matter will be removed by 63.6 to 72.7% as COD and up 
to 91.1 and 84.4% Cd and Ni as the most hazardous heavy 
metals in SWW. This kind of pre-remediation may save 
more than 50% of SWW remediation costs. Also, this pre-
remediation step, for instance, for 1 million m3 SWW will 
consume 10,000 tonnes of simply fabricated nanobagasse, 
the agricultural waste, and 10,000 tonnes of nanozeolite, 
the natural waste. In conclusion, this pre-remediated water 
may be collected for advanced remediation plants or used 
directly for irrigation purposes or as a safe culture medium 
for some microalgal dual-purpose biomass and biodiesel-
producing species.

3.2 � Growth parameters of C. sorokiniana grown 
in untreated and dual‑treated SWW

In this study, we tried to validate our hypothesis that dual-
treated SWW after 4 and 6 weeks are suitable for C. soro-
kiniana growth and production of safe protein-rich biomass. 
Also, we tried to validate that DT2W, DT4W, and DT6W 
are suitable growth media for C. sorokiniana to produce 
biodiesel. In the way of testing these hypotheses, growth 

Table 6   The removal efficiency (%) of different parameters by 
nanobagasse for 2, 4, and 6  weeks (NB2W, NB4W, and NB6W) 
respectively; nanozeolite for 2, 4, and 6 weeks (NZ2W, NZ4W, and 

NZ6W), respectively; and nanobagasse-nanozeolite combination for 
2, 4, and 6 weeks (DT2W, DT4W, and DT6W), respectively (n = 3)

The same letter in the same column indicates no significant differences at p ≤ 0.05.

Treatment COD BOD TSS TDS PO4 NO3 Ca Mg Na Cu Cd Fe Ni

NB2W Mean 38.133d 32.663c 58.467f 29.493e 33.597e 43.21d 18.94i 23.87g 13.423i 76.983e 71.41i 39.53i 46.783i

SD 2.735 1.511 5.551 4.283 4.369 4.157 0.075 0.070 0.356 0.824 0.216 0.197 0.660
NZ2W Mean 40.123cd 30.397c 63.00ef 58.31d 36.50e 50.75cd 31.313f 34.84e 20.137f 85.05d 79.24f 52.17f 58.43g

SD 2.907 2.170 1.846 4.904 3.785 2.304 0.057 0.046 0.389 0.778 0.165 0.191 0.258
DT2W Mean 46.733c 38.387c 74.913c 62.33cd 50.15bc 68.55b 49.24c 43.23c 28.69d 90.0b 87.27d 58.073c 68.47d

SD 2.291 6.080 2.428 4.123 1.820 4.613 0.062 0.055 0.705 0.551 0.176 0.167 0.370
NB4W Mean 40.030cd 34.543c 61.367f 29.560e 37.763e 43.07d 20.45h 23.87g 15.77h 83.55d 72.32h 42.34h 52.61h

SD 3.590 6.827 1.691 6.046 2.860 6.267 0.067 0.026 0.625 0.447 0.280 0.185 0.569
NZ4W Mean 42.913cd 36.703c 66.28de 62.99cd 43.950d 53.53c 36.11e 34.84e 24.16e 88.06c 83.59e 53.4e 62.05e

SD 5.886 4.130 1.927 0.852 2.471 5.855 0.020 0.141 0.424 0.756 0.246 0.179 0.413
DT4W Mean 63.577b 50.320b 80.897b 67.24bc 52.19ab 83.623a 57.83b 58.063b 63.423b 93.5a 89.75b 61.71b 77.31b

SD 2.839 6.053 2.154 2.615 2.111 3.325 0.035 0.057 0.685 0.607 0.236 0.176 0.481
NB6W Mean 40.267cd 35.480c 61.373f 31.23e 38.143e 50.50cd 21.21g 25.81f 17.617g 89.1bc 75.15g 43.1g 59.437f

SD 3.931 2.503 1.538 2.197 3.884 7.650 0.057 0.023 0.492 1.184 0.090 0.151 0.513
NZ6W Mean 39.020d 37.720c 70.087d 72.46ab 46.00cd 55.117c 42.93d 38.71d 30.71c 88.99bc 88.08c 55.83d 71.283c

SD 4.242 3.158 1.358 2.904 2.789 6.376 0.093 0.072 0.156 1.189 0.066 0.136 0.354
DT6W Mean 72.720a 59.570a 88.580a 73.977a 56.717a 88.227a 72.73a 58.71a 80.707a 94.57a 91.06a 65.34a 84.34a

SD 2.080 1.469 0.762 2.543 2.494 4.724 0.040 0.061 0.434 1.295 0.075 0.110 0.386
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parameters; photosynthetic pigments; growth regulators; 
enzymatic and non-enzymatic systems of antioxidation, 
chemical, and elemental composition; and fatty acid profil-
ing are studied in C. sorokiniana grown in untreated SWW 
(as a control) and DT2W, DT4W, and DT6W.

Figure 3 shows the effect of combined zeolite and bagasse 
nanoparticle-treated SWW under different duration on the 
cell dry weight of C. sorokiniana. Although the start is 
almost similar in all treatments (0.17–0.19 g·L−1), as time 
passes, cell dry weight increases but slows down begin-
ning from day 4 to 6. From then on until day 10, increases 
continue slowly except for DT6W, where increase in cell 
dry weight plateau (0.645 g·L−1 at day 10), but only lower 
from the other treatments on the last day of the experiment 
(UT = 0.88, DT2W = 0.796, and DT4W = 0.769 g·L−1). A 
similar trend was observed when plotting the optical density 
(OD680) of fresh cell cultures with time (Figure S1).

According to the previously mentioned results in Table 5, 
macronutrients and micronutrients required for algal growth 
and biomass production are very poor. This can interpret 

the growth pattern shown in Fig. 3. Since levels of PO4, 
NO3, Ca, and Mg are 1.05, 0.08, 10.8, and 6.4 ppm in 
DT6W, respectively. This poorness, especially in nitrogen 
and phosphorus, is increasing the percentage of biodiesel 
in algal cells but decreasing the biomass and subsequently 
the biodiesel yield [60]. In large-scale production, this prob-
lem may be overcome by adding supplemental nutrients for 
increasing biomass production.

An evident trend can be observed in Table 7 where a 
general decrease in growth parameters (specific growth rate, 
number of cell divisions, speed of cell division, and biomass 
productivity) accompanies the increase of wastewater treat-
ment duration, during which depletion of nutrients occurs. 
Nevertheless, these decreases are only detected as significant 
after 6 weeks of wastewater treatment and are only reflected 
in biomass productivity.

3.3 � Photosynthetic pigments of C. sorokiniana 
grown in untreated and dual‑treated SWW

The concentrations of photosynthetic pigment chlorophyll-
a, -b, and total carotenoids in C. sorokiniana are shown in 
Fig. 4.

The photosynthetic pigments in C. sorokiniana alga 
had the highest value at 0 day and decreased almost 50% 
after just 2 days. This can be interpreted by the photodegra-
dation of photosynthetic pigments under the experimental 
light intensity in use which may be due to low cell density 
and low self-shading during the first 24 h. This last part 
of the interpretation agrees with Li et al. [61]. The photo-
synthetic pigments under untreated water and water treated 
for 2 weeks were similar throughout the whole experiment 
duration. Statistically significant differences were detected 
mostly in water treated for 6 weeks (lowest values in chlo-
rophyll-a, total chlorophylls, chlorophyll-a/b ratio, and total 
carotenoids) and partly in 4-week treatment (slightly higher 
values). The explanation for that increase in chlorophyll-
b concentration in DT6W at day 10 and the subsequent 
decrease of chlorophyll-a/b ratio could be due to the neces-
sity of chlorophyll-b. The low cell density of C. sorokini-
ana grown in DT6W could lead to lower self-shading and 
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 UT DT2W DT4W DT6W 
YM  (g.l-1) 0.880 0.796 0.769 0.645 
Y0   (g.l-1) 0.194 0.187 0.181 0.169 
K     ( d-1) 0.427 0.463 0.436 0.582 
Xint ( d) 2.344 2.161 2.293 1.719 
R2 0.936 0.879 0.937 0.915 

Fig. 3   Growth curves of cell dry weight (CDW) of C. sorokiniana 
grown for 10  days under untreated sewage water (UT) and nanoba-
gasse-nanozeolite double-treated sewage water for 2, 4, and 6 weeks 
(DT2W, DT4W, and DT6W respectively). Values are means of three 
biological replicates ± SD. Lines represent the logistic growth mod-
el’s curve fit. YM = maximum growth yield, Y0 = the starting inocu-
lum, k = the first inflection point, and Xint = duration of the lag phase

Table 7   Some growth parameters of C. sorokiniana grown for 10 days under untreated sewage water (UT) and nanobagasse-nanozeolite double-
treated sewage water for 2, 4, and 6 weeks (DT2W, DT4W, and DT6W, respectively)

Values are means of three biological replicates ± SD. The same letter in the same row indicates no significant differences at p ≤ 0.05.
SGR = specific growth rate, DivT = division time, GenT = generation time, and BP = biomass productivity.

Parameter UT DT2W DT4W DT6W

SGR (d−1) 0.177a ± 0.016 0.172a ± 0.022 0.164a ± 0.013 0.150a ± 0.019
DivT (Div·d−1) 0.256a ± 0.024 0.248a ± 0.032 0.236a ± 0.018 0.216a ± 0.027
GenT (day) 3.950a ± 0.391 4.099a ± 0.571 4.255a ± 0.343 4.700a ± 0.641
BP (g·L−1·d−1) 0.155a ± 0.018 0.145ab ± 0.029 0.126ab ± 0.014 0.101b ± 0.017



	 Biomass Conversion and Biorefinery

1 3

higher light intensity for each cell. That could play a kind of 
photostress for chlorophyll-a molecules. During that light 
intensity level, chlorophyll-a molecules need the assistance 
of chlorophyll-b in absorbing more excess light photons and 
C. sorokiniana cells rearrange their light-harvesting antenna. 
These explanations are based on reviewing experimental 
data in another green microalga [62].

3.4 � Endogenous growth regulators and enzymatic 
and non‑enzymatic oxidative stress indicators

Concentrations of endogenous growth regulators and activi-
ties of enzymatic and concentration of non-enzymatic oxi-
dative stress indicators in C. sorokiniana cells grown in 
untreated and dual-treated SWW for 10 days are shown in 
Table 8.

The results revealed significant decreases in concen-
trations of proline, abscisic acid (ABA), catalase (CAT), 
superoxide dismutase (SOD), malondialdehyde (MDA), 
total phenolic compounds, total flavonoids, and tocopherol 
as the duration of wastewater treatment increases, espe-
cially in treated wastewater for 6 weeks. On the other hand, 
concentrations of gibberellic acid (GA3) and ascorbic acid 
increased as the duration of wastewater treatment increased.

Proline plays a role in the regulation of osmotic bal-
ance and stress tolerance in green microalgae [63]. ABA is 

involved in the regulation of various physiological processes, 
including growth retardation and stress response [64]. Both 
SOD and CAT are antioxidant enzymes that help to protect 
cells from oxidative damage by converting superoxide radi-
cals into less harmful forms which are reduced by CAT and 
other players [65]. MDA is a marker of lipid peroxidation 
and oxidative stress in cells [66]. Tocopherol, also known 
as vitamin E, has antioxidant properties and may help to 
protect against cellular damage [67–69]. Total phenolic com-
pounds are secondary metabolites found in plants that have 
antioxidants [70]. Total flavonoids are classes of total phe-
nolic compounds with potential health benefits due to their 
antioxidant activity [71]. Since there is a negative correla-
tion among all these eight previously mentioned parameters 
from one side and the duration of wastewater treatment from 
another side. Thus, it can be inferred that C. sorokiniana 
cells grown in untreated SWW are suffering from oxidative 
stress because of the presence of high concentrations of Na 
and heavy metals.

GA3 is a plant hormone present in C. sorokiniana that 
promotes growth and development [72, 73]. Ascorbic acid, 
or vitamin C, also has antioxidant properties and may play a 
role in protecting cells from oxidative stress [69]. Both GA3 
and ascorbic acid are positively correlated with the duration 
of wastewater treatment. This can be a result of growing C. 
sorokiniana cells in unpolluted water in DT4W and DT6W 

Fig. 4   The concentrations of a 
chlorophyll-a, b chlorophyll-
b, c total chlorophylls, d 
chlorophyll-a/b ratio, and e total 
carotenoids in C. sorokiniana 
grown in different durations 
of treatment with combined 
zeolite and bagasse nanoparti-
cles. Values are means of three 
biological replicates ± SD. The 
same letter under the same time 
interval indicates no significant 
differences at p ≤ 0.05
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(from Table 5, the levels of Na, Cu, Fe, Ni, and Cd are 21.8, 
1.2, 0.121, 0.011, and 0.002 ppm in DT4W and 11.5, 1, 0.11, 
0.0078, and 0.0017 ppm in DT6W, respectively) avoiding 
oxidative stress and supporting cells to accumulate more 
proteins and carbohydrates as shown in Table 9. These very 
low levels of sodium and heavy metals ensure safe C. soro-
kiniana biomass for feedstuff [74, 75].

3.5 � C. sorokiniana chemical and elemental analyses

In our way to validate our hypothesis that (1) dual-treated 
SWW after 4 and 6 weeks are suitable for C. sorokiniana 
growth and production of safe protein-rich biomass, (2) 
DT2W, DT4W, and DT6W are suitable growth media for 
C. sorokiniana for the purpose of producing biodiesel, 
chemical and elemental analyses of microalgal cells grown 
in untreated SWW and DT2W, DT4W, and DT6W were 
executed at the end of the experiment (day 10).

Our results in Table  9 show that the cellular lipids, 
proteins, and carbohydrates (%) significantly increase 
with increasing time of treatment, especially after 4 and 
6 weeks. However, the productivities of lipids, proteins, and 

carbohydrates significantly differ earlier under wastewater 
remediated for 2 weeks when compared to untreated water. 
That is because the calculation of productivity depends not 
only on the component percentage but also on the cell dry 
weight, which is higher in UT, DT2W, and DT4W than this 
in DT6W. These results confirm our hypothesis that dual-
treated SWW after 4 and 6 weeks are suitable for C. soro-
kiniana growth and production of safe protein-rich biomass 
(in DT4W, 26% and 32.7% and in DT6W, 31.8% and 34.9% 
proteins and carbohydrates, respectively).

Also, concentrations of nitrogen (N), phosphorus (P), 
potassium (K), calcium (Ca), magnesium (Mg), sodium 
(Na), and iron (Fe) in cells of C. sorokiniana cells grown 
for 10 days in UT, DT2W, DT4W, and DT6W are shown 
in Table 10. Our results reveal that the only element con-
centration that increased as the duration of wastewater 
treatment increased was nitrogen. This result interprets 
the increase of protein % with the duration of wastewater 
treatment increasing and in line with the Fourier-transform 
infrared spectroscopy (FTIR) results (Fig. 5). The rest of 
the elements measured in our experiments presented a 
decreasing trend as the duration of wastewater treatment 

Table 8   Some endogenous growth regulators and oxidative stress indicators determined in C. sorokiniana grown for 10 days under untreated 
sewage water (UT) and nanobagasse-nanozeolite double-treated sewage water for 2, 4, and 6 weeks (DT2W, DT4W, and DT6W, respectively)

Values are means of three biological replicates ± SD. The same letter in the same row indicates no significant differences at p ≤ 0.05.
GA3 = gibberellic acid, ABA = abscisic acid, CAT​ = catalase, SOD = superoxide dismutase, and MDA = malondialdehyde.

Parameter UT DT2W DT4W DT6W

Proline ppm FW 5.366a ± 0.831 4.660a ± 0.763 4.055ab ± 0.042 3.041b ± 0.167
GA3 7.363c ± 0.166 8.387b ± 0.194 8.485b ± 0.365 9.182a ± 0.095
ABA 4.268a ± 0.128 3.967ab ± 0.103 3.682b ± 0.240 2.837c ± 0.098
CAT​ U·mg−1 protein 7.735a ± 1.131 5.817b ± 0.434 4.971bc ± 0.068 3.806c ± 0.169
SOD 5.822a ± 0.690 3.484b ± 0.389 3.119b ± 0.074 2.939b ± 0.121
MDA 56.431a ± 0.939 53.912b ± 0.220 50.849c ± 1.174 49.159c ± 0.399
Total phenolic compounds ppm GAE 790.000a ± 25.073 719.633b ± 2.947 707.817b ± 2.457 646.087c ± 1.263
Total flavonoids ppm CE 592.100a ± 4.859 537.730b ± 7.031 521.897c ± 1.127 517.040c ± 1.110
Tocopherol mg·100 g−1 31.793a ± 2.130 26.003b ± 0.279 24.570bc ± 0.425 22.433c ± 0.259
Ascorbic acid 76.530c ± 2.500 80.270b ± 0.404 76.863bc ± 0.921 85.667a ± 1.346

Table 9   Lipid, protein, and 
carbohydrate percentage 
and productivities in C. 
sorokiniana grown for 10 days 
in untreated sewage water (UT) 
and nanobagasse-nanozeolite 
double-treated sewage 
water for 2, 4, and 6 weeks 
(DT2W, DT4W, and DT6W, 
respectively)

Values are means of three biological replicates ± SD. The same letter in the same row indicates no signifi-
cant differences at p ≤ 0.05.
LP = lipid productivity, PP = protein productivity, and CP = carbohydrate productivity.

Component UT DT2W DT4W DT6W

Lipids (%) 10.190b ± 1.476 18.131a ± 2.514 15.10ab ± 2.530 16.687a ± 3.392
LP (mg·L−1·d−1) 24.605b ± 1.274 39.052a ± 2.861 28.965b ± 0.329 38.112a ± 5.021
Proteins % 21.708c ± 1.903 24.583b ± 0.290 25.958b ± 0.156 31.813a ± 0.234
PP (mg·L−1·d−1) 49.895b ± 2.480 65.508a ± 0.750 54.378b ± 3.214 66.271a ± 1.632
Carbohydrates % 28.687c ± 1.377 30.777bc ± 0.624 32.737ab ± 0.193 34.875a ± 1.739
CP (mg·L−1·d−1) 71.827b ± 3.592 81.728a ± 1.455 68.592b ± 4.283 69.740b ± 1.277
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increased. These results are in line with the UT, DT2W, 
DT4W, and DT6W analyses in Table 5.

Fourier-transform infrared (FTIR) spectroscopy was 
used to identify the functional groups of microalgal bio-
mass and intracellular metabolites. The FTIR spectra of 
microalgal biomass showed the presence of peaks of alco-
hol (− OH at 3400 and 1470 cm−1), alkane (C–H at 2920 
and 1470 cm−1), amine (N–H at 2860 cm−1 and C–N at 
1020 cm−1), carboxyl (− COOH at 1750 cm−1), and ester 
(C–O–C at 1170 cm−1) groups. The FTIR analysis revealed 
the biochemical composition of microalgal biomass and 
confirmed its potential as a biofuel feedstock. The pres-
ence of alcohol, carboxyl, amino, ester, and aliphatic 
groups indicated that microalgal biomass contained pro-
teins, carbohydrates, and lipids that can be converted into 
higher alcohols, bioethanol, and biodiesel, respectively.

3.6 � Fatty acid profile and biodiesel characteristics

The results of this study, in Fig. 6, show that the content 
of heptadecanoic (C17:0), cis-10-heptadecanoic (C17:1), 
cis-9-oleic (C18:1), cis-9,12-linoleic (C18:2), and gamma-
linolenic (C18:3) fatty acids in C. sorokiniana decreased 
in DT4W. However, the content of stearic (C18:0) and 
heneicosanoic (C21:0) fatty acids increased under the 
same treatment. The content of cis-9-oleic (C18:1) and 
cis-9,12-linoleic (C18:2) fatty acids significantly increased 
in DT6W compared to their values in DT4W. These results 
suggest that the treatment of wastewater with zeolite and 
bagasse nanoparticles for different periods can have a dif-
ferential effect on the growth of C. sorokiniana alga by 
altering the content of certain fatty acids in the alga. The 
alterations in the fatty acid profiles lead to the alteration of 
biodiesel characteristics as shown in Table 11.

The estimated characteristics of biodiesel produced by 
C. sorokiniana grown for 10 days at UT, DT2W, DT4W, 
and DT6W show that the iodine value (IV) of all the bio-
diesel samples is lower than the EN 14214 limit, indicating 
a low degree of unsaturation and good oxidative stability. 
Moreover, the cetane number (CN) of all the biodiesel 
samples is higher than the ASTM D6751-20 and EN 14214 
limits, indicating good ignition quality and low emissions. 
Also, the cold filter plugging point (CFPP) and cloud point 
(CP) of all the biodiesel samples are compatible with EN 
14214 limits, indicating a good low-temperature perfor-
mance. The oxidation stability (OS) of all the biodiesel 
samples is slightly higher than the EN 14214 limit, indi-
cating a probability of low oxidation resistance. The vis-
cosity (υ) of all the biodiesel samples is within the ASTM 
D6751-20 limits. However, the density (ρ) of all samples 
is less than the ASTM D6751-20 and EN 14214 limits. 
Overall, all biodiesel samples show characteristics that are 
well-compatible with diesel engines.

Table 10   The cellular 
concentration of some nutrients 
and heavy metals in C. 
sorokiniana grown for 10 days 
in untreated sewage water (UT) 
and nanobagasse-nanozeolite 
double-treated sewage water 
for 2, 4, and 6 weeks (DT2W, 
DT4W, and DT6W respectively)

Values are means of three biological replicates ± SD. The same letter in the same row indicates no signifi-
cant differences at p ≤ 0.05.

Elements UT DT2W DT4W DT6W

N % 3.473c ± 0.304 3.933b ± 0.046 4.153b ± 0.025 5.090a ± 0.037
P 0.655a ± 0.020 0.600b ± 0.011 0.561c ± 0.022 0.604b ± 0.002
K 0.658a ± 0.004 0.527b ± 0.004 0.474c ± 0.007 0.382d ± 0.006
Ca 0.136a ± 0.027 0.120a ± 0.008 0.085b ± 0.005 0.071b ± 0.001
Mg 0.780a ± 0.054 0.647b ± 0.033 0.567c ± 0.009 0.383d ± 0.009
Na 0.567a ± 0.010 0.411b ± 0.001 0.385c ± 0.012 0.159d ± 0.003
Fe 0.124a ± 0.000 0.102b ± 0.001 0.098c ± 0.000 0.096d ± 0.001
Cu ppm 175.347a ± 12.034 153.067b ± 2.003 146.097bc ± 1.272 137.300c ± 1.585
Cd 18.191a ± 1.223 13.084b ± 0.443 7.594c ± 0.031 2.049d ± 0.013
Ni 21.878a ± 1.455 17.948b ± 0.077 10.600c ± 0.086 4.824d ± 0.782
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Fig. 5   Fourier-transform infrared spectroscopy (FTIR) spectra of C. 
sorokiniana grown for 10 days in untreated sewage water (UT) and 
nanobagasse-nanozeolite double-treated sewage water for 2, 4, and 6 
weeks (DT2W, DT4W, and DT6W, respectively)
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3.7 � Physiology of C. sorokiniana in raw SWW 
and dual‑treated media

In this section, we can conclude the physiological status of 
C. sorokiniana grown for 10 days (early stationary phase) 
in UT, DT2W, DT4W, and DT6W media. Figure 7 displays 
that C. sorokiniana grown at DT2W and DT4W have the 
same clade which is closer to those grown at UT than those 
grown at DT6W. Microalgal cells grown in UT medium 

have the highest values in growth parameters (SGR, DivT, 
BP, and CDW), oxidative stress indicators (ABA, proline, 
MDA, CAT, SOD, total phenolics, total flavonoids, and 
tocopherol), fatty acids (C17:0, C17:1, and C18:3), and 
some elements (phosphorus, Na, K, Mg, Ca, Fe, Cu, Cd, 
and Ni). They have the lowest values in generation time, 
protein %, carbohydrate %, lipid %, productivities of lipids 
and proteins, palmitic acid, nitrogen, GA3, and ascorbic 
acid. These results may refer to a suffering state of stress 

Fig. 6   Major fatty acids in C. 
sorokiniana grown for 10 days 
in untreated sewage water (UT) 
and nanobagasse-nanozeolite 
double-treated sewage water 
for 2, 4, and 6 weeks (DT2W, 
DT4W, and DT6W, respec-
tively). Bars represent the 
means of three biological 
replicates ± SD. The same letter 
on the same fatty acid bars indi-
cates no significant differences 
at p ≤ 0.05
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Table 11   Estimation of biodiesel characteristics of C. sorokini-
ana grown for 10 days in untreated sewage water (UT) and nanoba-
gasse-nanozeolite double-treated sewage water for 2, 4, and 6 weeks 

(DT2W, DT4W, and DT6W, respectively) compared to the American 
and the European Union standards

DU: degree of unsaturation, SV: saponification value (mg·g−1), IV: iodine value (0.01 g I2·g−1), CN: cetane number, LCSF: long-chain saturated 
factor, CFPP: cold filter plugging point (°C), CP: cloud point (°C), PP: pour point (°C), APE: allylic position equivalent, BAPE: bis-allylic posi-
tion equivalent, OS: oxidation stability (h), HHV: higher heating value, υ: kinematic viscosity (mm2·s−1), ρ: density (g·cm−3).
*Each value is the mean of three biological replicates ± SD.

Properties Treatments* Biodiesel standards

UT DT2W DT4W DT6W ASTM D6751-20 [31] EN 14214 [32]

DU 89.92 ± 2.049 89.185 ± 2.030 77.24 ± 2.553 94.84 ± 1.475 - -
SV 178.03 ± 6.446 178.268 ± 2.400 166.21 ± 2.312 187.69 ± 2.426 - -
IV 89.00 ± 2.288 88.201 ± 1.892 75.62 ± 2.237 92.74 ± 1.683 -  ≤ 120
CN 56.97 ± 1.627 57.077 ± 0.838 62.13 ± 0.960 54.52 ± 0.290  ≥ 47  ≥ 51
LCSF 3.80 ± 0.168 3.998 ± 0.025 4.61 ± 0.112 3.71 ± 0.057 - -
CFPP  − 4.53 ± 0.528  − 3.918 ± 0.078  − 2.00 ± 0.352  − 4.84 ± 0.179  − 13 to − 5  − 20 to 5
CP 6.77 ± 0.738 7.243 ± 0.088 7.62 ± 0.148 7.20 ± 0.328 -  > 4
PP 1.28 ± 0.049 1.042 ± 0.096 1.45 ± 0.161 0.75 ± 0.096  − 15 to 10 -
APE 89.92 ± 2.049 89.185 ± 2.030 77.24 ± 2.553 94.84 ± 1.475 - -
BAPE 38.89 ± 0.921 39.102 ± 0.840 32.13 ± 0.907 38.60 ± 2.197 - -
OS 6.46 ± 0.056 6.412 ± 0.096 7.16 ± 0.175 6.41 ± 0.202 3 6
HHV 34.35 ± 1.221 34.360 ± 0.470 31.98 ± 0.468 36.25 ± 0.475 - -
υ 3.14 ± 0.129 3.134 ± 0.046 2.92 ± 0.043 3.35 ± 0.067 1.9–6 3.5–5
ρ 0.77 ± 0.027 0.765 ± 0.011 0.71 ± 0.011 0.81 ± 0.010 0.878 0.86–0.90
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conditions. These cells suffer from heavy metals and 
imbalanced nutritive medium.

Vice versa, C. sorokiniana cells grown in DT6W have 
the lowest values in growth parameters (SGR, DivT, BP, 
and CDW), oxidative stress indicators (ABA, proline, MDA, 
CAT, SOD, total phenolics, total flavonoids, and tocoph-
erol), photosynthetic pigments (chlorophyll-a, chlorophyll-b, 
total chlorophylls, total carotenoids, and chlorophyll-a to 
chlorophyll-b ratio), some fatty acids (C18:0 and C21:0), 
and some elements (phosphorus, Na, K, Mg, Ca, Fe, Cu, Cd, 
and Ni). They have the highest values in generation time, 
protein %, carbohydrate %, lipid %, productivities of lipids 
and proteins, C16:0, C17:0, C18:1, C18:2, nitrogen, GA3, 
and ascorbic acid. These results may reflect another kind 
of stress. These cells suffer from the nutrient deficit and 
imbalance.

The cells grown in DT2W and DT4W have less heavy 
metal and nutrient deficit stress. That is the reason why they 
have middle values of growth parameters and productivities 
of main chemical components.

4 � Conclusions

This research developed a low-cost, effective prototype of a 
sustainable sewage wastewater (SWW) remediation process 
using zeolite and bagasse nanoparticles. All nanobagasse 
(NB)- and nanozeolite (NZ)-treated SWW recorded above 
1 in Kelly ratio (KR). However, the double-treated SWW 

for 4 and 6 weeks show 0.94 and 0.67 of KR, respectively, 
which are suitable for irrigation. This decrease in KR may 
be due to the high ion exchange capacity of the mixture of 
NB and NZ. According to the water pollution index (WPI), 
all NB treatments and NZ2W produce good-quality water. 
NZ4W, NZ6W, and all types of double-treated (DT) treat-
ments produce excellent-quality water. This may be due to 
the greater absorbent capacity of the nanoparticles’ mix-
ture. DT treatments have the highest removal efficiencies 
for most parameters. This indicates that they are more effec-
tive in removing pollutants from the SWW than the NB or 
NZ alone. The longer the remediation time, the higher the 
removal efficiency. DT6W recorded the highest significant 
rank of removal efficiency of COD, BOD, TSS, TDS, PO4, 
NO3, Ca, Mg, Na, Cu, Cd, Fe, and Ni (72.7, 59.6, 88.6, 74, 
56.7, 88.2, 72.7, 58.7, 80.7, 94.6, 91.1, 65.3, and 84.4%). 
DT4W and DT6W treatments may be the most suitable low-
cost applicable technique used in septic tanks in rural areas. 
The organic matter will be removed by 63.6 to 72.7% as 
COD and up to 91.1 and 84.4% Cd and Ni, respectively. 
This kind of pre-remediation may save more than 50% of 
SWW remediation costs. This pre-remediated water may be 
collected to advanced remediation plants or used directly 
for irrigation purposes or as a safe culture medium for sev-
eral species of microalgae for biomass and biodiesel dual-
purpose production.

Also, this study validated our hypothesis that dual-treated 
SWW after 4 and 6 weeks are suitable for C. sorokiniana 
growth and production of safe protein-rich biomass. Moreover, 

Fig. 7   A heat map and two cluster hierarchies illustrate the rela-
tions among all studied parameters and treatments in C. sorokiniana 
grown for 10 days in untreated sewage wastewater (UT) and nanoba-
gasse-nanozeolite double-treated sewage water for 2, 4, and 6 weeks 
(DT2W, DT4W, and DT6W, respectively). Red color represents the 
highest value, yellow color represents the middle value, and green 
color represents the lowest value. SGR, specific growth rate; DivT, 

division time; BP, biomass productivity; CDW, cell dry weight; ABA, 
abscisic acid; MDA, malondialdehyde; CAT, catalase; SOD, superox-
ide dismutase; CP, carbohydrate productivity; Chl-a, chlorophyll-a; 
T. Chl, total chlorophylls; Chl-a/b, the ratio between chlorophyll-a to 
chlorophyll-b; Chl-b, chlorophyll-b; T. Carot, total carotenoids; GenT, 
generation time; Prot, proteins; Carb, carbohydrates; GA3, gibberellic 
acid; LP, lipid productivity; PP, protein productivity
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it validated that DT2W, DT4W, and DT6W are suitable growth 
media for C. sorokiniana in the purpose of producing bio-
diesel. This biodiesel shows estimated characteristics compati-
ble with diesel engines. Microalgal cells grown in UT medium 
have the highest values in growth parameters, oxidative stress 
indicators, fatty acids (C17:0, C17:1, and C18:3), and some 
elements (P, Na, K, Mg, Ca, Fe, Cu, Cd, and Ni). They have 
the lowest values in generation time, protein %, carbohydrate 
%, lipid %, productivities of lipids and proteins, palmitic acid, 
nitrogen, GA3, and ascorbic acid. This pattern is exactly the 
opposite pattern of C. sorokiniana cells grown in DT6W. Cells 
grown in UT may suffer from stressful conditions, heavy met-
als, and imbalanced nutritive medium. However, cells grown 
in DT6W may suffer from other kinds of stress, nutrient defi-
cit, and imbalance. The cells grown in DT2W and DT4W have 
a less heavy metal and nutrient deficit and imbalance stresses. 
That is the reason they have middle values of growth param-
eters and productivities of main chemical components.
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