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ARTICLE INFO ABSTRACT

Keywords: Rapidly depleting fossil fuel resources and rising greenhouse gas emissions have accelerated the search for cost-
B%Oreﬁﬂery effective renewable energy sources. Algal feedstock has long been touted as a potential source of several biofuels
Biofuels because of its renewable and sustainable features. However, despite ongoing efforts to develop low-cost tech-
Algae . . s . . . . .

Nanomaterials nology and improve economic feasibility, biofuels derived from algae are still not yet commercially viable.
Nanocatalysts Multifunctional nanoparticles (NPs) have been proposed as a strategy to enhance the prospect of commercial-
Biocompounds izing algal-based biofuels. NPs synthesized by various routes can support different stages of algal biorefinery.

Improvement of 20-30 % cell growth, 80-99 % harvesting efficiency, enhanced product extraction, and ~85-99
% conversion were achievable with NPs addition. This review provides a comprehensive outlook on the current
and significant applications of NPs in the production of different algal-based biofuels such as biodiesel, bio-
ethanol, biohydrogen, biogas, bioelectricity, and jet biofuel as well as in the implementation of algal biorefinery.
The challenges, future trends, and the roadmap for further improvements in NP-assisted algal biofuels are also
highlighted. Overall, this comprehensive review will help in understanding the recent advanced applications of
nanoparticles in the production of algal biofuels.

world’s largest and advanced economies are responsible for 80 % of
global greenhouse gas (GHG) emissions. The development of mitigation
strategies and alternative renewable fuels to counter the excessive
appetite for fossil fuels has not only become increasingly critical, but
also a moral obligation.

A total of 127.7 billion liters of biofuel are produced worldwide in

1. Introduction

Fossil fuels have been the primary energy source since the industrial
revolution. The Annual Energy Outlook 2021 has projected that the

energy delivered across the end-use sectors in the US will increase by 25
% in 2050, and less than 20 quadrillions BTU will come from renewable
energy [1]. Fossil fuels will continue to be the primary energy source
[2], with the crude oil price estimated at $95/barrel in 2050 [1,3].
Despite the increasing number of countries pledging to meet the net zero
GHG emissions target by 2050, very few have concrete and long-term
strategies to meet this goal [4]. The G20 member countries, the
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2014 [5] and 201 billion liters in 2020 [6]. To be more competitive,
feedstock, product yield and quality, capital costs, logistics, and market
acceptance, must be addressed [7,8]. Algal biofuels are promoted as the
only cleaner fuel alternative, with a market share valued at $500 billion
by 2050 [9]. Algae is environmentally-friendly and could reduce GHG
emissions, with a positive economic impact if developed as an integrated
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ACs Aminoclays

AD Anaerobic digestion

AFRA Aviation fuel range alkanes

Ag Silver

Al,O3 Aluminum oxide
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CF Carbon felt
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CNT Carbon nanotube
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MJ
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ZrO, Zirconium dioxide
ZSM5 Zeolite Socony Mobiles Number 5

biorefinery [10,11]. To achieve sustainability and economic feasibility,
major obstacles in the upstream (algal strain selection, nutrient, and
reactor optimization, supply of carbon dioxide, source of illumination)
and downstream (harvesting, pretreatment, extraction, and conversion)
processes have to be overcome [12,13].

The production cost of algal-based biodiesel at $2.76/L is still
significantly higher than normal diesel at $0.6-1.22/L [14]. Based on
techno-economic and life cycle analysis (LCA), the only option to scale
up output is to utilize the biomass in an integrated biorefinery setup
where every valuable product is extracted and valorized [15]. In addi-
tion to producing biofuels, algal biorefineries could also produce syngas,
bio-oil, and valuable chemicals [16-22]. The key bottleneck can be
solved by employing cost-effective, and scalable separation techniques
[15]. Incorporating advances in nanotechnology, together with green
chemistry and process engineering, opens the avenue for a more
process-efficient and cost-effective industry [23-28]. Nanoparticles
(NPs) could facilitate many processes to overcome critical challenges
especially in the use of NPs in micronutrient supplementation [29], light
backscattering [30], lipid synthesis enhancement [31], separation [2],
flocculation [32], and catalysis [25].

Despite numerous studies conducted in the realm of algal biofuel and
algal biorefinery based on NPs, the key question is whether this research
domain has been thoroughly explored. Obvious gaps persist in the use of
NPs to improve microalgal biofuel production and the feasibility of
microalgal biorefinery. Specific areas of concern include production
costs, energy consumption, product losses, and overall performance of
microalgal biorefinery processes, as well as its environmental implica-
tions [33].

The novelty of the current review is in providing an outlook on recent
advances in NPs applications in algal-based biofuel production such as
biodiesel, bioethanol, biomethane, biogas, bioelectricity, and jet biofuel.
Different aspects of improvement, including NPs-assisted algal cultiva-
tion, harvesting, extraction, and conversion, are discussed. The chal-
lenges and future directions of NPs engineering in a biorefinery with
techno-economic analyses are highlighted. The updated information
on the application of nanotechnology in algal biofuel production and
algal biorefinery, and the expected outcomes from its implementation
could provide base-line knowledge for more innovative research,
development and commercialization.

2. Initiatives to develop algal biofuels

There are about 200,000-800,000 microalgal species that exist in
nature, but only a few have been characterized and explored for research
and commercial purposes [34]. Microalgae are single or multicellular,
photosynthetically driven microorganisms that could live in harsh or
mild environments, float in freshwater, seawater, or wastewater, and
under sunlight or artificial light. Microalgae convert CO2 to Oy and
produce sugar, lipids, and protein through photosynthetic respiration
[35]. Microalgae production does not require fertile land, a large
amount of fresh water, pesticides, or herbicides [36]. Closed photo-
bioreactors and open raceway ponds are the two common ways of
cultivation, requiring specific design for optimal algal growth [11].

Microalgae is the best third-generation feedstock for biofuel pro-
duction because of its high and continuous growth, as well as the ability
to grow on marine or wastewater while being integrated into CO; fix-
ation [37]. Fig. 1 shows different types of algal biofuels and conversion
methods [38]. Although the entire production chain, including culture
selection [39,40] cultivation [2], harvesting and drying [41], pretreat-
ment and extraction of biomass [17,42,43] and conversion to biofuels
[2] has been extensively discussed, several limitations must be

overcome to realize its commercialization. These challenges include:

Environmental and economic issues of cultivation.

Harvesting and dewatering of the biomass account for 20-30 % of
the overall production costs. Cell-compatible, non-toxic, recyclable,
and eco-friendly processes should be explored.

Lipid extraction depends on species, cell wall characteristic, and the
nature of lipids. Strategies should be developed to minimize the
energy and time for product development.

The high cost of conversion to final products must be reduced.
Policies for practical implementation, and commercialization,
particularly in developing countries, must be tackled.

Several companies in the USA, Europe, and other regions of the
world, with a current share of about 78, 13, and 9 % of the global biofuel
production capacity, respectively, have ventured into producing algal
fuels on a commercial scale [44]. Companies such as Solazyme, Algenol,
and Sapphire Energy have invested with a promise of producing millions
of gallons of fuel in a short time [45]. Among the strategies is placing
photobioreactors near CO, emissions sources for carbon capture [46].
Genetically-modified (GM) microalgae with improved characteristics
and cellular metabolism could achieve enhanced lipid accumulation or
specific valuable products and high CO- fixation. The GM microalgae,
however, requires heavy investment to minimize the risk of contami-
nation into the ecosystems [47]. The application of NPs is therefore a
feasible route to improve the growth rate, cell metabolism, and pro-
ductivity of algal-based biofuels.

3. Nanoparticle applications

Nanotechnology makes use of small particles (<100 nm) with
nanostructures, which include nanotubes (NTs), nanofibers (NFs),
nanowires (NWs), and nanoparticles (NPs) [48]. NPs represent a
three-dimensional particle with a large surface area per unit volume but
may or may not possess size-dependent features [27]. These give unique
properties such as strong stability, ease of size and shape modification,
tunable surface characteristics towards hydrophobicity or hydrophilic-
ity, as well as being eco-friendly [27,49]. The synthesis of NPs via
physical [50], chemical [51], and biological [52] routes have been
explored. The biosynthesis method has big potential for further devel-
opment [53]. NPs have found wide applications, including in bioenergy
sector [54], with the production reaching about 58,000 tonnes in 2020,
and the total market value is estimated to grow to $125 billion by 2025
[4].

NPs can be incorporated from algal cultivation to biofuel application
in engines, attributable to their recyclability, stability, high storage ca-
pacity, and adsorption efficiency. The enhancement in catalytic per-
formance, and biofuel yield, ultimately confers economic benefits [25,
371]. Magnetic NPs (MNPs), NFs, and NTs as nanocatalysts could improve
metabolic reactions [55], enhance anaerobic consortia activity and
electron transfer, and reduce the effect of inhibitory chemicals [24].
Magnetite and maghemite are the most common NPs for bioenergy
applications because of their magnetic characteristics, allowing reus-
ability and easy recovery.

4. Nanoparticle-assisted algal biofuels
4.1. Biodiesel

Biodiesel based on Fatty acid methyl ester (FAME), is the most
explored microalgal biofuel due to its renewability, high lubricity, and
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Fig. 1. Different types of algal biofuels and conversion methods (Modified from Ref. [38]. Under CCBY license).

sulfur-free and toxic-free properties [56]. Algal biofuel does not face the
fuel-versus-food debate experienced by first-generation biofuels [57].
Microalgae have high lipid content (20-50 % dry cell weight) [58] and
the triglycerides can be transformed into biofuels via transesterification,
micro-emulsification, and pyrolysis (thermal cracking) [59]. Trans-
esterification produces biodiesel commercially from various feedstocks
[60], using homogeneous, heterogeneous, and magnetic catalysts [61].
Hydrochloric or sulfuric acids as homogeneous catalysts for esterifica-
tion and transesterification processes, may require wastewater neutral-
ization and catalyst recycling, and the high cost of corrosion-resistant

equipment become the main concerns [62]. Conversely, heterogeneous
nanocatalysts are gaining attention due to their potential for
cost-effectiveness and recyclability [63].

Nanocatalysts with high specific surface area and activity exhibit
both homogeneous (high activity) and heterogeneous (easy recovery)
properties and could increase conversion efficiency, and the products
are more environmentally-friendly [37,64]. The activity/selectivity
depends on the metal type, content, size, shape, porosity, and acid-base
properties, which can be controlled by modifying the physical charac-
teristics [65]. The operating parameters that affect the
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transesterification process include temperature, time, catalyst type and
dosage, alcohol/oil ratio, stirring rate, and the oil feedstock [66]. Metal
oxide nanocatalysts [67,68], nanohydrotalcites [69,70], nanozeolites
[71,72], and magnetic nanocatalysts [73-75] are efficient catalysts due
to their high yield and selectivity [63].

Nanocatalysts can be categorized into acid, base, and bi-functional
nanocatalysts. Acid nanocatalysts catalyze esterification and trans-
esterification processes [76]. They may have lower activity but greater
tolerance towards polar contaminants such as water and free fatty acids
(FFAs). Acid nanocatalysts include zirconia [77], HUSY zeolite acid
[78], and acidic sulfated zirconia (SO4/ZrO5) [79]. Nanodiamond, car-
bon nanotube (CNT), carbon nanofiber (CNF), fullerene, graphene (Gr),
and graphene derivatives such as graphene oxide (GO), reduced gra-
phene oxide (rGO), sulfonated graphene (SG), sulfonated graphene
oxide (SGO), and amorphous activated carbon (AC) have exhibited
outstanding physical, chemical, and mechanical properties [80]. Func-
tionalized carbon-based catalysts with phenolic (-OH) and acidic
(—COOH and -SO3H) groups are promising solid catalysts [81,82]. GO is
highly effective in catalyzing the conversion of lipids to biodiesel from
wet microalgae biomass, with 96 % conversion efficiency with
increasing catalyst content over 1-5 % [83]. SGO used to catalyze the
transesterification of lipids from Chlorella pyrenoidosa attains conversion
efficiency to FAME of 84.6 % as compared to only 48.6 % with SG.
Despite a lower SOsH content of 0.44 mmol/g in SGO as compared to
1.69 mmol/g in SG, the SGO catalyst contains higher hydrophilic hy-
droxyl content, resulting in higher conversion efficiency of lipids. With
higher SOsH content as compared to 0.38 mmol/g in GO, SGO also
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exhibits higher conversion efficiency than GO (of 73.1 %), although both
have similar hydroxyl content [84]. Table 1 shows different types of
catalysts for microalgae oil-to-biodiesel conversion, which includes
metal oxides, molecular-sieve zeolites A [85], SrO-carbon-dot NPs [86],
and WO3/ZrO, [87]. Niobium oxide (NbyOs) utilized in sequential re-
action for direct conversion of Monoraphidium contortum lipid without
requiring lyophilization or lipid extraction, attains 94.27 % FAME yield
[88].

Basic nanocatalysts (mostly solid) show both Lewis and Brgnsted
basic activity centers, allowing them to donate electrons (e™) or accept
protons (H™). Basic nanocatalysts could accelerate reactions under mild
conditions, but pure oil is required [65]. CaMgO/Al,03 catalysts exhibit
the highest FAME yield of 85.3 % at 60 °C, 3 h, and up to 10 % loading
(based on the weight of oil) in the transesterification of N. oculata oil
[89]. Nano-Ca(OCH3s), is an efficient solid catalyst with 99 % biodiesel
yield from Nannochloropsis [90], while CaO nanocatalyst from waste
eggshell has a yield of 92.03 % [91]. Pure MgO and CaO cannot achieve
conversion in the transesterification of N. oculata oil, whereas the
CaO/Al;03 exhibits a biodiesel yield of 97.5 % and a methanol/lipid
molar ratio of 30. Both basic site density and strength are shown to be
important for high biodiesel yield [92].

A nano-CaO catalyst synthesized from waste eggshell for direct
transesterification of Chlorella pyrenoidosa has attained 93.44 % FAME
using 2.06 % wt./wt. catalyst at 60 °C and 3 h, with the catalyst being
stable and reusable over six cycles [93]. When supercritical
methanol-extracted Chlorella vulgaris CCAP lipids are treated with water
and CaO/TiO nanocatalyst, the overall FAME yield increases by 28.1 %,

Table 1
Performances of Nanocatalysts and catalytic conditions in microalgal-based biodiesel conversion.

Nanocatalysts Microalgae species Reaction conditions Conversion efficiency References
Type Dosage Time (h); temperature. (°C); (wt. %)

pressure
HBeta® 2 wt % of oil + methanol Nannochloropb is gaditana 4; 155; autoclave 25 (FAME) [350]
HZSM-5" 2 wt % of oil + methanol 4; 155; autoclave 2 (FAME)
Ni/HBeta 10 wt % Microalgae oil 8; 260; 40 bar 100 (diesel-range [351]

8; 260; 40 bar alkanes)
Ni/HZSM-5 10 wt % 100 (diesel-range

alkanes)
Nb,Os 10 wt % Monoraphidium contortum 1; 200; — 94.27 (FAME) [88]
Molecular sieve zeolite A 4.5 g catalyst/1 g algae Nannochloropsis oculata 19; 60; atmospheric ~17 [85]
Graphene oxide 5wt % Chlorella pyrenoidosa 0.67; 90; — 95.1 (FAME) [83]
Sulfonated graphene oxide 5 wt % of reaction mixture (1 g Chlorella pyrenoidosa 0.67; 90; — 84.6 (lipid) [84]
biomass)
WO3/ZrO, 15 % wt./oil wt. Scenedesmus obliquus 3; 100; - 94.58 (biodiesel) [871
SrO-carbon-dot NPs 0.3 g/g dried biomass Chlorella vulgaris 0.042; 59.85; — 97 (FAME) [86]
Al,03/CaMgO 10 wt % of oil Nannochloropsis oculata 3; 60; — 85.3 (FAME) [89]
CaO 3wt % Nannochloropsis sp. 3; 80; — 99.0 (biodiesel) [90]
80 wt% CaO/Al,03 2 wt % of oil Nannochloropsis oculata 4; 50; — 97.5 (biodiesel) [92]
CaO 1.39 w/w % Chlorella vulgaris 3; 70; - 92.03 (biodiesel) [296]
CaO 2.06 % wt./wt. of reaction Chlorella pyrenoidosa 3; 60; — 93.44 (FAME) [93]
mixture
CaO/TiO, 200 mg/0.3 g biomass Chlorella vulgaris 1; 260; 9.0-10.0 MPa 28.1 % (FAME) [94]
CaO 3 mg/mL Chlorella vulgaris 4; 80; — ~67 (FAME) [352]
SrTiO3 0.3 g/0.5 g dry cell weight Chlorella vulgaris 1; 270; 9-10 MPa 16.65 (FAME) [98]
MgO/ZSM-5 3 wt% Spirulina platensis 1; 75; - 92.1 % (biodiesel) [97]
Polye‘hylene Glycol encapsulated 3.5 % (w/w) Nannochloropsis oculata 4; 60; — 87.5 (biodiesel) [99]
ZnOMn?*
TBD“-Fe304 @SiO» 32.5mg Chlorella vulgaris 2; 65; — 97.1 (FAME) [62]
Mg-Zr 10 wt % of dried biomass Nannochloropsis sp. 4; 65; — 28 (FAME) [96]
Fe,03 1 % (w/w) Neochloris oleoabundans 6; 65; — 86.0 biodiesel) [74]
UTEX 1185
Zn-Mg-ferrite magnetic NPs 0.12 g/g biomass Spirulina sp. 1; 320; - 37.1 (bio crude oil) [73]
Cellulase/lipase immobilized 2g Chlorella salina 60; 45; — 93.56 (FAM") [100]
magnetic NPs

Lipase-alkyl-grbfted Fe304@ SiO» 1203.11%U/g Chlorella vulgaris ESP-31 48; 40; - 97.3 wt (oil) [353]
RO Lipase/MNP-AP-GA 8.6 mg Chlorella vulgaris 24; 45; — 69.8 wt (oil) [101]

(—): Not available.

@ Hierarchical beta zeolites.

b Hierarchical ZSM-5 zeolites.
¢ Triazabicyclodecene.
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hydrocarbon by 2.5 times, and oxygenates by 3.8 times, as compared to
control. The subcritical water could disrupt the cell wall of the biomass
and facilitate the transfer of oil to the catalyst surface. Furthermore,
intermediates have been formed on the catalyst surface, to accelerate the
formation of FAME and other oxygenates [94].

Lipid transesterification using methanol and CaO nanocatalyst, as
described by the Langmuir-Hinshelwood-Hougen-Watson (LHHW)
model, suggests that the reactants are adsorbed on the catalyst surface,
then react to form products at the surface, and finally, the products are
desorbed from the surface, following elementary kinetics. The trans-
esterification reaction is a result of the reaction of anionic oxygen (0~2)
on the CaO surface. Electronegative cationic calcium (Ca®™) is a rela-
tively weak acid and the oxygen atom of CaO exhibits a strong basic
property and serves as the basic site on the surface of CaO NPs. This
allows a proton to be removed from the organic molecule to initiate the
base-catalyzed reaction [95]. The first step in the transesterification
reaction is the extraction of a proton (H") from methanol to form
methoxide anions (CH3), which attacks the triglyceride’s carbonyl car-
bon (-COO), forming an alkoxycarbonyl intermediate. In the second
step, the alkoxylcarbonyl intermediate is split into FAME and
mono/di-glyceride anion [93].

The heterogeneous basic catalyst Mg—Zr converts Nannochloropsis sp.
biomass directly to produce 28 % FAME at 10 wt. % catalysts (based on
dry biomass) [96]. Triazabicyclodecene (TBD)-Fe3O4@silica NPs used in
integrated harvesting and non-FFA oil transesterification of Chlorella
vulgaris achieves 97.1 % FAME [62]. Other types of nanocatalysts for
lipid-to-FAME transesterification include = MgO/ZSM-5 [97],
photochemically-synthetized SrTiOs [98], and polyethylene glycol
(PEG) encapsulated ZnOMn>" [99].

Magnetic nanocatalysts (MNPs) with biocatalysts have been applied
to produce biodiesel at a laboratory scale. MNPs may be the key route in
industrial biodiesel production to reduce energy consumption, process
costs, and waste generation. Oil extraction and direct conversion
through inter-esterification of wet Chlorella salina oil to biodiesel have
been investigated using cellulase and lipase immobilized on MNPs, with
the catalytic property maintained over ten cycles [100]. Rhizopus oryzae
lipase (ROL) loaded on Fe304 MNPs functionalized with 3-aminopropyl
triethylenesilane, and 3-aminopropyl triethylenesilane-glutaraldehyde
have boosted the biodiesel production from Chlorella vulgaris. The
ROL/3-aminopropyl triethylenesilane-glutaraldehyde especially shows
69.8 % conversion, and the covalent bonding considerably reduces
catalyst waste. After five cycles, the conversion rate is twice that of
ROL/3-aminopropyl triethylenesilane and three times that of ROL/MNP
[101]. Despite huge potential, the use of MNPs in biodiesel production
has advantages and disadvantages depending on the operating param-
eters (temperature, time, catalyst load, and methanol/oil ratio), but ease
of production and purification, catalyst reuse, and low waste generation
remain the main challenges [63].

4.2. Bioethanol

Bioethanol could lead to improved engine performance, cleaner
combustion, and greater biodegradability [102]. The feedstocks include
sugarcane, corn, wheat, or barley (first-generation biofuel, mostly
food-based), lignocellulosic biomass (second-generation) [103], and
macroalgal biomass (third-generation) [104]. Corn is the dominant
feedstock in the USA, while sugarcane is the main feedstock in Brazil
[105]. Bioethanol from the fermentation of microalgal sugars [106] are
attained from Mycrocystis aeruginosa [107], Desmodesmus sp. [108],
Chlorella minutissima [109], Nannochloropsis gaditana [110], Scenedesmus
sp. [111], Chlorella sp. [112], and Chlorella vulgaris [106], which are rich
in carbohydrates. The main processes are pretreatment, enzymatic hy-
drolysis, fermentation, and ethanol purification [113]. These make
microalgal-based production not currently commercially viable. The
feedstock must be broken down to extract cellulose and hemicellulose,
and contamination must be reduced during cultivation [103,113]. In the
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pretreatment stage, inhibitors such as phenolic compounds, carboxylic
acids, and furans could disturb the metabolism of Saccharomyces cer-
evisiae and reduce the yield [114].

Immobilization of enzymes could address the problems of inhibitors
[115], as the nano-immobilized enzymes have a higher
surface-to-volume ratio [116]. Conversion of sugarcane leaves to
ethanol is improved by immobilizing cellulase on MnOy NPs, with high
stability as the enzyme retains 75 and 60 % binding efficiency and
catalytic activity, respectively after five cycles. NPs provide a large
surface for cellulase to bind to the active sites to increase conversion
efficiency [117]. Cellulase immobilized on Fe304@SiO2-GO nano-
composite has 80 % of the initial activity retained after eight cycles of
reuse. The two distinct features of this nanocomposite are the high
magnetic responses and specific surface area [118]. Immobilized
B-galactosidase on SiO2 NPs and co-immobilized cultures of Saccharo-
myces cerevisiae and Kluyveromyces marxianus for whey hydrolysis in a
single-stage batch process produce 63.9 g/L bioethanol yield [119].
During hydrolysis, the immobilized B-galactosidase can be reused up to
fifteen times without deterioration in activity. Saccharomyces cerevisiae
immobilized in calcium alginate beads have the bioethanol yield
increased by 100 %, whilst the yield is only 88 % with suspended cells
[120].

Nanocomposites such as RGO-supported Pt-Ru (i.e., Pt-Ru/RGO)
NPs promote the enhancement of biomass yield of Chlorococcum minu-
tum and conver sugars into ethanol via dark fermentation using
Saccharomyces cerevisiae.Tris-acetate phosphate medium containingl
mg/L of Pt-Ru/RGO NPs attain higher total chlorophyll (8.26 mg/L) and
wet biomass (14.0 g/L) as compared to untreated cultures. Adding
Pt—Ru/RGO NPs at 0.5 or 1 mg/L to the media enhances ethanol pro-
duction from C. minutum to 32.6 and 31.2 g/L at 72 h, respectively. The
use of Pt—-Ru/RGO NPs improves biomass and ethanol production by
stimulating, most likely, the electron transport in photosynthesis [121].
The Ni@ZnO@ZnS photo-nanocatalyst for bioethanol production and
water treatment using Spirulina platensis achieves 96 % conversion ef-
ficiency with 0.4 L bioethanol/kg of dry photo-nanocatalyst [122].
Further studies are needed on NPs-assisted microalgal-bioethanol to
realize commercial production.

4.3. Biohydrogen

Hydrogen (Hy) is a zero-carbon, high-density energy carrier with a
calorific value of ~122 kJ/g and a heating efficacy of ~2.75 times that
of hydrocarbon fuels [123]. It is clean as Hy combustion produces only
water. Different techniques to produce Hy include coal and biomass
gasification, natural gas reforming, water electrolysis, photobiological
production, photoelectrolysis, high-temperature decomposition, and
bacterial fermentation [124]. Fermentation is a better option than the
thermochemical route as they are eco-friendly and cost-effective [20].
Microalgae is a viable source to produce Hy [52,125] via biophotolysis
(BP), photo-fermentation (PF), and dark fermentation (DF) [20,
125-128]. BP involves photoautotrophic cyanobacteria and microalgae,
which split the water molecules, utilizing light to produce Hy and O.
There are two photolysis routes via BP: direct (DP-Hy) and indirect
(IP-Hy). In the DP-H; route, Hy is produced in anaerobic conditions
through photosynthesis utilizing sunlight. The IP-H; route involves a
photosynthetic route during the first stage with carbon fixation for
cellular metabolism, producing electrons from nicotinamide adenine
dinucleotide (NADH). In the second stage, the oxygen-sensitive hy-
drogenase enzyme is activated under anaerobic conditions while
simultaneously generating Hy using electrons provided by fermentation
[129].

For PF-H; generation, microalgal biomass is utilized in the presence
of light where the non-sulfur photosynthetic bacteria (PNS) such as
Rhodobacter sp., Clostridium sp., Rhodobacter sulfidophilus, Rhodop-
seudomonas palustris, etc. exhibit robust activities [130]. The presence of
key enzymes such as hydrogenase and nitrogenases involved in
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simultaneous nitrogen fixation as well as hydrogen evolution allows Hj
production during PF-Hpy [126]. During DF-Hj, different organic biomass
can be utilized as a feedstock [131] where the DF-H, microbes utilize the
substrates to biosynthesize pyruvate, which enters the acidogenic
glycolytic pathway to produce Hy [132]. It is a high-rate process that
produces up to 4H; moles per mole of glucose [133]. However, as the Hy
concentration increases, there is a formation of reducing substrates such
as acetone, ethanol, butanol, lactate, or alanine due to a metabolic shift,
which could lower the Hj productivity [26].

Each route has its own advantages and disadvantages, with various
factors influencing the yield [128,131,134]. The major barriers to
commercial-scale operations are the low Hj yield and the high produc-
tion cost [111,135]. Improving pretreatment and optimal process pa-
rameters could enhance bioavailability of simple sugars, and Hpz
productivity. Genetic engineering and synthetic biology also signifi-
cantly improve Hj yield [20,128,132,136] but these are cost and
labor-intensive, and time-consuming. The development of a new, sim-
ple, and cost-effective strategy is pertinent to attain greater hydrogen
production rate [26].

NP applications could improve H; yield and rate [30,137,138]. Iron
(Fe) [139], nickel (Ni) [127], and titanium oxide (TiO5) NPs [140]
elevate hydrogenase activity in PF-Hs. The addition of Fe NPs has led to
increased microalgal biomass and photosynthetic pigments, which in
turn increases H; generation [30]. With 200 mg/L zero-valent iron (Feo)
NPs addition during dark fermentation, Hy generation increases 6.5
times, with the specific Hy yield of 20.25 mL/g volatile solids [138]. This
is attributed to the fact that Fe® is a reductive agent that can quickly
react with the oxidants within the broth to lower the
oxidation-reduction potential (ORP), making the environment more
favorable for Hy producers [141]. The Fe® NPs could be ionized into
ferrous (Fe?") and ferric (Fe>") ions. Fe?" stimulates the expression of
functional genes such as hydrogenases and dehydrogenases [142], and
ferredoxins and other hydrogenases, which are active during the
H,-producing metabolism, utilizing Fe?* as critical ions [142].

Under PF-Hj, Chlamydomonas reinhardtii CC124 produces 45.2 %
more Hy with an average of 0.61 mL/L/h, higher than the control. The
presence of SiO, NPs improves the C. reinhardtii CC124 cell growth, with
a 23 % increase in chlorophyll, due to the improvements in light dis-
tribution [137]. The application of nickel ferrite (NiFe3O4) NPs induces
fungal cellulase production for subsequent Hy production during DF.
Rice straw is hydrolyzed using cellulase enzyme catalyzed by NiFe;04
NPs, to sugar hydrolysate. By utilizing Bacillus subtilis PF-1, a total of
~1820 mL Hy/L is produced via DF-Hy [143]. Highly-efficient micro-
algal H, production makes use of a novel supercritical water gasification
and chemical looping [144], but more integrated approaches must be
developed using microbial consortium and two-stage systems [10,21].

4.4. Biogas

Anaerobic digestion (AD) is a sustainable process for producing
methane-rich biogas [145] by converting organic matter through hy-
drolysis, acidogenesis, acetogenesis, and methanogenesis [146]. During
hydrolysis, hydrolytic bacteria break down carbohydrates, lipids, and
proteins into monomers. In the acidogenesis phase, the monomers are
converted by fermentative bacteria, into volatile fatty acids (VFAs).
With acetogenic bacteria during acetogenesis, the VFAs are converted to
acetic acid, Hy, and CO,. Methanogenic bacteria convert acetic acid and
Hs into methane (CH4) and CO; in the final phase [147]. The compo-
sition of biogas is affected by the type of biomass, precursors, additives,
and conversion method. Biogas is typically composed of CH4 at 50-75
%, and CO, at 25-45 %, in addition to small amounts of Ny, Hy, H5S,
NHjs, and other volatile organic carbons, with an average calorific value
of 21-24 MJ/m? [148].

Microalgal-based biogas production has great economic potential,
especially if developed in a biorefinery [10,149,150]. Carbohydrates,
lipids, and proteins of microalgal biomass can be processed with other
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organic wastes in AD [151]. The constituents of algal cell walls such as
biopolymers, cellulose, and hemicellulose provide some resistance and
could hamper AD processes. The intermolecular and intramolecular
hydrogen bonding has made dissolving cellulose in typical solvents
difficult, which limits the hydrolysis stage. The selection of enzymatic,
chemical (acid or alkali), physical (microwave, shear force, or ultra-
sound), and thermal [152] pretreatment methods must be economical,
with positive energy balance [153].

NPs can improve the solubility of feedstock, chemical modification of
organic matter, and the release of biopolymeric components such as
protein and carbohydrates [154,155]. Co, Ni, and Fe are essential
micronutrients for many reactions, including those involving VFAs for
the production of biogas, and the lysis of cells [156]. A high cumulative
biogas yield may be achieved by combining pretreatment with NPs,
leading to early dissolution of the algal cell wall and faster impact on
microbial activities. Addition of 100 mg/L Fe3O4 NPs to organic waste in
an AD for 60 days at 37 °C increase the biogas yield by 180 % and
methane by 234 %, where Fe?" disintegrates the organic materials and
improves the production of biogas [157].

The use of Ni, Co, Fe304, and MgO NPs reduces the rigid cell wall of
microalgal biomass and improves the bioenergy yield [158]. Microwave
(MW) pretreatment coupled with Fe3O4 NPs enhances the dissolution of
Enteromorpha cell walls, resulting in the highest yields of biogas, and Hy
(51.5 % v/v). At 10 mg/L Fe3O4 NPs, the cell wall disintegration is much
improved, resulting in a 28 % increase in biogas yield [154]. The
application of Ni, Co, and Fe3O4 NPs, in combination with autoclave,
microwave, and ultrasonic pretreatment methods suggests that the
synergistic effects of microwave and NPs significantly increase the
biogas output [159].

The NPs could serve as electron donors or acceptors, and enhance the
enzymic activities during biogas production [160]. The presence of Fe,
Ni, and Co NPs successfully enhances the generation of methanogens in
the digester sludge [161] and is required for anaerobic bacterial enzymic
activities [162]. The Fe,O3 NPs as electron transfer conduits to metha-
nogens enhance biogas generation of granular sludge during the AD
treatment of beet sugar industrial wastewater [163]. At 30 mg/L of
a-FepO3 NPs treatments of Chlorella pyrenoidosa, the biochemical
methane potential (BMP) test demonstrates a 25.14 % increase in the
biogas yield (605 mL/g VSgq) and 22.4 % increase in methane content
[149]. The micronutrients NiCl,, Fe5O3, (NH4)gM07024, CoCl,, and their
NPs affect biogas production from cattle waste slurry. All the NPs are
shown to have a greater impact on the biogas than the micronutrients,
but the NiCly micronutrient and Ni NPs result in the highest biogas
productivity [164]. With the introduction of Ni NPs, the rigid cell walls
of Chlorella vulgaris are dissolved before bacterial disintegration [165].
More research is needed to find ways to overcome the inhibition caused
by the presence of NPs in the ADs, especially on the methane-producing
archaea in the microbial communities.

4.5. Microbial Fuel Cells

Microbial fuel cells (MFCs) could produce clean bioelectricity
through a biocatalytic reaction by electroactive bacteria or yeast [166].
O,-generating bioactive microalgae or microalgal-assisted MFC
(MA-MFC) is a viable source of higher power output in comparison to
regular MFC [167]. As shown in Fig. 2, the typical MA-MFC consists of
an anode, a cathode, and an electric conductor that allows electrons to
flow through a proton exchange membrane (PEM) for the transfer of
protons [168]. The four basic processes of the MA-MFC are photosyn-
thesis, electron transport to the anode, organic matter anodic oxidation
by electrochemically active bacteria, and cathodic reduction of oxygen
[169]. Generally, MA-MFCs can be configured in a single chamber,
double chamber, dual chamber, and algal sediment [170]. A single
chamber is the simplest configuration allowing microalgae to generate
electricity within only one chamber [171]. Microalgae could typically
be grown in the MA-MFC’s anodic or cathodic chambers and utilized as
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Proton Exchange
Membrane (PEM)

Organic substrate

Fig. 2. Typical microalgae-assisted

bio-oxygenators to receive electrons in the cathodic chamber [172,173].
Chlorella vulgaris [172-174], Chlorella pyrenoidosa [175,176], Sce-
nedesmus obliquus [177,178], Oscillatoria sp. [179], Dunaliella tertiolecta
[1801, Spirulina platensis [181], and mixed microalgae [182,183] have
been utilized in the MA-MFCs. Factors such as temperature, pH, chlo-
rophyll content, algal cell density, dissolved oxygen content, electrolyte
materials, porosity, surface area, stability, as well as durability of the
anode and cathode affect the overall energy output [27,170]. Lower
costs, high-valued biomass, high CO, sequestration, high reaction rate,
moderate operational conditions, and resistance to hazardous materials
make MA-MFCs efficient and sustainable. However, there are still major
limitations that hinder commercial application [184]. The materials of
the MFC components must be carefully considered to avoid heat losses,
which could limit the practicality of the MFC [185]. The fabrication of
MEFC utilizing nanomaterials has revolutionized the development of
components, especially in the modification of cathode and anode to
enhance performance, power density (PD), electron conductivity, ther-
mal stability, oxygen reduction reaction (ORR) rate, anti-corrosion
property, and cost [186,187]. Metallic NPs (such as Pt, Au, Ag, Pd,
and Cu), metal-oxides (such as MnQO,, ZnO, CeQO,, TiO,, Al;O3, and
SiO3), quantum dots (such as CdSe, ZnS, CdS) [185,188,189], graphene
[190] and CNT [189] have been explored in MFC application.
Integration of CNT-Au-Pt nanocomposite in Osmium redox polymer
and Gluconabacter oxydans DSM 2343 into carbon felt (CF) electrode
achieve a maximum PD of 32.1 mW,/m? and current density (CD) of 1.03
A/m? [189]. In Shewanella putrefaciens CN32 MFC, a developed 3D
structured porous NiO/Gr nanocomposite anode exhibits a strong elec-
trocatalytic capacity and achieves a maximum PD of 3.632 W/m? [191].
A dual chamber MFC equipped with TiOy or hybrid graphene (HG)
modified cathodes to modify the graphite paste (GP) bare electrode has
been developed using a green method. The MFC performance with the
modified cathodes attains lower charge transfer resistance (R.t), hence
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microbial fuel cell (MA-MFC).

achieving a maximum PD of 80 mW/m? for GP-TiO5 and 220 mW/m? for
GP-HG, as compared to 30 mW/m? for the pristine GP electrode [192].
Polyethersulfone (PES) nanocomposites containing various Fe3O4 NPs
have been utilized as PEM in MFC, achieving a maximum PD of 9.59 +
1.18 mW/m? and CD of 38.38 + 4.73 mA/m? at 20 wt. % NPs [193].

Oxygen mass transfer resistance, improper ion transfer, and elevated
over potential may have a negative impact on the ORR at the cathode of
MA-MFCs [194]. The cathodic ORR can be improved by catalysts
developed and utilized during the cathode fabrication of the MA-MFCs.
Platinum (Pt) is commonly used on the electrode surface of the chemical
FCs as an efficient ORR catalyst [195]. However, Pt is costly and may
exert toxic effect and inhibit algal growth [196]. Effective catalysts that
can replace Pt to enhance ORR include transition metals along with their
alloys, and metallic oxide NPs, as it poses high charge density [172,
197-199]. The CuO/MnO./Fe304 in combination with activated
graphite (composite cathode) and Pt-coated carbon cloth (Pt/CC) cath-
odes provide the highest PD and CD, as well as algal growth of Chlorella
vulgaris and electrocatalytic activity. In contrast, the Pt/CC electrode
alone has failed and inhibited algal growth, while the composite cathode
results in a PD of 6 W/m?, a CD of 25 A/m?, and a specific algal growth
rate of 0.256/d [195].

Superoxide anion/free radicals (O3/HOOe), hydrogen peroxide
(H203), and other reactive oxygen species (ROS) produced by algal
photosynthesis can be electron acceptors for power generation [200].
However, most cathode materials do not efficiently adsorb ROS, and
high power density supercapacitors with high charge/discharge rates
and long cycle lifetimes are used to alter the cathode of MA-MFCs [201].
A significant level of electrochemical activity has been reported using
ZnO-NiO modified rGO for ORR in the MA-MFC cathode. The MA-MFC
PD of 31.92 and 20.18 mW/m?, respectively, are obtained utilizing
petaline and spongy ZnO-NiO@rGO. The improved electrochemical
performance is partially attributed to the increased ROS adsorption
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capacity of ZnO-NiO@rGO cathodes [202]. Silver NP on activated
carbon composite (Ag NPs@AC) is a new catalyst for cathodic reaction,
which could attain the potential of 1000 mV, and a maximum PD of 22.5
W/m? in MFC based on Spirulina platensis biomass as facile feed for the
microorganisms in seawater [203]. The major challenge that could
decrease the efficiency of the MA-MFC is the limited digestibility of
microalgal cell walls. Further research is required to determine the po-
tential of the NPs on the MA-MFCs, assess their leaching to the solution
over time, and evaluate the long-term performance at a larger scale.
Substantial research has focused on improving the electrode material
capacitance [204] and the specific surface area [205]. However, the
interactions between algae and the cathode are not well understood.

4.6. Jet biofuel

Between 2005 and 2010, the total consumption of jet fuel is in the
range of 5-6 million barrels/day, with an average cost of $320/t in
2004, and $1005/t in 2011. The US Energy Information Administration
(EIA) estimates that the jet fuel cost will increase to $2.82/gallon in the
next 30 years. This could result in 3.1 billion tons of GHG emission by
2050, compared to 0.78 billion tons in 2015 [206]. Jet biofuel therefore
has a high potential to reduce dependence on fossil fuels and CO2
emissions. Based on the American Society for Testing and Materials,
compatibility and thermal oxidation stability, combustion characteris-
tics, low freezing point and low-temperature fluidity, fuel volatility, and
metering are important considerations for jet biofuel [207]. The future
feedstocks include microalgae, and genetically-modified organisms and
non-biological feedstocks (CO,, renewable electricity, and water).
Microalgae have exhibited higher yield of jet fuel at 91 t/ha/year, fol-
lowed by oil palm at 19.2 t/ha/year [206]. Marine microalgal species
such as Schizochytrium sp, Nannochloropsis sp, Botryococcus braunii,
Nitzschia sp., and Neochloris oleoabundans can technically be advanta-
geous for effective jet biofuel production as compared to other oil crops
due to abundant amounts of triacylglycerol (TAG). However, the pro-
duction is not yet commercially viable due to the high operation cost
[208].

Typically, jet fuel consists of olefins, iso-paraffins, aromatic compo-
nents, n-paraffins, and naphthenes. Cyclic components and the aro-
matics can be formed via wood catalytic liquefaction and pyrolysis. For
bio-oil, the phenolic compounds can be hydro-deoxygenated and split
into cyclic and aromatic compounds. For algal and vegetable oils, the
fatty acids and their esters could produce naphtha fractions, >C9 hy-
drocarbons, diesel, and kerosene (C9-C14). These fatty acids and oils
can be separately hydrocracked, deoxygenated, and hydroisomerized to
form hydrocarbons in the range of jet fuel [209]. The factors influencing
product characteristics from hydroprocessing of fatty acids, and their
esters using various catalysts include reaction conditions, feedstock
type, and catalyst properties. To produce jet fuels through hydro-
conversion process, bifunctional catalysts with both metal and acid
functions are necessary. The metal function assists with hydro-
genation/dehydrogenation and hydroconversion, while the acidity is
essential for cracking and isomerization [210]. To reduce the jet fuel
production cost, the metal type and particle size, reducibility of the
metal, acidity of the catalyst, high selectivity, and lifetime cycle of the
catalysts, must be optimal. Morphologically, mesoporous or nanosized
catalyst are more advantageous [211]. The addition of MNPs to liquid
fuels has a catalytic effect resulting in enhanced burning rate, shorter
ignition delay, and lower emissions [212].

Metal catalysts supported on SiO5/SO4, 18Ni-Mo supported catalyst,
9 bimetal and trioic acid supported on SBA-15 catalyst (SBA = Santa
Barbara Amorphous), 6Co-Mo metal impregnated natural zeolite, 19
ZSM5 zeolite (zeolite Socony Mobiles Number 5), 20 zeolite-Al;O3
composites supported NiMo catalyst have all been reported for the
catalytic hydrocracking of vegetable oil to produce bio-gasoline and jet
biofuel [213,214]. A two-step method uses 1 wt. % Pt/Al;03 in the first
step to produce long-chain hydrocarbons from palm oil, and the second
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step uses bulk and nanosized Pt supported on ZSM-5 and Beta on the
first-step product where the nanosized catalysts exhibits better perfor-
mance. The composition of 1 wt. % Pt/Al,03, followed by 1 wt%
Pt/nano-Beta zeolite enhance the yield of jet fuel (54.8 wt %) with
iso/n-paraffin (I/N) ratio of 7 [215]. To improve mass transfer proper-
ties in acidic zeolites, 10 wt. % Ni is loaded on nanosheet ZSM-5 for oleic
acid hydroconversion at 250 °C under 10 bar hydrogen to yield the
aviation fuel range alkanes (AFRA) at 51 % with 97 % carbon balance
[216]. The reaction with Ni supported on H3PW;5040/nanosized hy-
droxyapatite in a single step at 360 °C under 30 bar hydrogen has
resulted in product yields from Jatropha and palm oil exceeding 80 wt.
% [217]. The addition of nano-sized Al or B to produce nanofluids or
gelled fuels may be effective to increase the high energy density (HED)
of jet fuel, which determines the flight range, load, and performance of
the aircraft [218]. The addition of 25 wt. % of nano Al or nano-B in
synthetic HED (HD-1) or quadricyclane HED (QC HED) fuels achieves a
high density of 1.1-1.25 g/cm® and high volumetric net heat of com-
bustion (NHOC) of 42.8-62.9 MJ/L, with shortened ignition delay,
reduced fuel oxygen demand, and increased combustion efficiency
[219].

Jet fuel with high iso-alkane content and strong acidity can be pro-
duced by loading H3PW12049 (HPW) on a Ni (meso-Y)-based hierar-
chical zeolite. The catalytic conversion of microalgal biodiesel at 255 °C
with an increase of 2 MPa hydrogen (63.1 %) has significantly increased
iso-alkane (20.5 %), and arene at 11.1 % [220]. The co-production of jet
biofuel and high-value PUFAs from Schizochytrium sp. has also been
reported. After separation of PUFAs by short-path distillation after
transesterification, the remaining saturated fatty acids (SFAs) are cata-
lytically deoxygenated over Pt/y-Al»Os, followed by hydrocracking over
Pt/mesoporous BEA zeolite (Pt/mesoBEA) catalyst to attain 20.4 wt% of
jet biofuel with 54.6 wt% of PUFA-enriched esters (purity: 87.7 %)
[221], this could possibly improve the economics in a biorefinery setup.
The hydrodeoxygenation of algal oil to jet fuel using Pt, Rh, and
pre-sulfided NiMo catalysts could lead to high hydrocarbon yield (76.5
%) and possible energy-saving through heat supply [222]. The
nanoparticle-assisted algal jet biofuel production however has not been
comprehensively researched especially on the nanocatalyst selection
and design for optimal performance.

5. Biosynthesized nanoparticles

Green biosynthesis of NPs is gaining attention as it is more eco-
friendly [223]. Biosynthesis of the NPs from various biological sources
has been comprehensively reviewed [223,224], utilizing biosystems
such as bacteria [225], fungi [226], plant extracts [227,228] seaweeds
[229,230], yeast [231,232] and marine algae [225,233]. NPs may be
produced intracellularly or extracellularly and released into the reaction
media and can be separated by physical methods [234]. Compounds in
the media, with functional groups such as carbonyl, hydroxyl, alkaloids,
terpenoids, phenolics, and amines, as well as proteins, pigments, starch,
chitosan, and laurate, may act as reducing or capping agents to stimulate
the formation of metallic NPs [235] and prevent NPs aggregation [236].
Nitrate reductase for example is found to play a role in the biosynthesis
of the Ag NPs under specific conditions [237].

The ability of algae to collect metals and reduce metal ions makes it
an excellent alternative route for the NPs biosynthesis or as nano-bio
factories where dead and dried live biomass are used for the biosyn-
thesis of metallic NPs. The synthesis can be at ambient temperature and
pressure, normal pH value, and in a simple aqueous medium. The
different methods for the biosynthesis of algal-based NPs include the
utilization of live algal cells for NPs synthesis, algal cell lysis, followed
by filtration and centrifugation, and NP harvesting from algal broth
supernatants [238,239]. Table 2 summarizes the different species of
algae used for the biosynthesis of different metallic NPs. Different shapes
of the Ag NPs have been synthesized by algal species such as Chlor-
ococcum humicola, Nannochloropsis oculata, Euglena gracilis, and
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Table 2
Different types of nanoparticles biosynthesized by different species of algae
(Modified from Refs. [239,240]. Under CCBY license).

Algae species Nanoparticles type

Bifurcaria bifurcata
Galaxaura elongata

Copper(II) oxide (CuO NPs)
Gold NPs (Au NPs)

Sargassum plagiophyllum Silver chloride (AgCl NPs)

Ulva fasciata Zinc oxide (ZnO NPs)

Turbinaria conoides Gold NPs (Au NPs)

Jania rubens Ferrimagnetic magnetite (Fe3O4 NPs)

Portieria hornemannii
Acanthophora specifera
Amphiroa fragilissima
Oscillatoria limnetica
Caulerpa racemosa
Caulerpa serrulata
Chlorella pyrenoidosa
Chlorella vulgaris
Chlorococcum humicola

Silver (Ag NPs)

Scenedesmus sp [240]. The different factors affecting the biosynthesis of
algal Ag NPs include biomass, extract or precursor concentration, pH,
temperature, illumination, and reaction time [241].

The applications of biosynthesized NPs have a significant impact on
the economic viability of algal-based products such as biomass and other
bioactive compounds [25,31,242-244]. The harvesting efficiency has
reached 97 % in Chlorella lobophora and Chlorococcum oleofaciens, with
the utilization of biosynthesized Ag NPs [245]. A low concentration of
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biosynthesized ZnO NPs (50 mg/L) increases C. vulgaris biomass and
lipid synthesis as compared to the control, with the SFAs and PUFAs
levels increasing by ~16 % and ~59 %, respectively, while the unsat-
urated fatty acids declined by ~20 % [31]. The C. vulgaris biomass
treated with increased Ag NP from 50 pg/g to 150 pug/g-biomass has the
lipid extraction level increased from 8.44 % to 17.68 %, and the car-
bohydrates level enhanced to 13.8 % [234]. The primary site for the NPs
interaction is the cell wall [246], and an increase in Ag NP concentra-
tions makes more small-sized NPs readily available to make strong
contact with the cell wall, adhere to and cover the surface to rapidly
rupture the cell membrane by lysing the molecules in the cell wall to
form "pits/holes" hence facilitating the release of intracellular molecules
[247]. The fabrication of biogenic NPs from wastes and other forms of
biomass will improve the overall microalgal biorefinery processes and is
a major step towards the intensification of biofuel research.

6. Nanoparticle-assisted algal biorefinery

The biorefinery set-up utilizing renewable resources aims to be a
viable alternative to typical oil refinery with fossil fuels [248]. The use
of microalgal biomass for the production of bioproducts within a bio-
refinery framework has yet to attain economic feasibility [15]. The
typical algal biorefinery, as shown in Fig. 3, involves upstream and
downstream processes [17,244,249-251]. The applications of nano-
technology could address some major challenges in achieving economic
viability especially in providing solutions in biomass cultivation [252],
biochemical compounds accumulation and enhancement [31,244],
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harvesting [253], cell wall disruption and extraction [254], and con-
version process [96]. The major aim is to improve biomass production,
lipid extraction efficiency, biofuel conversion, and the economics.

6.1. Cultivation

The cultivation of algae represents about 40 % of the overall cost of
producing biofuels [255]. Algal cultivation requires optimal illumina-
tion, simple operating procedures, a low contamination rate, efficient
mass transfer across the liquid-gas barrier, and a low-cost culturing
system [11]. NPs have been used in either direct or indirect routes to
induce cell growth and lipid accumulation” (as represented in Table 3).
NPs can be incorporated directly into culture media to enhance photo-
synthetic cell growth and/or intracellular lipid accumulation without
damaging the cells [23] or as inhibitors of co-existing fungal and mi-
crobial communities, which are the nutritional competitors [256]. In-
direct, NPs can improve COy capture, absorption efficiency in the
cultivation media, and light transformation in the photobioreactors
(PBRs) [257]. The effects of adding NPs to microalgal culture are shown
in Fig. 4 [258]. The effects of the NPs are influenced by the physico-
chemical characteristics (such as types, sizes, geometries, dosages,
oxidation state), algal species, and culture conditions [21,23,258,259].

Algal growth can be enhanced with the application of Fe;O3 [260],
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CeO5 [261], TiO4 [261], ZnO, MgO, Se, CuO [31,262], and a-Fe,O3NPs
[29]. Different concentrations of cobalt Co NPs have been applied in the
cultivation of Platymonas subcordiforus, Chaetoceros curvisetus, and
Skeletonema costatum where no inhibition in P. subcordiforus growth is
observed after 24 h of exposure, but growth is stimulated at 1 mg/L of Co
NPs [263]. Higher cell densities of C. reinhardtii are reported at 0.1 and
1.0 g/L Cry03 NPs, after 72 h, and a marked decrease is observed at 10
g/L Cry0O3 NPs [264]. NPs induce the generation of ROS, which triggers
the accumulation of intracellular lipids and carbohydrates [265]. The
NPs of zero-valent Fe [266], TiOy [267], MgSO4 [256,268], MgO [260],
a-FepO3 [269], FeoO3 [270], ZnO [271], SiC [272], and Ag [244] have
all been utilized to enhance the lipid yield in algae. ZnO NPs and Ag NPs
enhance the fraction of FAs and the ratio of SFAs/PUFAs [273,274]. The
Ag NPs induce the highest total lipid content of Scenedesmus sp. (8.1 %)
and Thalassiosira sp. (17.4 %) at 5 and 100 pg/L, respectively [275].
Several NPs are already proven to interact with plant cells by upre-
gulating or downregulating specific genes [276]. NPs can interact with
different enzymes involved in the algal metabolic pathway thereby
altering the normal metabolic pathway of cells [277]. The enzyme
AGPase (ADP-glucose pyrophosphorylase) essential for starch biosyn-
thesis [278], acts as a bottleneck in microalgae lipid production (Fig. 5)
[279]. AGPase enzyme catalyzes the conversion of glucose-1-phosphate
to ADP-glucose - the precursor of starch biosynthesis Therefore, blocking

Table 3
Effects of direct or indirect uses of NPs on algal growth and lipid accumulation.
Uses NPs Microalgae Impacts References
Types Size (nm) Concentration (mg/L)
Direct Fe,03 <30 0-20 Scenedesmus obliquus Increases (>10 % versus control) of growth rate after 7 [260]
days exposure
MgSO4 <100 1g/L Chlorella vulgaris Significant improve the biomass yield [268]
ZnO 21.3-105 10 Chlorella vulgaris Considerable increases in both biomass and growth [31]
CuO 24.4-118 50 rate
MgO 12-34.7 50
Se 10-39 50
Silica ~74 Chlorella vulgaris Cell growth is significantly increased when compared  [354]
to the non-NPs condition.
CeO, 10-30 <5 Phaeodactylum Increased growth rate (~10 %) compared with non- [261]
tricornutum CeO, NPs control after 4 days exposure
TiO, - 0.8 Microcystis aeruginosa Enhanced (~50 % versus control) of growth rate after [355]
11 days exposure
ZnO 30 1 and 10 Chlorosarcinopsis sp. Improved the cell density after 96 h exposure [262]
MAS04
a-Fe,03 20-40 0.1-5 Chlorella vulgaris No significant difference was found in the growth rate [29]
compared to the control.
ZnO 10-30 5-200 Nannochloropsis oculata Improved polyunsaturated fatty acid content (PUFA?) [274]
CuO 10-40 5-200 and saturated fatty acids (SFAs)
Fe,03 20-40 5-200
Ag 20-50 0-50 Nannochloropsis oculata Enhanced polyunsaturated fatty acid content (PUFAs)  [273]
and saturated fatty acids (SFAs)
AgNPs 6-10 5 pg/L Scenedesmus sp. Increased the lipid production [275]
100 pg/L Thalassiosira sp.
CNTs" <2 5 Scenedesmus obliquus Increased the lipid productivity by 8.9, 39.6, and 18.5 [260]
Fe,03 <30 5 %, respectively. after 7 days exposure
MgO <50 40
a-Fey03 20 30 Chlorella pyrenoidosa Enhanced the lipid accumulation and biomass [269]
production after 15 days cultivation
ZnO - 0.081 Scenedesmus rubescens Increased the lipid content of cells [271]
SiC - 150 Scenedesmus sp. The lipid production significantly increased [272]
Fe 03 <50 10 Coelastrella terrestris Improved the lipid productivity [270]
Indirect Ag 50 10 m™2 Chlamydomonas Increased (>30 % versus control) of growth rate [284]
(Around reinhardtii
PBRs) Ag 10 - Chlorella vulgaris Enhanced microalgal pigment formation [30]
“unanorods 30 length; 14 -
width
Ag-Au -
mixture
Aunanodisk  ~90 Arrays; equipped PBRs Synechococcus elongatus Improved the growth rate (6.5 %) [356]
Spherical 12 Embedded filters; Chlamydomonas Biomass increased (25 % vs. control) after 10 days of ~ [285]
Ag equipped PBRs reinhardtii incubation

(—): Not available.
2 Carbon nanotube.
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Fig. 4. Effects of nanoparticle addition on microalgal cultivation (Modified from Ref. [258]. With Copyright permission).
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Fig. 5. A hypothetical model on blocking AGPase by engineered NPs to block
starch synthesis pathway (Modified from Ref. [279]. Under CCBY license).

the starch synthesis pathway by inactivating AGPase [280], through the
application of engineered NPs and biocatalyst could be an effective way
to enhance lipid production in microalgae. Understanding in-depth
molecular mechanisms of NPs-microalgae interactions leading to effi-
cient enhancement of lipid production, will improve the productivity of
biofuel production.

Precautions should be taken before introducing NPs during algal
cultivation as NPs can be toxic, whereas most tested NPs for microalgae
toxicity are metal oxides, such as TiOy, ZnO, NiO, etc. The results
indicated that applying more than 20 mg/L of NPs could have a negative
impact on algal growth [281]. TiO NPs may also adsorb nutrients such
as P and Zn, reducing their availability to microalgae [282]. The over-
production of ROS is thought to be a major mechanism of the toxicity of
NPs. In contrast, it leads to chemical reactions that cause 1) damage to
cell structure, including loss of membrane fluidity and oxidation of
unsaturated lipids, and 2) oxidizes lipids, proteins, and nucleic acids, by
forming ROS causing cell structural alterations and mutagenesis.
Therefore, screening of NPs is needed to evaluate the range of effective
concentrations and their impact on enzymatic and microbial activity
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[258].

The metal NPs exposed strain (MNPS) in the nano metal-containing
media has exhibited a higher growth rate, biomass cellular pigments,
and lipid production than cultivation without the NPs [283]. Controlling
the NPs incorporation within the bioreactor setup can influence the
wavelength and the backscattering of light [23]. To overcome the lim-
itation in the transport of light to the cells with high NPs, localized
surface plasmon resonances (LSPR) with NPs outside of the closed PBRs
can be used for the absorption and scattering of light [242]. Intense
backscattering of the blue light from the Ag NP suspension elevates the
growth of Cyanothece 51142 and Chlamydomonas reinhardtii by more
than 30 % [284]. The spheroidal Ag and Au NPs, alone or in combina-
tion, surrounding the PBRs, enhance the growth of Chlorella vulgaris with
increased light uptake [30]. Spherical AgNPs embedded within the
flexible polymeric sheets could improve the distribution of blue light for
algal absorption, resulting in a more than 25 % increase in dry biomass
and a 35 % increase in photosynthetic pigments [285]. To improve
mixing, nutrient availability, dissolved CO,, and the efficiency of light
exposure, nanobubble generators can be utilized [286,287]. Nano-
bubbles with a diameter of less than 100 nm have a larger
surface-to-volume ratio, and a slower rise velocity allows more CO5 to
dissolve [288]. The chlorophyll and carotenoid contents in N. oculata
and C. vulgaris cultures are significantly increased when the nano-
bubbles are supplied [289]. The nanobubbles technology has not yet
been adequately explored for CO fixation by the algal culture [290].

6.2. Harvesting

Microalgal harvesting is a critical bottleneck in algal biorefinery
[291], and harvesting techniques such as centrifugation, immobiliza-
tion, flotation, sedimentation, flocculation, filtration, electrophoresis,
and magnetophoretic separation can be used [2,40]. However, there is
no single universal technique that is suitable for all cases. The selection
mainly depends on microalgal properties such as size, density, the value
of the desired product, and the final market [292]. Conventional floc-
culants like FeCls and alum are ineffective [292], with issues of toxicity
and chemical recovery [293]. The NPs-based flocculation could be
developed as a simple and low-cost harvesting technology in comparison
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with conventional flocculation, used in single (bare) or hybrid (com-
posite) forms, coated with various cationic polymers, and chemicals [23,
294]. Functionalized MNPs, aminoclay NPs, and multifunctional NPs are
utilized to improve the harvesting efficiency as shown in Table 4 [250].

The MNPs such as Fe3O4 NPs have a high surface area, magnetic
properties, and biocompatibility [295] and can be automated with high
efficiency, scalable processing, and low contamination [294].
MNPs-microalgae interactions are still poorly understood, with some
studies have shown that negatively charged MNPs may attract nega-
tively charged microalgal cells [296,297], revealing potential pathways
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in microalgae harvesting. The conventional electrostatic concept fails to
describe such behaviors and interactions between bare MNPs and
microalgal cells. In contrast, the Extended
Derjaguin-Landau-Verwey-Overbeek (EDLVO) theory could explain
substrate adherence to the bacterial cell from a thermodynamic point of
view, which is attributed to electrostatic, Lewis acid-base, and
Lifshitz-van der Waals interactions caused by the heterogeneous func-
tional groups on the microalgal cell wall membrane [298]. The bare
iron-oxide NPs (IONPs) achieve more than 95 % efficiencies, attribut-
able to the affinity of the microalgal cell wall with the NPs surfaces

Table 4
Microalgal harvesting using various nanomaterials.
NPs Microalgae Performances References
Types of NPs Kind Size (nm) Concentration (g/ Species Density (g/L)  Harvesting Time Working
L) Efficiency (%) (min) pH
Magnetic NPs Bare Fe304 - 0.5 Coelastrella sp. 1.27 94 4 Culture [301]
UKM4 media
Chlorella sp.
Bare Fe304 - 0.15 Chlam®domonas sp. 1.27 82 4 Culture [301]
UKM6 media
Bare Fe3O4 13.1 10 g/g cell Chlorella vulgaris 0.6 >95 5 4 [299]
0.5 g/g cell Scenedesmus 0.6 >95 5 4
ovalternus
FeCl, +FeCls 10-30 0.028 g/0.927 g Synechocystis - 94.7 - [302]
cell Stigeoclonium 94.8
Nanochloropsis 98.1
Microytis 98.7
MNPs" ~bo 0.33 g MNPs/g dry  Nannochloropsis - 99.5 5 5-9 [303]
(FeCly+FeCl3) biomass maritima
‘e 67.8-439.1 0.1 M Chlorella ~0.95 98.3+1.8 1 Culture [357]
zofingiensis media
Y3Fes0q2 <100 2.5 Chlo%lla vulgaris - >90 1 7.3 [300]
Fe;04@Arginine 0.2 Chlorella sp. 0.2 95 2¢ 8 [358]
NiO <50 0.075 Chlorella vulgaris - 98.75 [253]
PEI"-Fe;0,4 247 f1s Scenedesmus 0.8 >80 23 Culture [306]
dimorphus media
CPAM" -Fe304 - 0.12 Chlorella ellipsoidea 0.7 96 <10 7 [305]
0.025 Sotryococcus braunii 1.8 95 <10 7
PDDA"-Fe304 65 0.1 Chlorella sp. 51106 cells) 80 <10 - [304]
mL
Magnetic NPs CTAB®-Fe304 - 0.46 g/g cell Chlorella sp. 115 96.6 1 Culture [254]
media
PP[-Fe3O4 50-100 0.02 Chlorella 1 99 3-5 10 [307]
protothec’ides
Silica-Fe304 141.8 - Chlorella 83.7 180 - [309]
pyrenoidosa
GO® -Fe304/PDDA 8.54 0.07 Chlorella sp. HQ 0.2 95.35 5 4-12 [304]
APTES"- 108 2.3"mg/mg cell Chlorella sp. KR-1 1 99 2-3 6.5 [308]
BaFe 5019
Aminoclays NPs MgAC'-Fe50, 3.5-7.14 4.19-4.72 Chlorella sp. KR-1 2.0 >80 10 4 [314]
MgAC-CeAC 20-1000 1 Mixed algae 0.2 100 60 7 [313]
mixture
Humic acid/Mg- - 2.5 Chlorella sp. KR-1 1.3 100 180 6.5 [311]
AC
Al-AC 30 0.6 Chlorella sp. KR-1 1.7 100 30 6-9 [311°¢
ACnzVvI* 100 20 Chlorell® sp. KR-1 1.5 100 <3 9 [312]
Multifunctio®al Zr0O, - 0.15 CHorococcum sp. g 82.44 45 - (310
NPs AC-TiO, 0.6-10 3 Chlorella sp. KR-1 1.5 85 30 6.5 [3i9]
TBD'-Fel@Silica - - Khlorella vulgaris - 1 Culture [62]
NPs media

(—): Not available.

@ Magnetic nanoparticles.
b polyethylenimine.

¢ Cationic polyacrylamide.
4 poly(diallyldimethylammonium chloride).
¢ Cetrimonium bromide.

f Polypyrrole.

8 Graphene oxide.

" Qctyltriethoxysilane/(3-aminopropyl) triethoxysilane.

! Aminoclay.

J Cerium aminoclay.
k' Aminoclay-nanoscale zerovalent iron.
! Triazabicyclodecene.
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[299]. The harvesting efficiency is similarly attained by the IONPs and
Yttrium iron-oxide (YsFes0;2) NPs [300], depending on the algal species
[295]. An efficiency of 94 % is obtained when the IONPs are applied to
Chlorella sp. UKM2 and Coelastrella sp. UKM4 cultures, while an effi-
ciency of 82 % was obtained when applied to Chlamydomonas sp. UKM6
cultures [301]. The combination of FeCl, and FeCls MNPs at a 1:4 ratio
shows an efficiency of 94-99 % [302]. These MNPs can be reactivated
and combined with ultrasonic treatment, but after five activations, the
harvesting efficiencies are only 53-71.2 % [302]. At FeCl,-FeCl3 MNPs
of 0.33 g/g dry biomass attained 99.5 % harvesting efficiency of Nan-
nochloropsis maritima [303].

The MNPs are commonly coated with cationic polymers including
polyethyleneimine (PEI), poly-(diallyl dimethylammonium chloride)
(PDDA), cationic polyacrylamide (CPAM) [304-306] polypyrrole (PP)
[3071, cetrimonium bromide (CTAB) [254], and (3-aminopropyl) trie-
thoxysilane (APTES) [308]. The flocculation efficiency of Spirulina,
Scenedesmus, Tetraedron, Chlorella, and Hematococcus is 90 % when
GO-Fe304 NPs are coated with the PDDA [304]. The magnetic core-shell
SiOz-coated NPs show 83.7 % harvesting efficiency for Chlorella pyr-
enoidosa, with a 4-fold higher lipid extraction [309]. The most common
Aminoclays (ACs) used are Mg-AC [310,311], Fe-AC [310] Al-AC, Ca-AC
[311], humic acid/Mg-AC [311], or Mg-AC-coated nZVI NPs [312]. The
harvesting efficiency with the ACs is influenced by the microalgal spe-
cies, operational conditions, and the structure as well as the dosage of
the ACs [313,314]. The separation efficiency of the humic acid/Mg-AC
in the form of the network-like precipitant formation reaches 100 %
[311], and the Mg-AC/nZVI composites are applicable in a large-scale
(24 L) system [312]. However, the zeta potentials of Mg-AC-Fe304
hybrid composites decrease at higher pH values, resulting in lower
harvesting efficiency [314].

6.3. Cell-disruption and extraction

The techniques for cell disruption include mechanical (microwave,
homogenizer, electric pulse field, sonication) and chemical (surfactant,
enzymes, acid) methods [42]. These require high energy consumption
and capital costs, with concerns about the target component deteriora-
tion [43]. Product purification using solvents is also energy-intensive
[315]. Hence, the cell destruction and subsequent purification of
high-value products may be the major bottleneck in algal biofuel pro-
duction [17,23]. The NPs-assisted extraction could achieve no major
alteration in the extracted lipid, with improved oil extraction efficiency.
The metallic NPs generate ROS, which can perforate the cells, to
enhance the bioproduct release [253]. The selection of the NPs, their
compatibility, and their efficiency are dependent on the composition of
the microalgal cell wall [25].

Multifunctional NPs can provide integrated harvesting and post-
harvesting steps such as cell disruption, lipid extraction, and conver-
sion of oils [250]. Metal-based NPs play an important role in Chlor-
ococcum sp. biomass recovery due to the presence of positively charged
ZrOy NPs, which effectively interact with the negatively charged cells to
achieve an overall harvesting efficiency of 82.44 %, at a low dose of ZrO,
of 15 mg/L [316]. AC-based NPs and particularly engineered NPs like
Al-3-aminopropyltriethoxysilane (APTES) clay, Mg-APTES clay, and
Ca-APTES clay are used to improve lipid extraction. The aminoclay NPs
as harvesting agents are effective for the harvesting of oleaginous
Chlorella sp. KR-1, with the oil extraction efficiency improved due to the
destabilizing effect on the cells [317]. The cationic-charged aminoclay
NPs assist in the weakening of the cell walls, decreasing the water layer
within the cells, and making contact with the hydrophobic solvent to
facilitate the release of intracellular oil [23]. Hydrogen peroxide pro-
motes the Fenton-like reactions with the Fe-, Mn-, and Cu-based ACs,
creating eOH free radicals on the surface of the microalgae to disrupt the
cells and enhancing oil extraction [318].

Both flocculation and cell disruption can be achieved with AC-
conjugated TiO, composites. The eOH radicals produced at the surface
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of the AC/TiO, composites destroy the microalgae surfaces and induce
cell disruption. The addition of 3 g/L AC-conjugated TiO, composites
increases the harvesting efficiency of Chlorella sp. KR-1 to 85 % and the
cells are further disrupted by a simple 365 nm UV exposure for 3 h
[319]. SiOy-based NPs have a high potential for sequestration and se-
lective separation of high-value chemicals in microalgae due to their
structural porosity and large surface area [320]. The 1,5,7-triazabicyclo
[4,4,0]dec-5-ene (TBD)-functionalized Fe3O4@SilicaNPs have been
developed for harvesting C. vulgaris and catalyzing the trans-
esterification reaction of the algal lipid [62]. The cultivation of micro-
algae with spherical NPs composed of calcium and silica results in a
significant increase in cell growth with ease of harvesting [242]. Mes-
oporous silica nanocatalyst, SBA-15 loaded with Ti, elevates the FFAs by
10-fold with a higher water tolerance level [321]. The mesoporous
structure of the NPs, similar to zeolite, could extract the lipids without
cell decomposition [242]. The FFAs can be captured by the NPs having a
mean particle diameter of 10 nm. Porous functionalized NPs effectively
and specifically target the FFAs in the microalgal oil by entering the
pores and subsequent absorption using primary amine groups to func-
tionalize the pores [315]. After organic solvent washing,
acid-esterification, and pH adjustment, the FFAs can be desorbed [322].

6.4. Enzymes immobilization

Immobilization of cells or enzymes to static support or carrier is
effective for the sustained production of biofuels. The bound cells or
enzymes can be reused for several cycles. Entrapment, adsorption, ionic
and covalent bonding, cross-linking, and emulsions are among the
common technique [323]. Biomass pre-processing may require an
enzymatic hydrolysis step involving enzymes such as hemicellulases,
B-glucosidases, and cellulases, for the conversion of cellulose to mono-
meric sugars [324,325]. However, conventional immobilization may
cause deterioration of the enzyme-specific activities [326]. Immobili-
zation of enzymes on nanomaterials could lead to an improvement in pH
stability, regenerative capacity, thermal stability, increase in activity,
and enzyme reusability [115]. NPs [327,328], NTs [329], GO nano-
composites [330], and nanofibers (NFs) [331] have been successfully
used for enzyme immobilization.

Immobilization of lipase and cellulase on the MNPs, magnetic NFs,
magnetic nanotubes (NTs), and silica have been studied [332-336].
Nanocomposites or hybrid nanomaterials are synthesized by coating the
nanocores with an inorganic or organic layer, such as silica, and these
nanocomposites allow for rapid grafting of various functional groups for
optimal immobilization [337]. Enzyme immobilization on the Fe3O4
NPs and nanocomposites (Fe3O4/alginate) has significantly improved
the activity and stability [338]. NFs as immobilizing nanomaterials are
simple to handle and provide flexibility in the reactor design due to their
durability and separability, ease of recovery of the non-MNPs, increased
control of dispersion, and a decreased diffusion path [339]. Enzyme
immobilization on nanomaterials can overcome the high cost of the
saccharification process.

6.5. Conversion to biofuels

The processes involved in the conversion of algal biomass into bio-
fuels are chemical conversion (transesterification for biodiesel produc-
tion), thermochemical (hydrothermal processing, combustion,
torrefaction, gasification, and pyrolysis), and biochemical (photo-
fermentation, dark-fermentation, and anaerobic digestion) [340]. Each
route has its advantages and disadvantages, hence a critical review of
thermochemical and biochemical conversions of waste-grown algae has
been compiled [341]. The thermochemical route from algal biomass has
high efficiency, but the high energy and heating requirements may incur
additional costs. The biochemical route makes use of nano/biocatalysis,
which includes metal oxide [74], mesoporous [342], and carbon-based
[343] nanocatalysts are more promising. Nano-encapsulation of
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cellulosic ethanol and lipase-catalyzed biodiesel production processes
can be scaled up [100]. The NPs act as electron donors or acceptors and
enhance the enzyme activity for biohydrogen and biogas production.
The NPs as fuel additives improve the performance and combustion
characteristics of biodiesel-powered engines with lower emissions
[344].

7. Challenges and future outlook

World energy production has been over-dependent on fossil fuel that
any switch to more sustainable options must consider a transition phase
by utilizing the existing network and infrastructure developed for the
fossil-fuel economy. Transport biofuels from liquid hydrocarbons can be
produced with by-products such as Hp,O and CO,/CO [345], and
renewable fuels such as biodiesel for diesel engines are actually the
natural competitor to conventional diesel fuel [346]. Algal biorefinery
to biofuels and high-value products using advanced technologies has the
potential for scaling up while reducing the carbon footprint and miti-
gating the negative environmental impacts associated with fossil fuels.
The major challenges for wide utilization of algal biofuels are* instead of
The major challenges for wide utilization of algal biofuels are: energy
consumption, high costs of cultivation, harvesting, de-watering,
improving the biomass pretreatment, the scalability and selectivity of
the extraction methods, and the efficiency of conversion processes to
multiple products.

It is important to utilize Life cycle analysis (LCA) as a tool to evaluate
environmental impact of algal-based biofuel, from raw material
extraction, to its entire life cycle including the production, trans-
portation, and utilization and during end-of-life disposal through ana-
lyses of energy consumption, GHGs emission, water usage, and wastes
generation [347]. Other parameters may include plant capacity, feed-
stocks, chemicals (solvents and catalysts), labor, plant location, utilities,
buildings, and taxes. Based on LCA, the Net Energy Ratio (NER), the
ratio of total produced energy to consumed energy, for microalgal bio-
diesel is less than 2.5, as compared to about 5 for fossil diesel. Around
30-50 % of the total input energies (TIEs) in microalgal biodiesel pro-
duction are consumed during cultivation, 5-10 % during trans-
esterification, and the largest during oil extraction and dewatering.
When using wet biomass (15-30 % w/w dry biomass weight), the input
energy for dewatering can be low (1-10 % of the TIE), but the energy for
the oil extraction is high (30-80 % of the TIE), as higher concentration of
solvent may be used, requiring larger extraction reactor, more energy to
heat the biomass, and more solvent to recycle with increased input en-
ergy for distillation column [348].

The adoption of nanotechnology within the algal biorefinery may be
the way forward to improve qualitatively and quantitatively biofuel
production and remove the limitations associated with feedstock avail-
ability, post-harvest biomass collection, and bioenergy generation
[346]. Catalysts such as Li/ZnO-Fe304, Li/Fe304, nanocrystalline CaO,
Sr—Al double oxides, Ca(OCHs),, and nano-sulfated zirconia may attain
high biodiesel yields (>99 %), but are expensive [347]. Using low-cost
waste materials such as eggshells and mollusks to produce
nano-catalysts could reduce the production costs. Nano-CaO from
low-cost materials has exhibited high reusability, with high yield of
biodiesel during transesterification of different oils [349]. The costs of
feedstocks, plant capacity, location, and labor all have a major impact on
the cost. Increasing plant capacity, and plant location with lower land
costs, can greatly reduce the production costs, but without strong in-
centives from the government, biofuels from microalgae may not be able
to replace fossil fuels. By considering the co-production of proteins,
bioplastics, vitamins, and pigments, the cost of biodiesel production
from microalgae can be reduced from 3.90 to 0.54 USD/L [348]. The
LCA of algal biofuels using nanocatalysts has received limited attention
especially to identify opportunities to reduce environmental impact of a
nanocatalyst-based algal biofuel production by optimizing its design,
materials, and production.
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The challenges in the applications of NPs in algal biofuels production
and algal biorefinery approach need to be addressed and can be sum-
marized as follows.

e NPs can enhance lipid production in microalgae. There is a great
need to understand the interaction mechanisms of NP-microalgae at
the molecular level.

e NPs beyond certain levels can be toxic to microalgae, causing
oxidative stress, agglomeration, and inconsistent nutrition avail-
ability. Therefore, NPs should be screened at different concentra-
tions, shapes, and sizes to better asses the effects on microbial
activity and to find the optimal process conditions.
NPs should be assessed in terms of recyclability and reusability to
mitigate the environmental impact and provide better resources
sustainability.
NPs are a promising candidate for improving the industrial growth of
algal biofuels. However, there is still a need for efficient imple-
mentation in various aspects, including the design of modified
nanocatalysts with varying combinations, types, scale-up parame-
ters, reactor design, and the simplicity of operation under a variety of
dynamic processing conditions.

The impact of NPs, in case of not being separated, on biofuel com-

bustion quality, gas emission, and engine performance must be

evaluated, as the cost of separation could be the major barrier that
may hinder commercialization effort.

There is a need to develop a complete techno-economic and LCA of

nanoparticles-aided algal biorefinery process for the co-production

of multiple products and achieve economic feasibility.

e Since NPs application on microalgae is a relatively new research
concept, policy-making and implementation of NPs will remain
critical concerns for commercial production, particularly in devel-
oping countries. Therefore, management insights on the socio-
economic impact and comprehensive policy with dynamic legisla-
tion on the entire production system are needed to attract investment
and more importantly to meet the agenda of Global Sustainable
Development Goals and mitigate climate change.

8. Conclusions

This review provides the state-of-the-art and current research status
and bottlenecks in the application of nanoparticles in algal biofuel
production and algal biorefinery. Great outcomes are achieved through
the application of nano-additives at various stages of algal-biofuel pro-
duction, which may represent a significant improvement towards the
commercialization of algal biofuel. The unique physicochemical prop-
erties of NPs can improve the catalytic performance, yield, and subse-
quently economic feasibility. The deployment of NPs in biofuel
production can reduce production costs by improving 20-30 % cell
growth, 80-99 % harvesting efficiency, enhanced product extraction,
and ~85-99 % conversion. Metal oxides, mesoporous, and carbon-based
nanocatalyst applications could increase the conversion efficiency of
lipids to biodiesel via the transesterification. Also, the use of nano-
biocatalyst for bioethanol production has led to an improvement in
enzyme activity and stability. Different types of NPs enhance the activity
of various enzymes during biohydrogen and biogas synthesis, and
improve the electrode material and the specific surface area, leading to a
significant level of electrochemical performance during bioelectricity
generation in algal-based MFC. The biosynthesized NPs improve the
product yield but the effect on algal biofuel from the primary phase to
the end product needs to be comprehensively addressed. NPs can aid
different stages of algal biorefinery routes including the enhancement of
growth, high-value products via nutritional alteration, inducing stress
environments for induction of specific compounds, and application of
backscattering light. MNPs with the potential for recycling can greatly
improve the harvesting efficiency of biomass, and their incorporation
during cell harvesting, disruption, extraction, and conversion can reduce
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overall production costs. It is pertinent to understand the long-term
impact of NPs applications on the ecosystem and in vivo toxicity. The
techno-economic and Life cycle analysis could identify the most energy-
efficient, cost-effective, and high-yielding process route, in algal-based
biofuel production are therefore critical to provide insights into the
economic feasibility of NPs-based algal biofuels for pilot and large-scale
implementation.

Funding

This research was funded by International Partnership Research
Grant (IPRG), Universiti Malaysia Terengganu-Qatar University, under
grant number UMT/IPRG/55303/2021.

Authors’ contribution

HEAA: Conceptualization, Investigation, Writing - Original Draft,
Funding acquisition; EAE, RMS, HAH: Investigation, Writing - Review &
Editing; AE, SAM, KE: Writing - Review & Editing, Funding acquisition;
MZHR: Writing - Review & Editing, Supervision, Project administration;
MAA: Conceptualization, Writing - Review & Editing, Visualization,
Supervision, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

No data was used for the research described in the article.

Acknowledgments

The authors acknowledge the Arturo Falaschi ICGEB Smart Fellow-
ship to Dr. Hamdy Elsayed Ahmed Ali by the International Centre for
Genetic Engineering and Biotechnology (ICGEB) [(S/EGY20-02].

References

[1

—

Nalley S, LaRose A. Annual energy outlook 2021 (AE02021) US energy
information administration. 2021. https://www.eia.gov/outlooks/aeo/.
[Accessed 30 October 2021]. www.eia.gov/aeo.

Aliyu A, Lee JGM, Harvey AP. Microalgae for biofuels via thermochemical
conversion processes: a review of cultivation, harvesting and drying processes,
and the associated opportunities for integrated production. Bioresour Technol
Reports 2021;14:100676.

Sonnichsen N. OPEC oil price annually 1960-2021. 2021. https://www.statista.
com/statistics/262858/change-in-opec-crude-oil-prices-since-1960/. [Accessed
30 October 2021].

United Nations Environment Programme. Emissions gap report 2019, UNEP,
Nairobi USFDA (2020) nanotechnology: over a decade of Progress and innovation
at FDA. 2019.

Kushwaha D, Upadhyay SN, Mishra PK. Nanotechnology in bioethanol/
Biobutanol production. Springer International Publishing; 2018.

Kristoufek L, Janda K, Zilberman D. Relationship between prices of food, fuel and
biofuel. 2012. 131st Semin Sept (2012) 18-19, Prague, Czech Repub 2012, 19,
https://ageconsearch.umn.edu/record/135793/files/Kristoufek.pdf.

Abdullah MA, Hussein HA. Integrated algal and oil palm biorefinery as a model
system for bioenergy co-generation with bioproducts and biopharmaceuticals.
Bioresour Bioprocess 2021;8.

Nizami AS, Rehan M. Towards nanotechnology-based biofuel industry. Biofuel
Res J 2018;5:798-9.

Schenk PM, et al. Second generation biofuels: high-efficiency microalgae for
biodiesel production. Bioenerg Res 2008;1:20-43.

Abdullah MA, Hussein HA. Integrated algal biorefinery and palm oil milling for
bioenergy, biomaterials and biopharmaceuticals. 2020. p. 20.

Vij RK, Subramanian D, Pandian S, Krishna S, Hari S. A review of different
technologies to produce fuel from microalgal feedstock. Environ Technol Innov
2021;22:101389.

[2]

[3

=

[4

=

[5

—

[6

—

[7

—

[8

—

[9

—

[10]

[11]

16

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

R ble and S ble Energy R 192 (2024) 114267

Khan MI, Shin JH, Kim JD. The promising future of microalgae: current status,
challenges, and optimization of a sustainable and renewable industry for biofuels,
feed, and other products. Microb Cell Fact 2018;17:36.

Chen WH, Lin BJ, Huang MY, Chang JS. Thermochemical conversion of
microalgal biomass into biofuels: a review. Bioresour Technol 2015;184:314-27.
Chen H, Qiu T, Rong J, He C, Wang Q. Microalgal biofuel revisited: an
informatics-based analysis of developments to date and future prospects. Appl
Energy 2015;155:585-98.

Singh J, Dhar DW. Overview of carbon capture technology: microalgal
biorefinery concept and state-of-the-art. Front Mar Sci 2019;6:1-9.

El-fayoumy EA, et al. Co-production of high density biomass and high-value
compounds via two-stage cultivation of Chlorella vulgaris using light intensity
and a combination of salt stressors. Biomass Convers Biorefinery 2023.
Abdullah MA, Shah SMU, Shanab SMM, Ali HEA. Integrated algal bioprocess
engineering for enhanced productivity of lipid, carbohydrate and high-value
bioactive compounds. Res Rev J Microbiol Biotechnol 2017;6:61-92.
Moreno-Garcia L, Adjallé K, Barnabé S, Raghavan GSV. Microalgae biomass
production for a biorefinery system: recent advances and the way towards
sustainability. Renew Sustain Energy Rev 2017;76:493-506.

Aparicio E, et al. Biofuels production of third generation biorefinery from
macroalgal biomass in the Mexican context: an overview. In: Sustainable seaweed
technologies; 2020. p. 393-446.

Goswami RK, Mehariya S, Obulisamy PK, Verma P. Advanced microalgae-based
renewable biohydrogen production systems: a review. Bioresour Technol 2020;
320:124301.

Ali HEA, El-fayoumy EA, Rasmy WE, Soliman RM, Abdullah MA. Two-stage
cultivation of Chlorella vulgaris using light and salt stress conditions for
simultaneous production of lipid, carotenoids, and antioxidants. J Appl Phycol
2021;33:227-39.

Siddiki SYA, et al. Microalgae biomass as a sustainable source for biofuel,
biochemical and biobased value-added products: an integrated biorefinery
concept. Fuel 2022;307:121782.

Lee YC, Lee K, Oh YK. Recent nanoparticle engineering advances in microalgal
cultivation and harvesting processes of biodiesel production: a review. Bioresour
Technol 2015;184:63-72.

Palaniappan K. An overview of applications of nanotechnology in biofuel
production. World Appl Sci J 2017;35:1305-11.

Nguyen MK, Moon JY, Bui VKH, Oh YK, Lee YC. Recent advanced applications of
nanomaterials in microalgae biorefinery. Algal Res 2019;41:101522.
Shanmugam S, Hari A, Pandey A, Mathimani T, Felix LO, Pugazhendhi A.
Comprehensive review on the application of inorganic and organic nanoparticles
for enhancing biohydrogen production. Fuel 2020;270:2020.

Khoo KS, Chia WY, Tang DYY, Show PL, Chew KW, Chen WH. Nanomaterials
utilization in biomass for biofuel and bioenergy production. Energies 2020;13:
1-19.

Bidir MG, Millerjothi NK, Adaramola MS, Hagos FY. The role of nanoparticles on
biofuel production and as an additive in ternary blend fuelled diesel engine: a
review. Energy Rep 2021;7:3614-27.

Bibi M, Zhu X, Munir M, Angelidaki I. Bioavailability and effect of a-Fe203
nanoparticles on growth, fatty acid composition and morphological indices of
Chlorella vulgaris. Chemosphere 2021;282:131044.

Eroglu E, Eggers PK, Winslade M, Smith SM, Raston CL. Enhanced accumulation
of microalgal pigments using metal nanoparticle solutions as light filtering
devices. Green Chem 2013;15:3155-9.

Nada HG, Ali HEA, El-Behery RR, Shanab SMM, Elshatoury EH. Nanoparticles
biosynthesized by Bacillus cereus filtrate and gamma Rays enhancing Chlorella
vulgaris biomass and lipid production. J Clust Sci 2021;4.

Almomani F. Algal cells harvesting using cost-effective magnetic nano-particles.
Sci Total Environ 2020;720:137621.

Awogbemi O, Kallon DV Von. Recent advances in the application of
nanomaterials for improved biodiesel, biogas, biohydrogen, and bioethanol
production. Fuel 2024 ; 358: 130261.

Caporgno MP, Mathys A. Trends in microalgae incorporation into innovative food
products with potential Health benefits. Front Nutr 2018;5:1-10.

Razzak SA, Hossain MM, Lucky RA, Bassi AS, De Lasa H. Integrated CO2 capture,
wastewater treatment and biofuel production by microalgae culturing - a review.
Renew Sustain Energy Rev 2013;27:622-53.

Nie J, et al. Bioremediation of water containing pesticides by microalgae:
mechanisms, methods, and prospects for future research. Sci Total Environ 2020;
707:136080.

Hossain N, Mahlia TMI, Saidur R. Latest development in microalgae-biofuel
production with nano-additives. Biotechnol Biofuels 2019;12:1-16.

Behera S, Singh R, Arora R, Sharma NK, Shukla M, Kumar S. Scope of algae as
third generation biofuels. Front Bioeng Biotechnol 2015;2:1-13.

Kawamura K, Nishikawa S, Hirano K, Ardianor A, Nugroho RA, Okada S. Large-
scale screening of natural genetic resource in the hydrocarbon-producing
microalga Botrycoccus braunii identified novel fast-growing strains. Sci Rep
2021;11:1-13.

Nascimento IA, et al. Screening microalgae strains for biodiesel production: lipid
productivity and estimation of fuel quality based on fatty acids Profiles as
selective Criteria. Bioenergy Res 2013;6:1-13.

Muhammad G, et al. Modern developmental aspects in the field of economical
harvesting and biodiesel production from microalgae biomass. Renew Sustain
Energy Rev 2021;135:110209.

de Carvalho JC, et al. Microalgal biomass pretreatment for integrated processing
into biofuels, food, and feed. Bioresour Technol 2020;300:122719.


https://www.eia.gov/outlooks/aeo/
http://www.eia.gov/aeo
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref2
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref2
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref2
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref2
https://www.statista.com/statistics/262858/change-in-opec-crude-oil-prices-since-1960/
https://www.statista.com/statistics/262858/change-in-opec-crude-oil-prices-since-1960/
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref4
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref4
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref4
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref5
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref5
https://ageconsearch.umn.edu/record/135793/files/Kristoufek.pdf
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref7
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref7
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref7
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref8
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref8
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref9
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref9
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref10
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref10
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref11
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref11
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref11
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref12
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref12
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref12
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref13
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref13
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref14
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref14
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref14
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref15
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref15
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref16
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref16
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref16
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref17
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref17
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref17
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref18
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref18
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref18
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref19
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref19
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref19
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref20
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref20
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref20
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref21
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref21
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref21
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref21
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref22
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref22
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref22
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref23
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref23
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref23
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref24
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref24
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref25
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref25
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref26
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref26
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref26
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref27
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref27
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref27
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref28
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref28
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref28
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref29
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref29
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref29
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref30
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref30
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref30
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref31
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref31
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref31
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref32
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref32
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref34
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref34
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref35
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref35
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref35
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref36
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref36
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref36
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref37
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref37
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref38
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref38
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref39
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref39
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref39
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref39
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref40
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref40
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref40
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref41
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref41
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref41
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref42
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref42

HEA

[43]

[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]
[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

. Ali et al.

Sankaran R, et al. Recent advances in the pretreatment of microalgal and
lignocellulosic biomass: a comprehensive review. Bioresour Technol 2020;298:
122476.

Gendy TS, El-Temtamy SA. Commercialization potential aspects of microalgae for
biofuel production: an overview. Egypt J Pet 2013;22:43-51.

Ganesan R, et al. A review on prospective production of biofuel from microalgae.
Biotechnol Reports 2020;27:e00509.

Singh J, Gu S. Commercialization potential of microalgae for biofuels production.
Renew Sustain Energy Rev 2010;14:2596-610.

Abdullah B, et al. Fourth generation biofuel: a review on risks and mitigation
strategies. Renew Sustain Energy Rev 2019;107:37-50.

Khan MAR, Mamun MS Al, Ara MH. Review on platinum nanoparticles: synthesis,
characterization, and applications. Microchem J 2021;171:2021-3.

Udoh TH. Improved insight on the application of nanoparticles in enhanced oil
recovery process. Sci African 2021;13:e00873.

Xiong G, et al. Non-thermal radiation heating synthesis of nanomaterials. Sci Bull
2021;66:386-406.

Gupta SK, Mao Y. A review on molten salt synthesis of metal oxide nanomaterials:
status, opportunity, and challenge. Prog Mater Sci 2021;117:100734.

Goswami AD, Trivedi DH, Jadhav NL, Pinjari DV. Sustainable and green synthesis
of carbon nanomaterials: a review. J Environ Chem Eng 2021;9:9-11.

Siddiqi KS, Husen A. Fabrication of metal and metal oxide nanoparticles by algae
and their toxic effects. Nanoscale Res Lett 2016;11.

Mazari SA, et al. Nanomaterials: applications, waste-handling, environmental
toxicities, and future challenges - a review. J Environ Chem Eng 2021;9:105028.
Sekoai PT, et al. Application of nanoparticles in biofuels: an overview. Fuel 2019;
237:380-97.

Aransiola EF, Ojumu TV, Oyekola OO, Madzimbamuto TF, Ikhu-Omoregbe DIO.
A review of current technology for biodiesel production: state of the art. Biomass
Bioenergy 2014;61:276-97.

Hajjari M, Tabatabaei M, Aghbashlo M, Ghanavati H. A review on the prospects of
sustainable biodiesel production: a global scenario with an emphasis on waste-oil
biodiesel utilization. Renew Sustain Energy Rev 2017;72:445-64.

Vasistha S, Khanra A, Clifford M, Rai MP. Current advances in microalgae
harvesting and lipid extraction processes for improved biodiesel production: a
review. Renew Sustain Energy Rev 2021;137:110498.

Pathaka PK, Rajb J, Saxenab G, Shankar Sharmac U. A review on production of
biodiesel by transesterification using heterogeneous nanocatalyst. Int J Sci Res
Dev 2017;5.

Rezania S, et al. Review on transesterification of non-edible sources for biodiesel
production with a focus on economic aspects, fuel properties and by-product
applications. Energy Convers Manag 2019;201:112155. Elsevier.

Tamyjidi S, Esmaeili H, Moghadas BK. Performance of functionalized magnetic
nanocatalysts and feedstocks on biodiesel production: a review study. J Clean
Prod 2021;305:127200.

Chiang YD, et al. Functionalized Fe304@Silica core-shell nanoparticles as
microalgae harvester and catalyst for biodiesel production. ChemSusChem 2015;
8:789-94.

Manojkumar N, Muthukumaran C, Sharmila G, Aishwarya A. Heterogeneous
nanocatalysts for sustainable biodiesel production: a review. J Environ Chem Eng
2020;9:104876.

Zhao C, Briick T, Lercher JA. Catalytic deoxygenation of microalgae oil to green
hydrocarbons. Green Chem 2013;15:1720-39.

Zuliani A, Ivars F, Luque R. Advances in nanocatalyst design for biofuel
production. ChemCatChem 2018;10:1968. -1981.

Verma P, Sharma MP. Review of process parameters for biodiesel production
from different feedstocks. Renew Sustain Energy Rev 2016;62:1063-71.

Borah MJ, Devi A, Borah R, Deka D. Synthesis and application of Co doped ZnO as
heterogeneous nanocatalyst for biodiesel production from non-edible oil. Renew
Energy 2019;133:512-9.

Bharti P, Singh B, Dey RK. Process optimization of biodiesel production catalyzed
by CaO nanocatalyst using response surface methodology. J Nanostructure Chem
2019;9:269-80.

Obadiah A, Kannan R, Ravichandran P, Ramasubbu A, Vasanth Kumar S. Nano
hydrotalcite as a novel catalyst for biodiesel conversion. Dig J Nanomater
Biostructures 2012;7:321-7.

Chelladurai K, Rajamanickam M. Environmentally Benign Neem biodiesel
synthesis using nano-Zn-Mg-Al hydrotalcite as solid base catalysts. J Catal 2014;
2014:1-6.

Saeedi M, Fazaeli R, Aliyan H. Nanostructured sodium-zeolite imidazolate
framework (ZIF-8) doped with potassium by sol-gel processing for biodiesel
production from soybean oil. J Sol Gel Sci Technol 2016;77:404-15.

Amalia S, et al. Biodiesel production from castor oil using heterogeneous catalyst
KOH/zeolite of natural zeolite Bandung Indonesia. 19. In: AIP conference
Proceedings; 2019. p. 3-10. 2120.

Egesa D, Chuck CJ, Plucinski P. Multifunctional role of magnetic nanoparticles in
efficient microalgae separation and catalytic hydrothermal liquefaction. ACS
Sustain Chem Eng 2018;6:991-9.

Banerjee S, Rout S, Banerjee S, Atta A, Das D. Fe203 nanocatalyst aided
transesterification for biodiesel production from lipid-intact wet microalgal
biomass: a biorefinery approach. Energy Convers Manag 2019;195:844-53.
Kelarijani AF, Zanjani NG, Pirzaman AK. Ultrasonic assisted transesterification of
Rapeseed oil to biodiesel using nano magnetic catalysts. Waste and Biomass
Valorization 2020;11:2613-21.

17

[76]

[77]

[78]

[79]

[80]
[81]
[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[991]

[100]

[101]

[102]
[103]
[104]
[105]

[106]

ble and S ble Energy R 192 (2024) 114267

R,
R

Vijayalakshmi S, Anand M, Ranjitha J. Microalgae-based biofuel production using
low-cost nanobiocatalysts. In: Microalgae cultivation for biofuels production.
Elsevier Inc.; 2019. p. 251-63.

Dehghani S, Haghighi M. Sono-sulfated zirconia nanocatalyst supported on MCM-
41 for biodiesel production from sunflower oil: influence of ultrasound irradiation
power on catalytic properties and performance. Ultrason Sonochem 2017;35:
142-51.

Costa AA, Braga PRS, De MacEdo JL, Dias JA, Dias SCL. Structural effects of WO3
incorporation on USY zeolite and application to free fatty acids esterification.
Microporous Mesoporous Mater 2012;147:142-8.

Yadav GD, Murkute AD. Preparation of a novel catalyst UDCaT-5: enhancement
in activity of acid-treated zirconia - effect of treatment with chlorosulfonic acid
vis-a-vis sulfuric acid. J Catal 2004;224:218-23.

Zhu S, Wang J, Fan W. Graphene-based catalysis for biomass conversion. Catal Sci
Technol 2015;5:3845-58.

Hara M. Biodiesel production by amorphous carbon bearing SO3H, COOH and
phenolic OH groups, a solid Brgnsted acid catalyst. Top Catal 2010;53:805-10.
Fu X, et al. A microalgae residue based carbon solid acid catalyst for biodiesel
production. Bioresour Technol 2013;146:767-70.

Cheng J, Qiu Y, Huang R, Yang W, Zhou J, Cen K. Biodiesel production from wet
microalgae by using graphene oxide as solid acid catalyst. Bioresour Technol
2016;221:344-9.

Cheng J, Qiu Y, Zhang J, Huang R, Yang W, Fan Z. Conversion of lipids from wet
microalgae into biodiesel using sulfonated graphene oxide catalysts. Bioresour
Technol 2017;244:569-74.

Velasquez-Orta SB, Lee JGM, Harvey AP. Evaluation of FAME production from
wet marine and freshwater microalgae by in situ transesterification. Biochem Eng
J 2013;76:83-9.

Tangy A, Kumar VB, Pulidindi IN, Kinel-Tahan Y, Yehoshua Y, Gedanken A. In-
Situ transesterification of chlorella vulgaris using carbon-dot functionalized
Strontium oxide as a heterogeneous catalyst under microwave irradiation. Energy
Fuel 2016;30:10602-10.

Guldhe A, Singh P, Ansari FA, Singh B, Bux F. Biodiesel synthesis from microalgal
lipids using tungstated zirconia as a heterogeneous acid catalyst and its
comparison with homogeneous acid and enzyme catalysts. Fuel 2017;187:180-8.
Hara M. Biomass conversion by a solid acid catalyst. Energy Environ Sci 2010;3:
601-7.

Teo SH, Taufig-Yap YH, Ng FL. Alumina supported/unsupported mixed oxides of
Ca and Mg as heterogeneous catalysts for transesterification of Nannochloropsis
sp. microalga’s oil. Energy Convers Manag 2014;88:1193-9.

Teo SH, Islam A, Taufig-Yap YH. Algae derived biodiesel using nanocatalytic
transesterification process. Chem Eng Res Des 2016;111:362-70.

Pandit PR, Fulekar MH. Biodiesel production from microalgal biomass using CaO
catalyst synthesized from natural waste material. Renew Energy 2019;136:
837-45.

Umdu ES, Tuncer M, Seker E. Transesterification of Nannochloropsis oculata
microalga’s lipid to biodiesel on Al203 supported CaO and MgO catalysts.
Bioresour Technol 2009;100:2828-31.

Ahmad S, Chaudhary S, Pathak VV, Kothari R, Tyagi VV. Optimization of direct
transesterification of Chlorella pyrenoidosa catalyzed by waste egg shell based
heterogenous nano — CaO catalyst. Renew Energy 2020;160:86-97.
Aghilinategh M, Barati M, Hamadanian M. Supercritical methanol for one put
biodiesel production from chlorella vulgaris microalgae in the presence of CaO/
TiO2 nano-photocatalyst and subcritical water. Biomass Bioenergy 2019;123:
34-40.

Marinkovi¢ DM, et al. Calcium oxide as a promising heterogeneous catalyst for
biodiesel production: current state and perspectives. Renew Sustain Energy Rev
2016;56:1387-408.

Li Y, et al. One-step production of biodiesel from Nannochloropsis sp. on solid
base Mg-Zr catalyst. Appl Energy 2011;88:3313-7.

Qu S, et al. Synthesis of MgO/ZSM-5 catalyst and optimization of process
parameters for clean production of biodiesel from Spirulina platensis. J Clean
Prod 2020;276:123382.

Aghilinategh M, Barati M, Hamadanian M. The modified supercritical media for
one-pot biodiesel production from Chlorella vulgaris using photochemically-
synthetized SrTiO3 nanocatalyst. Renew Energy 2020;160:176-84.

Raj JVA, Bharathiraja B, Vijayakumar B, Arokiyaraj S, Iyyappan J, Praveen
Kumar R. Biodiesel production from microalgae Nannochloropsis oculata using
heterogeneous Poly Ethylene Glycol (PEG) encapsulated ZnOMn2+ nanocatalyst.
Bioresour Technol 2019;282:348-52.

Duraiarasan S, et al. Direct conversion of lipids from marine microalga C. salina to
biodiesel with immobilised enzymes using magnetic nanoparticle. J Environ
Chem Eng 2016;4:1393-8.

Nematian T, Salehi Z, Shakeri A. Conversion of bio-oil extracted from Chlorella
vulgaris micro algae to biodiesel via modified superparamagnetic nano-
biocatalyst. Renew Energy 2020;146:1796-804.

Mohapatra S, Mishra SS, Bhalla P, Thatoi H. Engineering grass biomass for
sustainable and enhanced bioethanol production. Planta 2019;250:395-412.
Sharma B, Larroche C, Dussap CG. Comprehensive assessment of 2G bioethanol
production. Bioresour Technol 2020;313:123630.

Tan IS, Lam MK, Foo HCY, Lim S, Lee KT. Advances of macroalgae biomass for the
third generation of bioethanol production. Chinese J Chem Eng 2020;28:502-17.
Cheng JJ, Timilsina GR. Status and barriers of advanced biofuel technologies: a
review. Renew Energy 2011;36:3541-9.

Yu KL, et al. Bioethanol production from acid pretreated microalgal hydrolysate
using microwave-assisted heating wet torrefaction. Fuel 2020;279:118435.


http://refhub.elsevier.com/S1364-0321(23)01125-5/sref43
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref43
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref43
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref44
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref44
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref45
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref45
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref46
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref46
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref47
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref47
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref48
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref48
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref49
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref49
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref50
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref50
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref51
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref51
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref52
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref52
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref53
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref53
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref54
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref54
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref55
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref55
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref56
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref56
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref56
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref57
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref57
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref57
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref58
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref58
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref58
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref59
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref59
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref59
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref60
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref60
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref60
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref61
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref61
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref61
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref62
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref62
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref62
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref63
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref63
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref63
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref64
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref64
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref65
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref65
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref66
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref66
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref67
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref67
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref67
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref68
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref68
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref68
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref69
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref69
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref69
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref70
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref70
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref70
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref71
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref71
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref71
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref72
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref72
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref72
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref73
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref73
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref73
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref74
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref74
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref74
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref75
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref75
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref75
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref76
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref76
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref76
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref77
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref77
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref77
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref77
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref78
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref78
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref78
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref79
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref79
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref79
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref80
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref80
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref81
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref81
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref82
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref82
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref83
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref83
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref83
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref84
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref84
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref84
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref85
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref85
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref85
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref86
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref86
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref86
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref86
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref87
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref87
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref87
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref88
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref88
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref89
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref89
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref89
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref90
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref90
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref91
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref91
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref91
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref92
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref92
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref92
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref93
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref93
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref93
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref94
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref94
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref94
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref94
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref95
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref95
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref95
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref96
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref96
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref97
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref97
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref97
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref98
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref98
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref98
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref99
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref99
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref99
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref99
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref100
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref100
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref100
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref101
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref101
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref101
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref102
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref102
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref103
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref103
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref104
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref104
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref105
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref105
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref106
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref106

H.EA.

[107]

[108]

[109]
[110]

[111]

[112]

[113]
[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]
[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Ali et al.

Pyo D, Kim T, Yoo J. Efficient extraction of bioethanol from freshwater
cyanobacteria using supercritical fluid pretreatment. Bull Korean Chem Soc 2013;
34:379-83.

Sanchez Rizza L, Sanz Smachetti ME, Do Nascimento M, Salerno GL, Curatti L.
Bioprospecting for native microalgae as an alternative source of sugars for the
production of bioethanol. Algal Res 2017;22:140-7.

Sert BS, Inan B, Ozcimen D. Effect of chemical pre-treatments on bioethanol
production from Chlorella minutissima. Acta Chim Slov 2018;65:160-5.

Onay M. Bioethanol production from Nannochloropsis gaditana in municipal
wastewater. Energy Proc 2018;153:253-7.

Sivagurunathan P, et al. A critical review on issues and overcoming strategies for
the enhancement of dark fermentative hydrogen production in continuous
systems. Int J Hydrogen Energy 2016;41:3820-36.

Ngamsirisomsakul M, Reungsang A, Liao Q, Kongkeitkajorn MB. Enhanced bio-
ethanol production from Chlorella sp. biomass by hydrothermal pretreatment and
enzymatic hydrolysis. Renew Energy 2019;141:482-92.

Balan V. Current challenges in commercially producing biofuels from
lignocellulosic biomass. ISRN Biotechnol 2014;2014:1-31.

Ximenes E, Kim Y, Mosier N, Dien B, Ladisch M. Inhibition of cellulases by
phenols. Enzyme Microb Technol 2010;46:170-6.

Rajnish KN, et al. Immobilization of cellulase enzymes on nano and micro-
materials for breakdown of cellulose for biofuel production-a narrative review. Int
J Biol Macromol 2021;182:1793-802.

Singh N, Dhanya BS, Verma ML. Nano-immobilized biocatalysts and their
potential biotechnological applications in bioenergy production. Mater Sci Energy
Technol 2020;3:808-24.

Cherian E, Dharmendirakumar M, Baskar G. Immobilization of cellulase onto
MnO2 nanoparticles for bioethanol production by enhanced hydrolysis of
agricultural waste. Cuihua Xuebao/Chinese J Catal 2015;36:1223-9.

Li Y, Wang XY, Jiang XP, Ye JJ, Zhang YW, Zhang XY. Fabrication of graphene
oxide decorated with Fe304@SiO2 for immobilization of cellulase.

J Nanoparticle Res 2015;17.

Beniwal A, Saini P, Kokkiligadda A, Vij S. Use of silicon dioxide nanoparticles for
p-galactosidase immobilization and modulated ethanol production by co-
immobilized K. marxianus and S. cerevisiae in deproteinized cheese whey. Lwt
2018;87:553-61.

Lee KH, Choi IS, Kim YG, Yang DJ, Bae HJ. Enhanced production of bioethanol
and ultrastructural characteristics of reused Saccharomyces cerevisiae
immobilized calcium alginate beads. Bioresour Technol 2011;102:8191-8.
Varaprasad D, et al. Bioethanol production from green alga chlorococcum
minutum through reduced graphene oxide-supported platinum-ruthenium (Pt-
Ru/RGO) nanoparticles. Bioenergy Res 2022;15:280-8.

Serra A, et al. Hybrid Ni@ZnO@ZnS-microalgae for Circular economy: a Smart
route to the E?cient integration of solar photocatalytic water Decontamination
and bioethanol production. Adv Sci 2020;7:1902447.

Patel SKS, Kumar P, Mehariya S, Purohit HJ, Lee JK, Kalia VC. Enhancement in
hydrogen production by co-cultures of Bacillus and Enterobacter. Int J Hydrogen
Energy 2014;39:14663-8.

Dawood F, Anda M, Shafiullah GM. Hydrogen production for energy: an
overview. Int J Hydrogen Energy 2020;45:3847-69.

Nagarajan D, Lee DJ, Kondo A, Chang JS. Recent insights into biohydrogen
production by microalgae — from biophotolysis to dark fermentation. Bioresour
Technol 2017;227:373-87.

Srirangan K, Pyne ME, Perry Chou C. Biochemical and genetic engineering
strategies to enhance hydrogen production in photosynthetic algae and
cyanobacteria. Bioresour Technol 2011;102:8589-604.

Patel SKS, Lee JK, Kalia VC. Nanoparticles in biological hydrogen production: an
overview. Indian J Microbiol 2018;58:8-18.

Limongi AR, Viviano E, De Luca M, Radice RP, Bianco G, Martelli G. Biohydrogen
from microalgae: production and applications. Appl Sci 2021;11:1-14.

Azwar MY, Hussain MA, Abdul-Wahab AK. Development of biohydrogen
production by photobiological, fermentation and electrochemical processes: a
review. Renew Sustain Energy Rev 2014;31:158-73.

Argun H, Kargi F. Bio-hydrogen production by different operational modes of
dark and photo-fermentation: an overview. Int J Hydrogen Energy 2011;36:
7443-59.

Sharma A, Arya SK. Hydrogen from algal biomass: a review of production process.
Biotechnol Reports 2017;15:63-9.

Nagarajan D, Chang JS, Lee DJ. Pretreatment of microalgal biomass for efficient
biohydrogen production — recent insights and future perspectives. Bioresour
Technol 2020;302:122871.

Chong ML, Sabaratnam V, Shirai Y, Hassan MA. Biohydrogen production from
biomass and industrial wastes by dark fermentation. Int J Hydrogen Energy 2009;
34:3277-87.

El-Dalatony MM, Zheng Y, Ji MK, Li X, Salama ES. Metabolic pathways for
microalgal biohydrogen production: current progress and future prospectives.
Bioresour Technol 2020;318:124253.

Show KY, Yan Y, Zong C, Guo N, Chang JS, Lee DJ. State of the art and challenges
of biohydrogen from microalgae. Bioresour Technol 2019;289:121747.
Salakkam A, Sittijunda S, Mamimin C, Phanduang O, Reungsang A. Valorization
of microalgal biomass for biohydrogen generation: a review. Bioresour Technol
2021;322:124533.

Giannelli L, Torzillo G. Hydrogen production with the microalga Chlamydomonas
reinhardtii grown in a compact tubular photobioreactor immersed in a scattering
light nanoparticle suspension. Int J Hydrogen Energy 2012;37:16951-61.

18

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]
[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]
[161]

[162]

[163]

[164]

[165]

[166]

ble and S ble Energy R 192 (2024) 114267

R,
R

Yin Y, Wang J. Enhanced biohydrogen production from macroalgae by zero-
valent iron nanoparticles: insights into microbial and metabolites distribution.
Bioresour Technol 2019;282:110-7.

Nath D, Manhar AK, Gupta K, Saikia D, Das SK, Mandal M. Phytosynthesized iron
nanoparticles: effects on fermentative hydrogen production by Enterobacter
cloacae DH-89. Bull Mater Sci 2015;38:1533-8.

Pandey A, Gupta K, Pandey A. Effect of nanosized TiO2 on photofermentation by
Rhodobacter sphaeroides NMBL-02. Biomass Bioenergy 2015;72:273-9.

Feng Y, Zhang Y, Quan X, Chen S. Enhanced anaerobic digestion of waste
activated sludge digestion by the addition of zero valent iron. Water Res 2014;52:
242-50.

Zhao X, Xing D, Qi N, Zhao Y, Hu X, Ren N. Deeply mechanism analysis of
hydrogen production enhancement of Ethanoligenens harbinense by Fe2+ and
Mg2-+: Monitoring at growth and transcription levels. Int J Hydrogen Energy
2017;42:19695. -19700.

Srivastava N, et al. Nickel ferrite nanoparticles induced improved fungal cellulase
production using residual algal biomass and subsequent hydrogen production
following dark fermentation. Fuel 2021;304:121391.

Nurdiawati A, Zaini IN, Irhamna AR, Sasongko D, Aziz M. Novel configuration of
supercritical water gasification and chemical looping for highly-efficient
hydrogen production from microalgae. Renew Sustain Energy Rev 2019;112:
369-81.

Anukam A, Mohammadi A, Naqvi M, Granstrom K. A review of the chemistry of
anaerobic digestion: methods of accelerating and optimizing process efficiency.
Processes 2019;7:1-19.

Hagos K, Zong J, Li D, Liu C, Lu X. Anaerobic co-digestion process for biogas
production: progress, challenges and perspectives. Renew Sustain Energy Rev
2017;76:1485-96.

Mao C, Feng Y, Wang X, Ren G. Review on research achievements of biogas from
anaerobic digestion. Renew Sustain Energy Rev 2015;45:540-55.

Ganzoury MA, Allam NK. Impact of nanotechnology on biogas production: a mini-
review. Renew Sustain Energy Rev 2015;50:1392-404.

Rana MS, Bhushan S, Prajapati SK. New insights on improved growth and biogas
production potential of Chlorella pyrenoidosa through intermittent iron oxide
nanoparticle supplementation. Sci Rep 2020;10:1-13.

Kowthaman CN, Arul Mozhi Selvan V, Senthil Kumar P. Optimization strategies of
alkaline thermo-chemical pretreatment for the enhancement of biogas production
from de-oiled algae. Fuel 2021;303:121242.

Mendez L, Mahdy A, Ballesteros M, Gonzalez-Fernandez C. Biomethane
production using fresh and thermally pretreated Chlorella vulgaris biomass: a
comparison of batch and semi-continuous feeding mode. Ecol Eng 2015;84:
273-7.

Coérdova O, Santis J, Ruiz-Fillipi G, Zuniga ME, Fermoso FG, Chamy R. Microalgae
digestive pretreatment for increasing biogas production. Renew Sustain Energy
Rev 2018;82:2806-13.

Cérdova O, Passos F, Chamy R. Physical pretreatment methods for improving
microalgae anaerobic biodegradability. Appl Biochem Biotechnol 2018;185:
114-26.

Zaidi AA, et al. Combining microwave pretreatment with iron oxide nanoparticles
enhanced biogas and hydrogen yield from green algae. Processes 2019;7.

Zaidi AA, et al. Conjoint effect of microwave irradiation and metal nanoparticles
on biogas augmentation from anaerobic digestion of green algae. Int J Hydrogen
Energy 2019;44:14661-70.

Menon A, Wang J, Giannis A. Optimization of micronutrient supplement for
enhancing biogas production from food waste in two-phase thermophilic
anaerobic digestion. Waste Manag 2017;59:465-75.

Casals E, et al. Programmed iron oxide nanoparticles disintegration in anaerobic
digesters Boosts biogas production. Small 2014;10:2801-8.

Zaidi AA, RuiZhe F, Shi Y, Khan SZ, Mushtaq K. Nanoparticles augmentation on
biogas yield from microalgal biomass anaerobic digestion. Int J Hydrogen Energy
2018;43:14202-13.

Zaidi AA, Khan SZ, Almohamadi H, Mahmoud ERI, Naseer MN. Nanoparticles
synergistic effect with various substrate pretreatment and their comparison on
biogas production from algae waste. Bull Chem React Eng Catal 2021;16:374-82.
Martin LJ. Fucoxanthin and its metabolite fucoxanthinol in cancer prevention and
treatment. Mar Drugs 2015;13:4784-98.

Krongthamchat K, Riffat R, Dararat S. Effect of trace metals on halophilic and
mixed cultures in anaerobic treatment. Int J Environ Sci Tech 2006;3:103-12.
Qiang H, Niu Q, Chi Y, Li Y. Trace metals requirements for continuous
thermophilic methane fermentation of high-solid food waste. Chem Eng J 2013;
222:330-6.

Ambuchi JJ, Zhang Z, Shan L, Liang D, Zhang P, Feng Y. Response of anaerobic
granular sludge to iron oxide nanoparticles and multi-wall carbon nanotubes
during beet sugar industrial wastewater treatment. Water Res 2017;117:87-94.
Juntupally S, Begum S, Allu SK, Nakkasunchi S, Madugula M, Anupoju GR.
Relative evaluation of micronutrients (MN) and its respective nanoparticles (NPs)
as additives for the enhanced methane generation. Bioresour Technol 2017;238:
290-5.

Kavitha S, Schikaran M, Yukesh Kannah R, Gunasekaran M, Kumar G, Rajesh
Banu J. Nanoparticle induced biological disintegration: a new phase separated
pretreatment strategy on microalgal biomass for profitable biomethane recovery.
Bioresour Technol 2019;289:121624.

Raychaudhuri A, Behera M. Comparative evaluation of methanogenesis
suppression methods in microbial fuel cell during rice mill wastewater treatment.
Environ Technol Innov 2020;17:100509.


http://refhub.elsevier.com/S1364-0321(23)01125-5/sref107
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref107
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref107
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref108
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref108
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref108
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref109
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref109
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref110
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref110
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref111
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref111
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref111
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref112
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref112
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref112
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref113
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref113
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref114
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref114
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref115
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref115
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref115
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref116
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref116
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref116
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref117
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref117
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref117
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref118
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref118
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref118
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref119
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref119
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref119
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref119
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref120
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref120
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref120
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref121
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref121
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref121
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref122
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref122
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref122
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref123
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref123
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref123
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref124
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref124
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref125
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref125
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref125
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref126
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref126
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref126
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref127
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref127
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref128
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref128
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref129
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref129
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref129
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref130
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref130
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref130
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref131
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref131
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref132
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref132
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref132
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref133
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref133
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref133
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref134
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref134
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref134
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref135
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref135
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref136
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref136
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref136
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref137
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref137
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref137
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref138
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref138
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref138
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref139
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref139
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref139
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref140
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref140
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref141
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref141
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref141
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref142
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref142
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref142
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref142
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref143
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref143
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref143
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref144
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref144
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref144
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref144
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref145
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref145
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref145
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref146
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref146
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref146
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref147
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref147
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref148
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref148
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref149
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref149
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref149
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref150
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref150
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref150
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref151
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref151
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref151
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref151
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref152
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref152
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref152
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref153
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref153
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref153
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref154
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref154
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref155
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref155
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref155
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref156
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref156
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref156
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref157
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref157
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref158
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref158
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref158
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref159
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref159
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref159
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref160
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref160
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref161
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref161
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref162
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref162
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref162
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref163
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref163
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref163
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref164
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref164
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref164
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref164
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref165
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref165
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref165
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref165
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref166
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref166
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref166

H.EA.

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

Ali et al.

Reddy CN, Kakarla R, Min B. Algal biocathodes. In: Microbial electrochemical
technology. Elsevier; 2019. p. 525-47.

Rathinavel L, Jothinathan D, Sivasankar V, Scenario C. Algal microbial fuel
cells—nature’s perpetual energy resource. In: Microbial fuel cell technology for
bioelectricity. Cham: Springer; 2018. p. 81-116.

Sivakumar D, et al. Structural characterization and dielectric studies of
superparamagnetic iron oxide nanoparticles. J Korean Ceram Soc 2018;55:230-8.
Elshobary ME, Zabed HM, Yun J, Zhang G, Qi X. Recent insights into microalgae-
assisted microbial fuel cells for generating sustainable bioelectricity. Int J
Hydrogen Energy 2021;46:3135-59.

Lin CC, Wei CH, Chen CI, Shieh CJ, Liu YC. Characteristics of the photosynthesis
microbial fuel cell with a Spirulina platensis biofilm. Bioresour Technol 2013;135:
640-3.

Li M, et al. Carbon dioxide sequestration accompanied by bioenergy generation
using a bubbling-type photosynthetic algae microbial fuel cell. Bioresour Technol
2019;280:95-103.

Nguyen HTH, Min B. Leachate treatment and electricity generation using an
algae-cathode microbial fuel cell with continuous flow through the chambers in
series. Sci Total Environ 2020;723:138054.

Don CDYYA, Babel S. Circulation of anodic effluent to the cathode chamber for
subsequent treatment of wastewater in photosynthetic microbial fuel cell with
generation of bioelectricity and algal biomass. Chemosphere 2021;278:130455.
Xu C, Poon K, Choi MMF, Wang R. Using live algae at the anode of a microbial
fuel cell to generate electricity. Environ Sci Pollut Res 2015;22:15621-35.
Jadhav DA, Jain SC, Ghangrekar MM. Simultaneous wastewater treatment, algal
biomass production and electricity generation in clayware microbial carbon
capture cells. Appl Biochem Biotechnol 2017;183:1076-92.

Kondaveeti S, Choi KS, Kakarla R, Min B. Microalgae Scenedesmus obliquus as
renewable biomass feedstock for electricity generation in microbial fuel cells
(MFCs). Front Environ Sci Eng 2014;8:784-91.

Kakarla R, Min B. Photoautotrophic microalgae Scenedesmus obliquus attached
on a cathode as oxygen producers for microbial fuel cell (MFC) operation. Int J
Hydrogen Energy 2014;39:10275-83.

Naina Mohamed S, Jayabalan T, Muthukumar K. Simultaneous bioenergy
generation and carbon dioxide sequestration from food wastewater using algae
microbial fuel cell. Energy Sources, Part A Recover Util Environ Eff 2019;00:1-9.
Lakaniemi AM, Tuovinen OH, Puhakka JA. Production of electricity and butanol
from microalgal biomass in microbial fuel cells. Bioenergy Res 2012;5:481-91.
Habib Ma B. Smart culture of Spirulina using supernatant of digested Rotten
Tomato (Solanum Lycopersicum) to produce protein, bio-fuel and bio-electricity.
Int J Curr Sci Res Rev 2021;4.

Nguyen HTH, Kakarla R, Min B. Algae cathode microbial fuel cells for electricity
generation and nutrient removal from landfill leachate wastewater. Int J
Hydrogen Energy 2017;42:29433-42.

Pei H, et al. Using a tubular photosynthetic microbial fuel cell to treat
anaerobically digested effluent from kitchen waste: mechanisms of organics and
ammonium removal. Bioresour Technol 2018;256:11-6.

Angioni S, et al. Photosynthetic microbial fuel cell with polybenzimidazole
membrane: synergy between bacteria and algae for wastewater removal and
biorefinery. Heliyon 2018;4:00560.

Valipour A, Ayyaru S, Ahn Y. Application of graphene-based nanomaterials as
novel cathode catalysts for improving power generation in single chamber
microbial fuel cells. J Power Sources 2016;327:548-56.

Liu Z, Zhou L, Chen Q, Zhou W, Liu Y. Advances in graphene/graphene composite
based microbial fuel/electrolysis cells. Electroanalysis 2017;29:652-61.

Zou L, Qiao Y, Zhong C, Li CM. Enabling fast electron transfer through both
bacterial outer-membrane redox centers and endogenous electron mediators by
polyaniline hybridized large-mesoporous carbon anode for high-performance
microbial fuel cells. Electrochim Acta 2017;229:31-8.

Schirmer K. Nanoscience and the environment, vol. 7. Elsevier; 2014 [Online].
Available: http://www.sciencedirect.com/science/article/pii/B9780080994
086000062.

Aslan S, O Conghaile P, Leech D, Gorton L, Timur S, Anik U. Development of a
Bioanode for microbial fuel cells based on the combination of a MWCNT-Au-Pt
hybrid nanomaterial, an Osmium redox polymer and Gluconobacter oxydans DSM
2343 cells. ChemistrySelect 2017;2:12034-40.

Slate AJ, Whitehead KA, Brownson DAC, Banks CE. Microbial fuel cells: an
overview of current technology. Renew Sustain Energy Rev 2019;101:60-81.
Wu X, Shi Z, Zou L, Li CM, Qiao Y. Pectin assisted one-pot synthesis of three
dimensional porous NiO/graphene composite for enhanced bioelectrocatalysis in
microbial fuel cells. J Power Sources 2018;378:119-24.

Mashkour M, Rahimnejad M, Pourali SM, Ezoji H, EIMekawy A, Pant D. Catalytic
performance of nano-hybrid graphene and titanium dioxide modified cathodes
fabricated with facile and green technique in microbial fuel cell. Prog Nat Sci
Mater Int 2017;27:647-51.

Di Palma L, et al. Synthesis, characterization and performance evaluation of
Fe304/PES nano composite membranes for microbial fuel cell. Eur Polym J 2018;
99:222-9.

Li S, Ho SH, Hua T, Zhou Q, Li F, Tang J. Sustainable biochar as an
electrocatalysts for the oxygen reduction reaction in microbial fuel cells. Green
Energy Environ 2021;6:644-59.

Khandelwal A, Dhindhoria K, Dixit A, Chhabra M. Superiority of activated
graphite/CuO composite electrode over Platinum based electrodes as cathode in
algae assisted microbial fuel cell. Environ Technol Innov 2021;24:101891.

19

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]
[205]

[206]

[207]

[208]
[209]
[210]
[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

ble and S ble Energy R 192 (2024) 114267

R,
R

Yi S, Jiang H, Bao X, Zou S, Liao J, Zhang Z. Recent progress of Pt-based catalysts
for oxygen reduction reaction in preparation strategies and catalytic mechanism.
J Electroanal Chem 2019;848:113279.

Askari MB, Salarizadeh P, Rozati SM, Seifi M. Synthesis and characterization of
rhenium disulfide nanosheets decorated rGO as electrode towards hydrogen
generation in different media. Appl Phys Mater Sci Process 2019;125:1-9.
Salarizadeh P, et al. Synthesis and characterization of (Co, Fe, Ni) 9 S 8
nanocomposite supported on reduced graphene oxide as an efficient and stable
electrocatalyst for methanol electrooxidation toward DMFC. J Mater Sci Mater
Electron 2019;30:3521-9.

Hu C, Dai Q, Dai L. Multifunctional carbon-based metal-free catalysts for
advanced energy conversion and storage. Cell Reports Phys Sci 2021;2:100328.
Cai PJ, et al. Reactive oxygen species (ROS) generated by cyanobacteria act as an
electron acceptor in the biocathode of a bio-electrochemical system. Biosens
Bioelectron 2013;39:306-10.

Jiao Y, Hong W, Li P, Wang L, Chen G. Metal-organic framework derived Ni/NiO
micro-particles with subtle lattice distortions for high-performance electrocatalyst
and supercapacitor. Appl Catal B Environ 2019;244:732-9.

Liu S, Wang R, Ma C, Yang D, Li D, Lewandowski Z. Improvement of
electrochemical performance via enhanced reactive oxygen species adsorption at
ZnO-NiO@rGO carbon felt cathodes in photosynthetic algal microbial fuel cells.
Chem Eng J 2020;391:2020-2.

Sallam ER, Khairy HM, Elnouby MS, Fetouh HA. Sustainable electricity
production from seawater using Spirulina platensis microbial fuel cell catalyzed
by silver nanoparticles-activated carbon composite prepared by a new modified
photolysis method. Biomass Bioenergy 2021;148:106038.

Zhou J, et al. 1T-MoS2 nanosheets confined among TiO2 nanotube arrays for high
performance supercapacitor. Chem Eng J 2019;366:163-71.

Lian Y, et al. Polyethylene waste carbons with a mesoporous network towards
highly efficient supercapacitors. Chem Eng J 2019;366:313-20.

Doliente SS, Narayan A, Tapia JFD, Samsatli NJ, Zhao Y, Samsatli S. Bio-aviation
fuel: a comprehensive review and analysis of the supply chain components. Front
Energy Res 2020;8:1-38.

Elkelawy M, Bastawissi HA-E, Radwan AM, Ismail MT, El-Sheekh M. Biojet fuels
production from algae: conversion technologies, characteristics, performance,
and process simulation. Handb Algal Biofuels 2022:331-61.

Bwapwa JK, Anandraj A, Trois C. Possibilities for conversion of microalgae oil
into aviation fuel: a review. Renew Sustain Energy Rev 2017;80:1345-54.
Wang M, et al. Biomass-derived aviation fuels: challenges and perspective. Prog
Energy Combust Sci 2019;74:31-49.

Maki-Arvela P, Martinez-Klimov M, Murzin DY. Hydroconversion of fatty acids
and vegetable oils for production of jet fuels. Fuel 2021;306:121673.

Lin CH, Wang WC. Direct conversion of glyceride-based oil into renewable jet
fuels. Renew Sustain Energy Rev 2020;132:110109.

Khond VW, Kriplani VM. Effect of nanofluid additives on performances and
emissions of emulsified diesel and biodiesel fueled stationary CI engine: a
comprehensive review. Renew Sustain Energy Rev 2016;59:1338-48.

Hanafi SA, Elmelawy MS, El-Syed HA, Shalaby N. Hydrocracking of waste
cooking oil as renewable fuel on NiW/Si02-A1203 catalyst. J Adv Catal Sci
Technol 2015;2:27-37.

Yotsomnuk P, Skolpap W. Effect of process parameters on yield of biofuel
production from waste virgin coconut oil. Eng J 2018;22:21-35.

Kim MY, Kim JK, Lee ME, Lee S, Choi M. Maximizing biojet fuel production from
triglyceride: importance of the hydrocracking catalyst and separate
Deoxygenation/hydrocracking steps. ACS Catal 2017;7:6256-67.

Feng F, Niu X, Wang L, Zhang X, Wang Q. TEOS-modified Ni/ZSM-5 nanosheet
catalysts for hydroconversion of oleic acid to high-performance aviation fuel:
effect of acid spatial distribution. Microporous Mesoporous Mater 2020;291:
109705.

Fan K, Liu J, Yang X, Rong L. Hydrocracking of Jatropha oil over Ni-H3PW120
40/nano-hydroxyapatite catalyst. Int J Hydrogen Energy 2014;39:3690-7.

Nie J, Jia T, Pan L, Zhang X, Zou J. Development of high - energy-density liquid
Aerospace fuel: a Perspective, vol. 28. Trans Tianjin Univ; 2022. p. 1-5.

Ojha PK, Karmakar S. Boron for liquid fuel Engines-A review on synthesis,
dispersion stability in liquid fuel, and combustion aspects. Prog Aerosp Sci 2018;
100:18-45.

Cheng J, Zhang Z, Zhang X, Liu J, Zhou J, Cen K. Hydrodeoxygenation and
hydrocracking of microalgae biodiesel to produce jet biofuel over H3PW12040-
Ni/hierarchical mesoporous zeolite Y catalyst. Fuel 2019;245:384-91.

Kim TH, et al. A novel process for the coproduction of biojet fuel and high-value
polyunsaturated fatty acid esters from heterotrophic microalgae Schizochytrium
sp. ABC101. Renew Energy 2021;165:481-90.

Zhou L, Lawal A. Hydrodeoxygenation of microalgae oil to green diesel over Pt,
Rh and presulfided NiMo catalysts. Catal Sci Technol 2016;6:1442-54.

Zhang D, Ma XL, Gu Y, Huang H, Zhang GW. Green synthesis of metallic
nanoparticles and their potential applications to treat cancer. Front Chem 2020;8:
1-18.

Araya-Castro K, Chao TC, Duran-Vinet B, Cisternas C, Ciudad G, Rubilar O. Green
synthesis of copper oxide nanoparticles using protein fractions from an aqueous
extract of brown algae macrocystis pyrifera. Processes 2021;9:1-10.
Dahoumane SA, et al. Algae-mediated biosynthesis of inorganic nanomaterials as
a promising route in nanobiotechnology-a review. Green Chem 2017;19:552-87.
Hulikere MM, Joshi CG. Characterization, antioxidant and antimicrobial activity
of silver nanoparticles synthesized using marine endophytic fungus-
Cladosporium cladosporioides. Process Biochem 2019;82:199-204.


http://refhub.elsevier.com/S1364-0321(23)01125-5/sref167
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref167
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref168
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref168
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref168
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref169
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref169
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref170
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref170
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref170
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref171
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref171
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref171
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref172
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref172
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref172
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref173
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref173
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref173
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref174
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref174
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref174
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref175
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref175
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref176
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref176
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref176
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref177
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref177
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref177
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref178
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref178
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref178
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref179
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref179
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref179
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref180
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref180
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref181
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref181
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref181
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref182
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref182
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref182
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref183
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref183
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref183
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref184
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref184
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref184
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref185
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref185
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref185
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref186
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref186
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref187
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref187
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref187
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref187
http://www.sciencedirect.com/science/article/pii/B9780080994086000062
http://www.sciencedirect.com/science/article/pii/B9780080994086000062
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref189
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref189
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref189
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref189
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref190
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref190
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref191
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref191
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref191
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref192
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref192
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref192
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref192
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref193
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref193
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref193
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref194
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref194
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref194
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref195
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref195
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref195
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref196
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref196
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref196
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref197
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref197
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref197
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref198
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref198
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref198
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref198
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref199
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref199
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref200
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref200
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref200
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref201
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref201
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref201
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref202
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref202
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref202
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref202
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref203
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref203
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref203
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref203
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref204
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref204
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref205
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref205
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref206
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref206
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref206
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref207
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref207
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref207
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref208
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref208
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref209
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref209
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref210
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref210
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref211
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref211
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref212
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref212
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref212
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref213
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref213
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref213
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref214
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref214
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref215
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref215
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref215
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref216
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref216
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref216
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref216
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref217
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref217
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref218
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref218
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref219
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref219
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref219
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref220
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref220
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref220
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref221
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref221
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref221
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref222
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref222
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref223
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref223
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref223
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref224
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref224
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref224
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref225
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref225
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref226
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref226
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref226

H.EA.

[227]

[228]

[229]

[230]

[231]
[232]

[233]

[234]

[235]
[236]

[237]

[238]

[239]
[240]

[241]

[242]

[243]

[244]

[245]

[246]
[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

Ali et al.

Akilandaeaswari B, Muthu K. Green method for synthesis and characterization of
gold nanoparticles using Lawsonia inermis seed extract and their photocatalytic
activity. Mater Lett 2020;277:128344.

Salih TA, Hassan KT, Majeed SR, Ibraheem 1J, Hassan OM, Obaid AS. In vitro
scolicidal activity of synthesised silver nanoparticles from aqueous plant extract
against Echinococcus granulosus. Biotechnol Reports 2020;28:€00545.

Dixit D, Gangadharan D, Popat KM, Reddy CRK, Trivedi M, Gadhavi DK.
Synthesis, characterization and application of green seaweed mediated silver
nanoparticles (AgNPs) as antibacterial agents for water disinfection. Water Sci
Technol 2018;78:235-46.

Manikandan R, et al. Synthesis, characterization, anti-proliferative and wound
healing activities of silver nanoparticles synthesized from Caulerpa
scalpelliformis. Process Biochem 2019;79:135-41.

Thakkar KN, Mhatre SS, Parikh RY. Biological synthesis of metallic nanoparticles.
Nanomedicine Nanotechnology, Biol Med 2010;6:257-62.

Shu M, et al. Biosynthesis and antibacterial activity of silver nanoparticles using
yeast extract as reducing and capping agents. Nanoscale Res Lett 2020;15.
El-Rafie HM, El-Rafie MH, Zahran MK. Green synthesis of silver nanoparticles
using polysaccharides extracted from marine macro algae. Carbohydr Polym
2013;96:403-10.

Abdul Razack S, Duraiarasan S, Mani V. Biosynthesis of silver nanoparticle and its
application in cell wall disruption to release carbohydrate and lipid from C.
vulgaris for biofuel production. Biotechnol Reports 2016;11:70-6.
Asmathunisha N, Kathiresan K. A review on biosynthesis of nanoparticles by
marine organisms. Colloids Surfaces B Biointerfaces 2013;103:283-7.

Huang NM, et al. y-Ray assisted synthesis of Ni3Se2 nanoparticles stabilized by
natural polymer. Chem Eng J 2009;147:399-404.

Anthony KJP, Murugan M, Gurunathan S. Biosynthesis of silver nanoparticles
from the culture supernatant of Bacillus marisflavi and their potential
antibacterial activity. J Ind Eng Chem 2014;20:1505-10.

Chugh D, Viswamalya VS, Das B. Green synthesis of silver nanoparticles with
algae and the importance of capping agents in the process. J Genet Eng Biotechnol
2021;19.

Mukherjee A, Sarkar D, Sasmal S. A review of green synthesis of metal
nanoparticles using algae. Front Microbiol 2021;12:1-7.

Dhavale R, Jadhav S, Sibi G. Microalgae mediated silver nanoparticles (Ag-NPs)
synthesis and their biological activities. J Crit Rev 2020;7:15-20.

Chugh D, Viswamalya VS, Das B. Green synthesis of silver nanoparticles with
algae and the importance of capping agents in the process. J Genet Eng Biotechnol
2021;19.

Pattarkine MV, Pattarkine VM. Nanotechnology for algal biofuels. In: Berlin SJ,
Gordon R, editors. The science of algal fuels. Springer; 2012. p. 147-63.
Hosseini SE, Wahid MA. Hydrogen production from renewable and sustainable
energy resources: promising green energy carrier for clean development. Renew
Sustain Energy Rev 2016;57:850-66.

Shanab SMM, Partila AM, Ali HEA, Abdullah MA. Impact of gamma-irradiated
silver nanoparticles biosynthesized from Pseudomonas aeruginosa on growth,
lipid, and carbohydrates of Chlorella vulgaris and Dictyochloropsis splendida.

J Radiat Res Appl Sci 2021;14:70-81.

Fathy W, et al. Biosynthesis of silver nanoparticles from Synechocystis sp to be
used as a flocculant agent with different microalgae strains. Curr Nanomater
2020;5:175-87.

Dash A, Singh AP, Chaudhary BR, Singh SK, Dash D. Effect of silver nanoparticles
on growth of eukaryotic green algae. Nano-Micro Lett 2012;4:158-65.

Li Q, et al. Antimicrobial nanomaterials for water disinfection and microbial
control: potential applications and implications. Water Res 2008;42:4591-602.
Nagappan S, Kumar G. Investigation of four microalgae in nitrogen deficient
synthetic wastewater for biorefinery based biofuel production. Environ Technol
Innov 2021;23:101572.

Trivedi J, Aila M, Bangwal DP, Kaul S, Garg MO. Algae based biorefinery - How to
make sense? Renew Sustain Energy Rev 2015;47:295-307.

Seo JY, et al. Multifunctional nanoparticle applications to microalgal biorefinery.
Nanotechnology for bioenergy and biofuel production 2017:59-87. Springer,
Cham.

Bhattacharya M, Goswami S. Microalgae — a green multi-product biorefinery for
future industrial prospects. Biocatal Agric Biotechnol 2020;25:101580.

Padrova K, et al. Trace concentrations of iron nanoparticles cause overproduction
of biomass and lipids during cultivation of cyanobacteria and microalgae. J Appl
Phycol 2015;27:1443-51.

Huang WC, Kim JD. Nickel oxide nanoparticle-based method for simultaneous
harvesting and disruption of microalgal cells. Bioresour Technol 2016;218:
1290-3.

Seo JY, et al. Downstream integration of microalgae harvesting and cell
disruption by means of cationic surfactant-decorated Fe304 nanoparticles. Green
Chem 2016;18:3981-9.

Kim J, et al. Methods of downstream processing for the production of biodiesel
from microalgae. Biotechnol Adv 2013;31:862-76.

Kim B, et al. Magnesium aminoclay enhances lipid production of mixotrophic
Chlorella sp. KR-1 while reducing bacterial populations. Bioresour Technol 2016;
219:608-13.

Farooq W, Lee HU, Huh YS, Lee YC. Chlorella vulgaris cultivation with an
additive of magnesium-aminoclay. Algal Res 2016;17:211-6.

Vargas-Estrada L, Torres-Arellano S, Longoria A, Arias DM, Okoye PU,
Sebastian PJ. Role of nanoparticles on microalgal cultivation: a review. Fuel
2020;280:118598.

20

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]
[281]
[282]

[283]

[284]
[285]

[286]

[287]

[288]

ble and S ble Energy R 192 (2024) 114267

R,
R

Al-Ali AAA, Al-Tamimi SQ, Al-Maliki SJ, Abdullah MA. Toxic effects of zinc oxide
nanoparticles and histopathological and caspase-9 expression changes in the liver
and lung tissues of male mice model. Appl Nanosci 2022;12:193-203.

He M, et al. Improvement on lipid production by Scenedesmus obliquus triggered
by low dose exposure to nanoparticles. Sci Rep 2017;7:1-12.

Deng XY, Cheng J, Hu XL, Wang L, Li D, Gao K. Biological effects of TiO2 and
CeO2 nanoparticles on the growth, photosynthetic activity, and cellular
components of a marine diatom Phaeodactylum tricornutum. Sci Total Environ
2017;575:87-96.

Vasistha S, Khanra A, Rai MP. Influence of microalgae-ZnO nanoparticle
association on sewage wastewater towards efficient nutrient removal and
improved biodiesel application: an integrated approach. J Water Process Eng
2021;39:101711.

Chen X, Zhang C, Tan L, Wang J. Toxicity of Co nanoparticles on three species of
marine microalgae. Environ Pollut 2018;236:454-61.

Da Costa CH, Perreault F, Oukarroum A, Melegari SP, Popovic R, Matias WG.
Effect of chromium oxide (III) nanoparticles on the production of reactive oxygen
species and photosystem II activity in the green alga Chlamydomonas reinhardtii.
Sci Total Environ 2015;565:951-60.

Miazek K, Iwanek W, Remacle C, Richel A, Goffin D. Effect of metals, metalloids
and metallic nanoparticles on microalgae growth and industrial product
biosynthesis: a review. Int J Mol Sci 2015;16:23929-69.

Kadar E, Rooks P, Lakey C, White DA. The effect of engineered iron nanoparticles
on growth and metabolic status of marine microalgae cultures. Sci Total Environ
2012;439:8-17.

Kang NK, et al. Enhancing lipid productivity of Chlorella vulgaris using oxidative
stress by TiO2 nanoparticles. Korean J Chem Eng 2014;31:861-7.

Sarma SJ, et al. Application of magnesium sulfate and its nanoparticles for
enhanced lipid production by mixotrophic cultivation of algae using biodiesel
waste. Energy 2014;78:16-22.

Rana MS, Bhushan S, Sudhakar DR, Prajapati SK. Effect of iron oxide
nanoparticles on growth and biofuel potential of Chlorella spp. Algal Res 2020;
49:101942.

Saxena P, Sangela V, Harish. Toxicity evaluation of iron oxide nanoparticles and
accumulation by microalgae Coelastrella terrestris. Environ Sci Pollut Res 2020;
27:19650-60.

Aravantinou AF, Andreou F, Manariotis ID. Long-term toxicity of zno
nanoparticles on scenedesmus rubescens cultivated in semi-batch mode.
Nanomaterials 2020;10:1-14.

Ren HY, et al. Enhanced microalgal growth and lipid accumulation by addition of
different nanoparticles under xenon lamp illumination. Bioresour Technol 2020;
297:122409.

Fazelian N, Movafeghi A, Yousefzadi M, Rahimzadeh M, Zarei M. Impact of silver
nanoparticles on the growth, fatty acid profile, and antioxidative response of
Nannochloropsis oculata. Acta Physiol Plant 2020;42:1-14.

Fazelian N, Yousefzadi M, Movafeghi A. Algal response to metal oxide
nanoparticles: analysis of growth, protein content, and fatty acid composition.
Bioenergy Res 2020;13:944-54.

Pham TL. Effect of silver nanoparticles on Tropical freshwater and marine
microalgae. J Chem 2019;2019. 7.

Wu H, Shabala L, Shabala S, Giraldo JP. Hydroxyl radical scavenging by cerium
oxide nanoparticles improves Arabidopsis salinity tolerance by enhancing leaf
mesophyll potassium retention. Environ Sci Nano 2018;5:1567-83.

Phogat N, Kohl M, Uddin I, Jahan A. Interaction of nanoparticles with
Biomolecules, protein, enzymes, and its applications. In: Precision Medicine:
Tools and quantitative approaches. Elsevier Inc.; 2018. p. 253-76.

Zabawinski C, et al. Starchless mutants of Chlamydomonas reinhardtii lack the
small subunit of a heterotetrameric ADP-glucose pyrophosphorylase. J Bacteriol
2001;183:1069-77.

Sarkar RD, Singh HB, Kalita MC. Enhanced lipid accumulation in microalgae
through nanoparticle-mediated approach, for biodiesel production: a mini-
review. Heliyon 2021;7:08057.

Sharma PK, Saharia M, Srivstava R, Kumar S, Sahoo L. Tailoring microalgae for
efficient biofuel production. Front Mar Sci 2018;5:382.

Adochite C, Andronic L. Aquatic toxicity of photocatalyst nanoparticles to green
microalgae chlorella vulgaris. Water 2021;13.

Ji J, Long Z, Lin D. Toxicity of oxide nanoparticles to the green algae Chlorella sp.
Chem Eng J 2011;170:525-30.

Sibi G, Kumar DA, Gopal T, Harinath K, Banupriya S, Chaitra S. Metal
nanoparticle triggered growth and lipid production in chlorella vulgaris. Int J Sci
Res Environ Sci Toxicol 2017;2:1-8 [Online]. Available: www.symbiosisonli
nepublishing.com.

Torkamani S, Wani SN, Tang YJ, Sureshkumar R. Plasmon-enhanced microalgal
growth in miniphotobioreactors. Appl Phys Lett 2010;97:4-7.

Estime B, Ren D, Sureshkumar R. Effects of plasmonic film filters on microalgal
growth and biomass composition. Algal Res 2015;11:85-9.

Zimmerman WB, Tesar V, Bandulasena HCH. Towards energy efficient
nanobubble generation with fluidic oscillation. Curr Opin Colloid Interface Sci
2011;16:350-6.

Fu J, Huang Y, Liao Q, Xia A, Fu Q, Zhu X. Photo-bioreactor design for
microalgae: a review from the aspect of CO2 transfer and conversion. Bioresour
Technol 2019;292:121947.

Zheng Q, Xu X, Martin GJO, Kentish SE. Critical review of strategies for CO2
delivery to large-scale microalgae cultures. Chinese J Chem Eng 2018;26:
2219-28.


http://refhub.elsevier.com/S1364-0321(23)01125-5/sref227
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref227
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref227
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref228
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref228
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref228
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref229
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref229
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref229
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref229
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref230
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref230
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref230
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref231
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref231
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref232
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref232
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref233
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref233
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref233
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref234
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref234
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref234
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref235
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref235
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref236
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref236
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref237
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref237
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref237
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref238
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref238
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref238
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref239
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref239
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref240
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref240
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref241
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref241
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref241
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref242
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref242
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref243
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref243
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref243
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref244
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref244
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref244
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref244
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref245
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref245
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref245
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref246
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref246
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref247
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref247
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref248
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref248
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref248
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref249
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref249
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref250
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref250
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref250
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref251
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref251
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref252
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref252
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref252
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref253
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref253
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref253
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref254
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref254
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref254
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref255
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref255
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref256
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref256
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref256
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref257
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref257
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref258
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref258
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref258
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref259
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref259
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref259
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref260
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref260
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref261
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref261
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref261
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref261
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref262
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref262
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref262
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref262
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref263
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref263
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref264
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref264
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref264
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref264
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref265
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref265
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref265
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref266
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref266
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref266
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref267
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref267
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref268
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref268
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref268
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref269
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref269
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref269
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref270
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref270
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref270
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref271
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref271
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref271
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref272
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref272
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref272
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref273
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref273
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref273
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref274
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref274
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref274
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref275
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref275
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref276
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref276
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref276
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref277
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref277
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref277
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref278
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref278
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref278
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref279
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref279
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref279
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref280
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref280
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref281
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref281
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref282
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref282
http://www.symbiosisonlinepublishing.com
http://www.symbiosisonlinepublishing.com
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref284
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref284
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref285
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref285
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref286
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref286
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref286
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref287
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref287
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref287
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref288
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref288
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref288

H.EA.

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]
[303]
[304]

[305]

[306]

[307]

[308]

[309]

[310]
[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

Ali et al.

Choi SJ, Kim YH, Jung IH, Lee JH. Effect of nano bubble oxygen and hydrogen
water on microalgae. Appl Chem Eng 2014;25:324-9.

Favvas EP, Kyzas GZ, Efthimiadou EK, Mitropoulos AC. Bulk nanobubbles,
generation methods and potential applications. Curr Opin Colloid Interface Sci
2021;54:101455.

Wang SK, Stiles AR, Guo C, Liu CZ. Harvesting microalgae by magnetic
separation: a review. Algal Res 2015;9:178-85.

Abdelaziz AEM, Leite GB, Hallenbeck PC. Addressing the challenges for
sustainable production of algal biofuels: II. Harvesting and conversion to biofuels.
Environ Technol 2013;34:1807-36.

Vandamme D, Foubert I, Muylaert K. Flocculation as a low-cost method for
harvesting microalgae for bulk biomass production. Trends Biotechnol 2013;31:
233-9.

Borlido L, Azevedo AM, Roque ACA, Aires-Barros MR. Magnetic separations in
biotechnology. Biotechnol Adv 2013;31:1374-85.

Yang Y, et al. Interpretation of the disparity in harvesting efficiency of different
types of Microcystis aeruginosa using polyethylenimine (PEI)-coated magnetic
nanoparticles. Algal Res 2018;29:257-65.

Lin Z, et al. Application and reactivation of magnetic nanoparticles in Microcystis
aeruginosa harvesting. Bioresour Technol 2015;190:82-8.

Hu YR, Wang F, Wang SK, Liu CZ, Guo C. Efficient harvesting of marine
microalgae Nannochloropsis maritima using magnetic nanoparticles. Bioresour
Technol 2013;138:387-90.

Bos R, Van Der Mei HC, Busscher HJ. Physico-chemistry of initial microbial
adhesive interactions - its mechanisms and methods for study. FEMS Microbiol
Rev 1999;23:179-230.

Fraga-Garcia P, Kubbutat P, Brammen M, Schwaminger S, Berensmeier S. Bare
iron oxide nanoparticles for magnetic harvesting of microalgae: from interaction
behavior to process realization. Nanomaterials 2018;8.

Zhu LD, Hiltunen E, Li Z. Using magnetic materials to harvest microalgal biomass:
evaluation of harvesting and detachment efficiency. Environ Technol 2019;40:
1006-12.

Japar SA, Azis NM, Sobri M, Haiza N, Yasin M. Application of different techniques
to harvest microalgae. Trans Sci Technol 2017;4:98-108 [Online]. Available:
http://transectscience.org/pdfs/vol4/no2/4x2x98x108.pdf.

Xu Y, Fu 'Y, Zhang D. Cost-effectiveness analysis on magnetic harvesting of algal
cells. Mater Today Proc 2017;4:50-6.

Fu Y, et al. Application and mechanisms of microalgae harvesting by magnetic
nanoparticles (MNPs). Sep Purif Technol 2021;265:1-7.

Lim JK, et al. Rapid magnetophoretic separation of microalgae. Small 2012;8:
1683-92.

Wang SK, Wang F, Hu YR, Stiles AR, Guo C, Liu CZ. Magnetic flocculant for high
efficiency harvesting of microalgal cells. ACS Appl Mater Interfaces 2014;6:
109-15.

Ge S, Agbakpe M, Zhang W, Kuang L. Heteroaggregation between PEI-coated
magnetic nanoparticles and algae: effect of particle size on algal harvesting
efficiency. ACS Appl Mater Interfaces 2015;7:6102-8.

Hena S, Fatihah N, Tabassum S, Lalung J, Jing SY. Magnetophoretic harvesting of
freshwater microalgae using polypyrrole/Fe304 nanocomposite and its
reusability. J Appl Phycol 2016;28:1597-609.

Seo JY, et al. Effect of barium ferrite particle size on detachment efficiency in
magnetophoretic harvesting of oleaginous Chlorella sp. Bioresour Technol 2014;
152:562-6.

Vashist V, Chauhan D, Bhattacharya A, Rai MP. Role of silica coated magnetic
nanoparticle on cell flocculation, lipid extraction and linoleic acid production
from Chlorella pyrenoidosa. Nat Prod Res 2020;34:2852-6.

Farooq W, Lee YC, Han JI, Darpito CH, Choi M, Yang JW. Efficient microalgae
harvesting by organo-building blocks of nanoclays. Green Chem 2013;15:749-55.
Lee YC, et al. Aminoclay-induced humic acid flocculation for efficient harvesting
of oleaginous Chlorella sp. Bioresour Technol 2014;153:365-9.

Lee YC, et al. Aminoclay-templated nanoscale zero-valent iron (nZVI) synthesis
for efficient harvesting of oleaginous microalga, Chlorella sp. KR-1. RSC Adv
2014;4:4122-7.

Ji HM, et al. Efficient harvesting of wet blue-green microalgal biomass by two-
aminoclay [AC]-mixture systems. Bioresour Technol 2016;211:313-8.

Kim B, Bui VKH, Farooq W, Jeon SG, Oh YK, Lee YC. Magnesium aminoclay-
Fe304 (MgAC-Fe304) hybrid composites for harvesting of mixed microalgae.
Energies 2018;11:1-10.

Marrone BL, et al. Review of the harvesting and extraction program within the
National Alliance for advanced biofuels and bioproducts. Algal Res 2018;33:
470-85.

Khanra A, Vasistha S, Prakash Rai M. ZrO2 nanoparticles mediated flocculation
and increased lipid extraction in chlorococcum sp. for biodiesel production: a cost
effective approach. Mater Today Proc 2020;28:1847-52.

Lee YC, et al. Lipid extractions from docosahexaenoic acid (DHA)-rich and
oleaginous Chlorella sp. biomasses by organic-nanoclays. Bioresour Technol
2013;137:74-81.

Lee YC, Huh YS, Farooq W, Han JI, Oh YK, Park JY. Oil extraction by
aminoparticle-based H202 activation via wet microalgae harvesting. RSC Adv
2013;3:12802-9.

Lee YC, et al. Aminoclay-conjugated TiO2 synthesis for simultaneous harvesting
and wet-disruption of oleaginous Chlorella sp. Chem Eng J 2014;245:143-9.
Valenstein JS, Kandel K, Melcher F, Slowing II, Lin VSY, Trewyn BG. Functional
mesoporous silica nanoparticles for the selective sequestration of free fatty acids
from microalgal oil. ACS Appl Mater Interfaces 2012;4:1003-9.

21

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]
[332]

[333]

[334]

[335]

[336]

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

ble and S 192 (2024) 114267

R ble Energy R
Chen SY, Mochizuki T, Abe Y, Toba M, Yoshimura Y. Ti-incorporated SBA-15
mesoporous silica as an efficient and robust Lewis solid acid catalyst for the
production of high-quality biodiesel fuels. Appl Catal B Environ 2014;148-149:
344-56.

Kim SH, Huang Y, Sawatdeenarunat C, Sung S, Lin VSY. Selective sequestration of
carboxylic acids from biomass fermentation by surface-functionalized
mesoporous silica nanoparticles. J Mater Chem 2011;21:12103-9.

Datta S, Veena R, Samuel MS, Selvarajan E. Immobilization of laccases and
applications for the detection and remediation of pollutants: a review. Environ
Chem Lett 2021;19:521-38.

Zhang H, Han L, Dong H. An insight to pretreatment, enzyme adsorption and
enzymatic hydrolysis of lignocellulosic biomass: Experimental and modeling
studies. Renew Sustain Energy Rev 2021;140:110758.

Abraham RE, Puri M. Nano-immobilized cellulases for biomass processing with
application in biofuel production. first ed., vol. 630. Elsevier Inc.; 2020.
Mohamad NR, Marzuki NHC, Buang NA, Huyop F, Wahab RA. An overview of
technologies for immobilization of enzymes and surface analysis techniques for
immobilized enzymes. Biotechnol Biotechnol Equip 2015;29:205-20.

Xie W, Zang X. Covalent immobilization of lipase onto aminopropyl-
functionalized hydroxyapatite-encapsulated-y-Fe203 nanoparticles: a magnetic
biocatalyst for interesterification of soybean oil. Food Chem 2017;227:397-403.
Mehrasbi MR, Mohammadi J, Peyda M, Mohammadi M. Covalent immobilization
of Candida Antarctica lipase on core-shell magnetic nanoparticles for production
of biodiesel from waste cooking oil. Renew Energy 2017;101:593-602.

Tully J, Yendluri R, Lvov Y. Halloysite clay nanotubes for enzyme immobilization.
Biomacromolecules 2016;17:615-21.

Xie W, Huang M. Immobilization of Candida rugosa lipase onto graphene oxide
Fe304 nanocomposite: characterization and application for biodiesel production.
Energy Convers Manag 2018;159:42-53.

Gao J, et al. Monodisperse core-shell magnetic organosilica nanoflowers with
radial wrinkle for lipase immobilization. Chem Eng J 2017;309:70-9.
Khoshnevisan K, et al. Immobilization of cellulase enzyme onto magnetic
nanoparticles: applications and recent advances. Mol Catal 2017;442:66-73.
Poorakbar E, et al. Synthesis of magnetic gold mesoporous silica nanoparticles
core shell for cellulase enzyme immobilization: improvement of enzymatic
activity and thermal stability. Process Biochem 2018;71:92-100.

Ren W, et al. Synthesis of magnetic nanoflower immobilized lipase and its
continuous catalytic application. New J Chem 2019;43:11082-90.

Sillu D, Agnihotri S. Cellulase immobilization onto magnetic Halloysite
nanotubes: enhanced enzyme activity and stability with high cellulose
saccharification. ACS Sustain Chem Eng 2020;8:900-13.

Moreira K da S, et al. Lipase from Rhizomucor miehei immobilized on magnetic
nanoparticles: performance in fatty acid Ethyl ester (FAEE) optimized production
by the Taguchi method. Front Bioeng Biotechnol 2020;8:1-17.

Macario A, Verri F, Diaz U, Corma A, Giordano G. Pure silica nanoparticles for
liposome/lipase system encapsulation: application in biodiesel production. Catal
Today 2013;204:148-55.

Srivastava N, Singh J, Ramteke PW, Mishra PK, Srivastava M. Improved
production of reducing sugars from rice straw using crude cellulase activated with
Fe304/Alginate nanocomposite. Bioresour Technol 2015;183:262-6.

Wang ZG, Wan LS, Liu ZM, Huang XJ, Xu ZK. Enzyme immobilization on
electrospun polymer nanofibers: an overview. J Mol Catal B Enzym 2009;56:
189-95.

Das P, Chandramohan VP, Mathimani T, Pugazhendhi A. A comprehensive review
on the factors affecting thermochemical conversion efficiency of algal biomass to
energy. Sci Total Environ 2021;766:144213.

Choudhary P, et al. A review of biochemical and thermochemical energy
conversion routes of wastewater grown algal biomass. Sci Total Environ 2020;
726:137961.

Yahya NY, Ngadi N, Jusoh M, Halim NAA. Characterization and parametric study
of mesoporous calcium titanate catalyst for transesterification of waste cooking
oil into biodiesel. Energy Convers Manag 2016;129:275-83.

Guan Q, et al. Sulfonated multi-walled carbon nanotubes for biodiesel production
through triglycerides transesterification. RSC Adv 2017;7:7250-8.

Sadhik Basha J, Anand RB. Role of nanoadditive blended biodiesel emulsion fuel
on the working characteristics of a diesel engine. J Renew Sustain Energy 2011;3:
023138.

Kaewtrakulchai N, Kaewmeesri R, Itthibenchapong V, Eiad-Ua A,

Faungnawakij K. Palm oil conversion to bio-jet and green diesel fuels over cobalt
phosphide on porous carbons derived from palm male flowers. Catalysts 2020;10:
1-18.

Das PK, Das BP, Dash P. Application of nanotechnology in the production of
bioenergy from algal biomass: opportunities and challenges. In: Nanomaterials.
Academic Press; 2021. p. 355-77.

Esmaeili H. A critical review on the economic aspects and life cycle assessment of
biodiesel production using heterogeneous nanocatalysts. Fuel Process Technol
2022;230:1-7.

Chen J, Tyagi RD, Li J, Zhang X, Drogui P, Sun F. Economic assessment of
biodiesel production from wastewater sludge. Bioresour Technol 2018;253:41-8.
Yasar F. Biodiesel production via waste eggshell as a low-cost heterogeneous
catalyst: its effects on some critical fuel properties and comparison with CaO. Fuel
2019;255:115828.

Carrero A, Vicente G, Rodriguez R, Linares M, Del Peso GL. Hierarchical zeolites
as catalysts for biodiesel production from Nannochloropsis microalga oil. Catal
Today 2011;167:148-53.


http://refhub.elsevier.com/S1364-0321(23)01125-5/sref289
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref289
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref290
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref290
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref290
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref291
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref291
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref292
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref292
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref292
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref293
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref293
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref293
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref294
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref294
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref295
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref295
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref295
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref296
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref296
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref297
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref297
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref297
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref298
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref298
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref298
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref299
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref299
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref299
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref300
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref300
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref300
http://transectscience.org/pdfs/vol4/no2/4x2x98x108.pdf
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref302
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref302
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref303
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref303
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref304
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref304
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref305
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref305
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref305
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref306
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref306
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref306
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref307
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref307
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref307
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref308
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref308
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref308
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref309
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref309
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref309
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref310
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref310
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref311
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref311
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref312
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref312
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref312
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref313
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref313
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref314
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref314
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref314
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref315
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref315
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref315
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref316
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref316
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref316
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref317
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref317
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref317
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref318
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref318
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref318
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref319
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref319
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref320
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref320
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref320
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref321
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref321
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref321
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref321
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref322
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref322
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref322
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref323
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref323
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref323
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref324
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref324
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref324
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref325
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref325
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref326
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref326
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref326
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref327
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref327
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref327
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref328
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref328
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref328
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref329
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref329
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref330
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref330
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref330
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref331
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref331
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref332
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref332
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref333
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref333
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref333
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref334
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref334
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref335
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref335
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref335
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref336
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref336
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref336
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref337
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref337
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref337
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref338
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref338
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref338
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref339
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref339
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref339
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref340
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref340
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref340
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref341
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref341
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref341
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref342
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref342
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref342
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref343
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref343
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref344
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref344
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref344
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref345
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref345
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref345
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref345
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref346
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref346
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref346
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref347
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref347
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref347
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref348
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref348
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref349
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref349
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref349
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref350
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref350
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref350

H.EA.

[351]

[352]

[353]

[354]

Ali et al.

Peng B, Yao Y, Zhao C, Lercher JA. Towards quantitative conversion of
microalgae oil to diesel-range alkanes with bifunctional catalysts. Angew Chemie
- Int Ed 2012;51:2072-5.

Davoodbasha MA, Pugazhendhi A, Kim JW, Lee SY, Nooruddin T. Biodiesel
production through transesterification of Chlorella vulgaris: synthesis and
characterization of CaO nanocatalyst. Fuel 2021;300:121018.

Tran DT, Yeh KL, Chen CL, Chang JS. Enzymatic transesterification of microalgal
oil from Chlorella vulgaris ESP-31 for biodiesel synthesis using immobilized
Burkholderia lipase. Bioresour Technol 2012;108:119-27.

San NO, Kursungoz C, Tiimtas Y, Yasa O, Ortag B, Tekinay T. Novel one-step
synthesis of silica nanoparticles from sugarbeet bagasse by laser ablation and
their effects on the growth of freshwater algae culture. Particuology 2014;17:
29-35.

22

[355]

[356]

[357]

[358]

ble and S Bl Energy R

R,
R

192 (2024) 114267

Ruixin G, Yiyun L, Chen J. Toxic effect of nano-TiO2 and nano-carbon on
Microcystis aeruginosa. In: International conference on advances in energy,
environment and chemical engineering. vol. 15; 2015. p. 700-3. AEECE-2015)
Toxic.

Ooms MD, Jeyaram Y, Sinton D. Wavelength-selective plasmonics for enhanced
cultivation of microalgae. Appl Phys Lett 2015;106:1-5.

Li X, Liu B, Lao Y, Wan P, Mao X, Chen F. Efficient magnetic harvesting of
microalgae enabled by surface-initiated formation of iron nanoparticles. Chem
Eng J 2021;408:127252.

Liu P, Wang T, Yang Z, Hong Y, Xie X, Hou Y. Effects of Fe304 nanoparticle
fabrication and surface modification on Chlorella sp. harvesting efficiency. Sci
Total Environ 2020;704:135286.


http://refhub.elsevier.com/S1364-0321(23)01125-5/sref351
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref351
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref351
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref352
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref352
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref352
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref353
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref353
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref353
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref354
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref354
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref354
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref354
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref355
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref355
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref355
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref355
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref356
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref356
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref357
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref357
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref357
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref358
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref358
http://refhub.elsevier.com/S1364-0321(23)01125-5/sref358

	Nanoparticle applications in Algal-biorefinery for biofuel production
	1 Introduction
	2 Initiatives to develop algal biofuels
	3 Nanoparticle applications
	4 Nanoparticle-assisted algal biofuels
	4.1 Biodiesel
	4.2 Bioethanol
	4.3 Biohydrogen
	4.4 Biogas
	4.5 Microbial Fuel Cells
	4.6 Jet biofuel

	5 Biosynthesized nanoparticles
	6 Nanoparticle-assisted algal biorefinery
	6.1 Cultivation
	6.2 Harvesting
	6.3 Cell-disruption and extraction
	6.4 Enzymes immobilization
	6.5 Conversion to biofuels

	7 Challenges and future outlook
	8 Conclusions
	Funding
	Authors’ contribution
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


