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1. Introduction

On prehistoric Earth, microalgae were the first photosynthetic organisms. By reducing significant amounts of carbon

dioxide through photosynthesis, unicellular microorganisms help to lower greenhouse gases in the atmosphere.

Consequently, algae are considered a feasible carbon capture technique . Microalgae can be divided into prokaryotic

cyanobacteria, which come in blue and green colors, and eukaryotic microalgae, such as the brown Phaeophyta, green

Chlorophyta, and gold Chrysophyceae . Additionally, they are divided into groups based on various metabolic processes

(e.g., heterotrophic, photoautotrophic, photoheterotrophic, and mixotrophic) . Algae’s unique metabolisms contribute to a

highly diverse variety of biological settings, including habitats with severe temperatures and pH levels, freshwater or

saltwater, and effluents with a high concentration of organic and inorganic substances . Microalgal biomass is produced

at a rapid rate because of its brief life cycle. Many studies investigated the potential uses of algae for bioremediation and

the creation of added-value products such as, e.g., bio-oil, biochar, syngas, and biopolymers .

Biochar is a carbonaceous substance that is created from algal biomass by thermal breakdown in an oxygen-absence

environment. The biomass content (such as cellulose, lignin, protein, etc.) and its thermochemical process (e.g.,

hydrothermal liquefaction, pyrolysis, torrefaction, gasification, direct combustion) have a significant impact on the structure

and physicochemical features of biochar . By modifying heating conditions (final temperature and heating rate) and

biomass precursors, biochar with high physicochemical characteristics, porous structure, and structural stability, as well as

having enough surface functional groups and ash, may be particularly developed . Biochar has recently gained

popularity due to its ease of production, low cost, and high sustainability . As algal biochar has high adsorption capacity,

the use of conventional coal-based carbons in the wastewater treatment filed may be reduced or eliminated. Biochar is

comparatively stable, renewable, cost-effective, and ecologically sustainable, due to lower manufacturing costs than non-

renewable activated carbons . Various studies have examined the use of algal biochar as a low-cost,

environmentally friendly biochar technology in wastewater remediation and other useful applications .

2. Biochar

2.1. Formation and Characterization of Microalgal-Based Biochar

Many processes for producing biochar from microalgae using thermochemical reactions have been developed.

Hydrothermal carbonization (HTC), pyrolysis, and torrefaction are the main studied methods. However, post-treatment

have recently received a great deal of attention. Biochemical methods such as anaerobic digestion and fermentation are

also discussed in the literature. However, thermochemical methods are preferable due to their high efficiency, quality, and

yield . Biochemical methods are efficient when high moisture content microalgae, above 50%, are converted to

biochar .

2.1.1. Torrefaction

Torrefaction is used to remove volatiles before pyrolysis; in other words, it is used as a pre-treatment step prior to the

pyrolysis process. Torrefaction can be used in both wet and dry environments. Wet torrefaction is conducted at

temperatures between 180 and 260 °C under higher pressures (200–700 psi) and a residence time of 5 min, while dry

torrefaction conditions are: temperature (200–300 °C), pressure (atmospheric pressure), and a reaction time of 80 min.
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The type of torrefaction has a significant impact on the quality of the biochar produced. Wet torrefactions produce high

yields with low ash content and great hydrophobicity, which significantly increase the adsorption capacity of produced

biochar . Moreover, moisture content increases the heat transfer rate, which decreases the cost of heating.

Furthermore, hydrolysis attack, which leads to biomass decomposition, is easily triggered in a wet environment .

Recently, microwave-assessed wet torrefaction has gained more attention as microwave heating has advantages such as

uniform heat distribution, instantaneous start/stop, and rapid heating rate . Gan et al.  investigated the

performance of microwave-assessed wet torrefaction in water and acid media for biochar production from microalgae

(Chlorella sp.). The findings revealed that acid media combined with microwave-assisted torrefaction produced a high

solid yield. The use of sulfuric acid could produce solids suitable for bioethanol production, while using organic acid could

produce biochar applicable for solid fuel. High-yield biochar could be produced by a torrefaction system with a short time,

low temperature, and low heating rate . In addition, hydrophobic biochar could be produced as a torrefaction process

that could destroy the hydroxyl groups of microalgal biomass by heating . In contrast, some studies reported that high

temperature and reaction time could decrease the H and O content in biochar .

2.1.2. Pyrolysis

Pyrolysis is the most common thermochemical process for converting algae biomass into value-added products such as

biochar and bio-oil. The old version of pyrolysis is known as slow pyrolysis, while the other advanced pyrolysis processes

are fast pyrolysis, catalytic pyrolysis, microwave-assisted pyrolysis, and hydro-pyrolysis . Before algae undergo the

pyrolysis process, pretreatment using acid is needed to remove inorganic chemicals such as Ca, Na, Mg, and K from the

biomass. Differently, these chemicals could increase the ash content of biochar, which would decrease the biochar yield

during pyrolysis .

Slow pyrolysis is the old version for high-yield biochar production thermochemically from algae biomass . The slow

pyrolysis process conducts at temperatures of 550–950 °C with more than a 5 min reaction time and a heating rate less

than 60 °C/min . One of the main advantages of slow pyrolysis is the ability to convert a wide range of microalgae sizes

(5–50 mm) to biochar . Optimization of pyrolysis operating parameters such as temperature, pyrolysis time, sweeping

gas flow rate, and heating rate could enhance the quantity and quality of produced biochar . For example, a long

residence time of 450–550 days coupled with a low heating rate of 0.1–1 K/S boosts the production of biochar. This is due

to restrained vapors, which undergo more reactions with solid material to produce more biochar. The microalgae strain

species also significantly affects the biochar yield produced by slow pyrolysis; for example, Chaetoceros muelleri,
Dunaliella tertiolecta, and Synechococcus produce high yields reaching up to 60%, whereas microalgae species such as

Tetraselmis chui, Spirulinaplatensis, Spirulina sp., and Chlorella vulgaris produce moderate biochar yields .

Contrarily, fast pyrolysis produces a lower biochar yield (24–54% as a higher heating rate and shorter reaction time 1.5–

3.3 s) are applied .

Catalyst pyrolysis is a new technology that aims to improve the quality and yield of biochar produced by the traditional

pyrolysis process. Catalyst pyrolysis includes adding catalysts to promote the production of value-added products.

Catalysts such as bases, acids, metals or even mixtures of these could be used as catalysts. Primary catalytic pyrolysis

and secondary catalytic pyrolysis are the two main types of catalytic pyrolysis. Primary catalysis is applied in situ when the

catalyst is blended with algae biomass, while secondary catalysis is an ex situ method where catalysts are fixed at the

bed of the reactor and biomass is separated inside the reactor. With the help of heat from sand, catalyst activation occurs

before the thermal degradation of biomass takes place. Microalgae species are an important factor influencing the type of

catalyst pyrolysis; for example, Nanochloropsis and Spirulina produce high yields when the ex situ method is used, while

Pavlova biomass is more suitable for the in situ process . The ex situ method separates catalysts and biomass,

which means more control of catalytic activities and pyrolysis. Reusability of catalysts is another advantage of ex situ

catalyst pyrolysis, as fewer minerals (Ca, Na, Mg, K, etc.) are deposited, which enhances the process in terms of cost. In

contrast, the in situ catalyst process forms a layer of cake on the catalyst, varying its activity; thus, liquid products rather

than solid products are promoted to generate. In a study, Aysu et al.  reported high biochar yields (35–48%) of pavlova
biomass using in situ catalyst pyrolysis, while Jia et al.  examined the ex situ catalyst pyrolysis for Spirulina and

Nanochloropsis biomass transfer to biochar and found that the solid yield was around 20%. Compared to conventional

pyrolysis, catalyst pyrolysis has many advantages, such as low pyrolytic temperature, low energy consumption, and

impurity removal ability.

2.1.3. Hydrothermal Carbonization

One more advanced thermochemical method for producing biochar from microalgal biomass is hydrothermal

carbonization (HTC). The main benefit of such a method is the ability to directly convert moist biomass to biochar or

hydrochar . Hydrothermal carbonization includes heating carbon-rich content, for example microalgal biomass, in a

[20]

[21]

[22][23] [21]

[24]

[25]

[26]

[27][28]

[29]

[17]

[30]

[31]

[32]

[33][34]

[35]

[36][37]

[36]

[37]

[17]



moist environment at a temperature of 175–250 °C for a reaction time of 30–120 min under an applied pressure of 20–60

kPa . Comparing this to other thermochemical techniques, there is no need to dry the biomass for the HTC application,

which decreases the cost of heating. Moreover, the combination of water and heat inside the reactor functions as a milder

environment of pressure and temperature . These coins make HTC a cost-effective choice for value-added product

production from microalgal biomass, especially hydrochar production, which differentiates HTC from pyrolysis . The

main parameters that control production yield through HTC are retention time and temperature. Khoo et al.  reported

that the yield production of hydrocar decreased from 41.8% to 26.3% when the temperature and retention time of the HTC

process were changed from 180 °C and 30 min to 250 °C and 4 h, respectively. The same result was reported by Yao et

al. , who investigated the hydrochar production yield using the HTC process. The results showed that 190 °C produced

the highest yield (36.7%), while 210 °C produced the lowest yield (27.2%). These two studies showed that increasing

pressure and temperature reduced the yield of hydrochar. Recently, the same results were reported by Castro et al. ,

who found that a retention time of 10 min and temperature of 170 °C resulted in a high solid yield of 77.72% from

microalgal biomass. Low carbonization temperature yields high-yield hydrochar with high-quality properties such as

controlled porosity, electronic properties, regulated surface chemistry, and functional surfaces (e.g., -C=O, -COOH, -OH)

. In addition, Castro et al.  found that during the HTC process, the level of hydrogen and carbon was increased while

the level of nitrogen and oxygen was decreased, and therefore a lower oxygen-to-carbon ration was found during the HTC

process, resulting in solids with high hydrophobicity properties.

2.1.4. Post-Treatment/Activation

The biochar produced from microalgal biomass needs post-treatment, either physical or chemical, before it can be used

. This treatment is crucial to activate biochar before its application. The post-treatment process improves the

physiochemical properties of the produced biochar, such as pore area or volume, specific surface area, surface chemistry,

and functional agents. Magnetization and ball milling are two physical modification processes. Magnetization includes

allocating magnetic iron oxides such as Fe O , Fe O  or Fe O  on biochar. Magnetizations make biochar recovery from

solutions easier and enhance the cation exchange capacity of biochar . Moreover, ball milling breaks chemical

bonding in biochar by using kinetic energy, leading to an enhancement in the shape and size of biochar at the nanoscale.

Regarding chemical modification, the oxidation process, and acid and alkali post-treatment, the chemical modification

changes the biochar’s surface chemistry. Examples of chemical agents used for biochar chemical modification are H O ,

KMnO , KOH, NaOH, HNO , and HCl.

2.2. Characteristics of Microalgal-Based Biochar

The performance of biochar produced from microalgal biomass is characterized by surface charge and special pH,

specific surface area, mineral components, and surface functional groups . In this section, the relation between

microalgae-based biochar characteristics and adsorption capacity is discussed.

2.2.1. Surface Charge and pH

In general, the pH of biochar derived from microalgal biomass is alkaline (pH above 7). Examples of microalgae strains

that produce alkaline biochar are marine Chlorella sp., Lacustrine algae, Spirulina sp., and Scenedesmus dimorphus.

Nevertheless, acidic biochar is produced from Chlorella sp. . The surface charge of biochar is highly influenced by

solution pH. To be more specific, the pH at zero charge (pHpzc) refers to the solution pH at which the surface net charge

is zero. The importance of such parameters is attributed to their effects on the electrostatic attraction between charged

contaminants such as high-energy minerals and biochar . When pH is lower than pHpzc, biochar is positively charged

and binds to negatively charged metals. On the other hand, when the solution pH is higher than pHpzc, biochar is

negatively charged and binds with positively charged metals .

2.2.2. Physical Properties

The physical properties include pore area, surface area, bulk density, microspores, pore volume, etc. The specific surface

area of biochar produced from microalgal biomass is considered low (>3 m /g), especially the biochar derived via

pyrolysis and hydrothermal liquefaction from Spirulina . However, the surface area could be increased as the pyrolytic

temperature is increased. Ge et al.  reported high surface area biochar (15 m /g) derived from Spirulina when the

pyrolytic temperature was increased from 300 to 700 °C. Remarkably, Amin and Chetpattananondh  reported extra-high

surface area biochar (266 m /g) produced from Chlorella via sonication. High surface area and pore volumes increase

biochar affinity and uptake of pollutants .

2.2.3. Chemical Properties
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The chemical properties include ash content, moisture content, fixed carbon, and volatile matter. According to Yu et al. ,

biochar produced from Gracilaria sp. have more moisture content than biochar derived from Chlorella vulgaris.

Microalgae-based biochar has a low moisture content (10 wt.%), while volatile matter contents and ash depend on the

microalgae species. In addition, microalgae-derived biochar has a high fixed carbon content ranging from 40 to 70%. As

O/C and H/C fractions significantly affect the aromaticity degree and the stability of biochar, the ultimate analysis to

estimate chemical elements such as (hydrogen, carbon, sulfur, nitrogen, and oxygen) is crucial . Biochar’s high

hydrophilicity could be figured out by its high O/C ratio, meaning that such biochar is useful for heavy meatal removal .

Higher O/C ratios contribute to high oxygen functional groups that enhance the adsorption of heavy metals. On the other

hand, low H/C or O/C ratios revealed high hydrophobicity and aromaticity, which led to the favorable removal of non-polar

organic compounds .

2.2.4. Mineral Elements

Microalgae-derived biochar could contain mineral elements such as K, P, Na, Ca, etc.; these elements promote the

formation of the oxygen functional group. Moreover, alkali metals could increase the pH of biochar . The mineral

elements may perform as natural pore-forming agents, which generate a hierarchically porous structure on the biochar.

Furthermore, contaminants could be adsorbed to mineral elements .

2.2.5. Surface Functional Groups

Adsorptive mechanisms, hydrophobicity, and hydrophilicity are important properties that could be determined by the

surface functional groups of biochar. These surface functional groups could interact with metallic ions and interact with

heavy metals through mechanisms such as complexation, surface precipitation, and electrostatic attraction .

Nevertheless, important acidic functional groups such as CH and OH could be destroyed by high pyrolytic temperatures.

However, high pyrolytic temperatures could produce basic functional groups, pH, carbon stability, ash content, and

gaseous yield . Therefore, low pyrolytic temperatures could produce biochar with an acidic functional group, which

improved heavy metal removal, while high pyrolytic temperatures resulted in biochar with high hydrophobicity, which

enhanced organic pollutants’ removal . Furthermore, high hydrophobicity leads to humidity resistance .

2.3. Application of Microalgal-Based Biochar

2.3.1. Inorganic Contaminants Removal

Toxic heavy metals could be absorbed and accumulated in organisms, thus presenting a severe threat to both human

health and natural water . Biochar derived from microalgae could eliminate and adsorb heavy metals such as Zn (II),

Cr (VI), Co (II), Ni (II), and Hg (II) from aqueous solutions. Many studies in the literature have reported the performance of

biochar derived from microalgae for heavy metal removal. In a study, Daneshvar et al.  produced biochar from

Scenedesmus quadricauda using the pyrolysis process at a temperature of 500 °C. The authors evaluated the

performance of derived biochar for Cr (VI) removal. The results showed complete removal of Cr (VI) when the initial

concentration was in the range of 1–10 mg/L. In addition, the authors reported that the mechanisms of removal of Cr (VI)

were electrostatic interaction, ionic exchange, and Cr (VI) reduction. Previously, Bordoloi et al.  performed many

equilibrium studies such as Langmuir and Freundlich adsorption isotherms to examine the application of biochar derived

from Scenedesmus microalgae for Co (II) ion removal. The results revealed that the adsorption capacity of the produced

biochar was 0.672 mg/g. Ge et al.  reported that biochar derived from high-salinity Spirulina microalgae was able to

remove Hg (II) ions by immobilization and reach a sorption capacity of 6–12.7 mg/g for long-term uptake. Microcystis sp.

biochar is capable of successfully removing chelated nickel from alloy electroplating wastewater . In another study,

biochar derived from marine algae such as Sargassum fusiforme and Saccharina japonica was used to remove Zn, Cd,

and Cu from aqueous solutions. The results reported that a high number of oxygen functional groups was the main

mechanism for heavy-metal removal. In addition, cation exchange was another removal mechanism by biochar as marine

algae have a high number of minerals such as Na, K, Mg, Ca, etc. .

2.3.2. Organic Contaminants Removal

Organic contaminants such as personal care products, antibiotics, pharmaceuticals, plasticizers, and flame retardants are

environmentally hazardous, societally ubiquitous, and structurally diverse chemicals . Conventional wastewater

treatment cannot remove such undegradable compounds; thus, more effective remediation methods such as adsorption

have been developed. Microalgae-based biochar is a promising adsorbent that efficiently removes organic pollutants .

The removal mechanism of organic pollutants by biochar is due to one or a combination of the following mechanisms:

electrostatic attractions, polar-selective interactions, pore filling, hydrophobic interactions, and p-p interactions. Ho et al.

 investigated the removal of sulfamethoxazole (antibiotics) by N-doped graphitic biochar produced from Spirulina. The

[7]

[55][56]

[52]

[48]

[57]

[58]

[59]

[60]

[56][59] [38]

[38][61]

[62]

[63]

[51]

[45]

[64]

[10]

[65]

[66]



results showed that the derived biochar could absorb sulfamethoxazole via electron transfer. In another study, Zheng et al.

 reported p-nitrophenol removal using biochar derived from chlorella. Nautiyal et al.  examined acidic Congo red dye

removal using biochar produced from Spirulina. The removal efficiency of the investigated dye was 82% at pH of 2, initial

dye concentration of 90 mg/L, and 0.2 g/100 mL biochar dosage. Figure 1 shows the biochar adsorption mechanism for

both organic and inorganic pollutants.

Figure 1. Adsorption mechanism of microalgae-based biochar .

2.3.3. Carbon Dioxide Removal

Human and industrial activities release a huge amount of CO  every day, causing disastrous environmental problems.

Among CO  mitigation measures, adsorption is considered a promising technology to decrease the CO  concentration

through chemical and physical processes. Microalgae-based biochar has a high specific surface area (SSA), active

surface functional groups, and a highly porous structure, which make this type of biochar an ideal adsorbent for CO  

. High N content and large SSA are crucial for CO  adsorption. Creamer et al.  produced biochar from sugarcane
bagasse at 600 °C. The author reported high CO  adsorption efficiency due to the presence of N-functional groups and

high SSA. In addition. The author suggested that the enhancement in CO  adsorption was due to Lewis’s acid–base

interaction, which is increased in the presence of an N-functional group . Another factor that affects CO  adsorption is

the size of the pores, as it controls the rate of gas transport through the pore system . Plaza et al.  reported that

microalgae-based biochar pyrolyzed at 600 °C under N  flow had a high CO  capacity due to its micro-porous structure.

For high CO  absorptivity, the optimal biochar pore diameter was between 0.5 nm and 0.8 nm, as reported by Creamer

and Gao .

2.3.4. Other Applications

Using microalgae-based biochar to produce coal fuel is a promising method to produce green energy. The torrefaction

process is used to convert biochar into coal fuel. Higher heating value (HHV), O/C, and H/C ratios all have an impact on

coal-based biochar. Congyu Zhang et al.  examined the production of coal fuel-based biochar using the torrefaction

process in the absence and presence of O . The results revealed that oxidative torrefaction (the presence of O ) could

produce biochar with a large SSA, high HHV, and high hydrophobicity that could be used for industrial applications as coal

fuel. Non-oxidative torrefaction, on the other hand, produced biochar with good storage and transportation characteristics.

Supercapacitors are emerging energy storage devices with many advantages such as high-power density, fast charge–

discharge, low cost, low environmental impact, and a long life cycle. The use of biochar produced from algae as a

supercapacitor has been investigated in many studies. To enhance the supercapacitors’ specific capacity, characteristics

such as the hierarchical porosity and SSA of the produced biochar should be improved . Wang et al.  produced

KOH-activated biochar derived from Enteromorpha prolifera with a high capacitance of 440 F/g at A/g and an SSA of 3345

m /g. Subsequently, Wang et al.  confirmed that carbonaceous materials derived from Nostoc flagelliforme were

characterized by lower internal resistance, a more porous structure, and high specific capacitance (283 F/g). Table 1
presents the process parameters, microorganisms, and synthesis techniques used for biochar production.

Table 1. Application of biochar derived from microalgae.
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Microalgae Strain Biochar
Yield

Biochar
Production
Method

Synthesis
Conditions

Biochar
Characterization Biochar Application Reference

Gongolaria
barbata

40
wt.%.

Microwave
assisted
method

Activating

agent

(phosphoric

acid).

Microwave

power (700

W),

Residence

time (18 min)

Micropore

volume 0.181

cm /g.

Surface area

1089 m /g.

Aniline removal.

Three types of
marine biomass
waste (kelp,
undaria
pinnatifida, and
Enteromorpha
prolifer)

- Pyrolysis

Temperature

(800 °C).

Residence

time (1 h).

Specific surface

areas (621–1140

m /g).

Energy storage

characteristics

(190.0–278.5

F/g at 0.5 A/g)

Electrochemical
energy storage

Agardhiella
subulata

67.6
wt.%. Pyrolysis

Temperature

(300–900)

°C.

Residence

time (1 h).

Surface area

(119.2 m /g).

4-Nonylphenol (4-
NP), a phenolic
endocrine disruptor
chemical (EDC)
removal

Chlorella sp. 57% Pyrolysis

Temperature

(450 °C).

Residence

time (1 h).

Surface area

(266 m /g);
Heavy metal
removal (Cr (VI), Zn
(II), Ni (II))

Sargassum sp. 70% Pyrolysis

Temperature

(300–500

°C).

Residence

time (10–60

min).

Surface area

(250 m /g).

Pore volume

(cm /g)

Agronomy as a soil
ameliorant

References

1. Yu, K.L.; Lau, B.F.; Show, P.L.; Ong, H.C.; Ling, T.C.; Chen, W.H.; Ng, E.P.; Chang, J.S. Recent Developments on Algal
Biochar Production and Characterization. Bioresour. Technol. 2017, 246, 2–11.

2. Nitsos, C.; Filali, R.; Taidi, B.; Lemaire, J. Current and Novel Approaches to Downstream Processing of Microalgae: A
Review. Biotechnol. Adv. 2020, 45, 107650.

3. Alazaiza, M.Y.D.; Albahnasawi, A.; Ahmad, Z.; Bashir, M.J.K.; Al-Wahaibi, T.; Abujazar, M.S.S.; Abu Amr, S.S.; Nassani,
D.E. Potential Use of Algae for the Bioremediation of Different Types of Wastewater and Contaminants: Production of

3

2

[80]

2

[81]

2 [82]

2 [52]

2

3

[83]



Bioproducts and Biofuel for Green Circular Economy. J. Environ. Manag. 2022, 324, 116415.

4. Chai, W.S.; Tan, W.G.; Halimatul Munawaroh, H.S.; Gupta, V.K.; Ho, S.H.; Show, P.L. Multifaceted Roles of Microalgae
in the Application of Wastewater Biotreatment: A Review. Environ. Pollut. 2021, 269, 116236.

5. Roy Chong, J.W.; Tan, X.; Khoo, K.S.; Ng, H.S.; Jonglertjunya, W.; Yew, G.Y.; Show, P.L. Microalgae-Based Bioplastics:
Future Solution towards Mitigation of Plastic Wastes. Environ. Res. 2022, 206, 112620.

6. Nguyen, M.K.; Lin, C.; Hoang, H.G.; Sanderson, P.; Dang, B.T.; Bui, X.T.; Nguyen, N.S.H.; Vo, D.V.N.; Tran, H.T.
Evaluate the Role of Biochar during the Organic Waste Composting Process: A Critical Review. Chemosphere 2022,
299, 134488.

7. Nguyen, T.B.; Nguyen, V.T.; Hoang, H.G.; Cao, N.D.T.; Nguyen, T.T.; Vo, T.D.H.; Nguyen, N.K.Q.; Pham, M.D.T.;
Nghiem, D.L.; Vo, T.K.Q.; et al. Recent Development of Algal Biochar for Contaminant Remediation and Energy
Application: A State-of-the Art Review. Curr. Pollut. Rep. 2022, 1–17.

8. Chen, Y.D.; Ho, S.H.; Wang, D.; Wei, Z.S.; Chang, J.S.; Ren, N.Q. Lead Removal by a Magnetic Biochar Derived from
Persulfate-ZVI Treated Sludge Together with One-Pot Pyrolysis. Bioresour. Technol. 2018, 247, 463–470.

9. Xiao, X.; Chen, B.; Chen, Z.; Zhu, L.; Schnoor, J.L. Insight into Multiple and Multilevel Structures of Biochars and Their
Potential Environmental Applications: A Critical Review. Environ. Sci. Technol. 2018, 52, 5027–5047.

10. Huang, Q.; Song, S.; Chen, Z.; Hu, B.; Chen, J.; Wang, X. Biochar-Based Materials and Their Applications in Removal
of Organic Contaminants from Wastewater: State-of-the-Art Review. Biochar 2019, 1, 45–73.

11. Kandasamy, S.; Devarayan, K.; Bhuvanendran, N.; Zhang, B.; He, Z.; Narayanan, M.; Mathimani, T.; Ravichandran, S.;
Pugazhendhi, A. Accelerating the Production of Bio-Oil from Hydrothermal Liquefaction of Microalgae via Recycled
Biochar-Supported Catalysts. J. Environ. Chem. Eng. 2021, 9, 105321.

12. Berslin, D.; Reshmi, A.; Sivaprakash, B.; Rajamohan, N.; Kumar, P.S. Remediation of Emerging Metal Pollutants Using
Environment Friendly Biochar- Review on Applications and Mechanism. Chemosphere 2022, 290, 133384.

13. Li, S.; Yang, F.; Li, J.; Cheng, K. Porous Biochar-Nanoscale Zero-Valent Iron Composites: Synthesis, Characterization
and Application for Lead Ion Removal. Sci. Total Environ. 2020, 746, 141037.

14. Su, Z.; Jin, K.; Wu, J.; Huang, P.; Liu, L.; Xiao, Z.; Peng, H.; Fan, L.; Zhou, W. Phosphorus Doped Biochar as a
Deoxygenation and Denitrogenation Catalyst for Ex-Situ Upgrading of Vapors from Microwave-Assisted Co-Pyrolysis of
Microalgae and Waste Cooking Oil. J. Anal. Appl. Pyrolysis 2022, 164, 105538.

15. Gao, R.; Hu, H.; Fu, Q.; Li, Z.; Xing, Z.; Ali, U.; Zhu, J.; Liu, Y. Remediation of Pb, Cd, and Cu Contaminated Soil by
Co-Pyrolysis Biochar Derived from Rape Straw and Orthophosphate: Speciation Transformation, Risk Evaluation and
Mechanism Inquiry. Sci. Total Environ. 2020, 730, 139119.

16. Lee, X.J.; Ong, H.C.; Gan, Y.Y.; Chen, W.H.; Mahlia, T.M.I. State of Art Review on Conventional and Advanced
Pyrolysis of Macroalgae and Microalgae for Biochar, Bio-Oil and Bio-Syngas Production. Energy Convers. Manag.
2020, 210, 112707.

17. Zhang, Z.; Zhu, Z.; Shen, B.; Liu, L. Insights into Biochar and Hydrochar Production and Applications: A Review.
Energy 2019, 171, 581–598.

18. Giannakoudakis, D.A.; Hosseini-Bandegharaei, A.; Tsafrakidou, P.; Triantafyllidis, K.S.; Kornaros, M.; Anastopoulos, I.
Aloe Vera Waste Biomass-Based Adsorbents for the Removal of Aquatic Pollutants: A Review. J. Environ. Manag.
2018, 227, 354–364.

19. Cai, Y.; Lim, H.R.; Khoo, K.S.; Ng, H.S.; Cai, Y.; Wang, J.; Tak-Yee Chan, A.; Show, P.L. An Integration Study of
Microalgae Bioactive Retention: From Microalgae Biomass to Microalgae Bioactives Nanoparticle. Food Chem. Toxicol.
2021, 158, 112607.

20. Bach, Q.V.; Chen, W.H.; Lin, S.C.; Sheen, H.K.; Chang, J.S. Wet Torrefaction of Microalga Chlorella Vulgaris ESP-31
with Microwave-Assisted Heating. Energy Convers. Manag. 2017, 141, 163–170.

21. Gan, Y.Y.; Ong, H.C.; Show, P.L.; Ling, T.C.; Chen, W.H.; Yu, K.L.; Abdullah, R. Torrefaction of Microalgal Biochar as
Potential Coal Fuel and Application as Bio-Adsorbent. Energy Convers. Manag. 2018, 165, 152–162.

22. Gan, Y.Y.; Ong, H.C.; Chen, W.H.; Sheen, H.K.; Chang, J.S.; Chong, C.T.; Ling, T.C. Microwave-Assisted Wet
Torrefaction of Microalgae under Various Acids for Coproduction of Biochar and Sugar. J. Clean. Prod. 2020, 253,
119944.

23. Yu, K.L.; Lee, X.J.; Ong, H.C.; Chen, W.H.; Chang, J.S.; Lin, C.S.; Show, P.L.; Ling, T.C. Adsorptive Removal of
Cationic Methylene Blue and Anionic Congo Red Dyes Using Wet-Torrefied Microalgal Biochar: Equilibrium, Kinetic and
Mechanism Modeling. Environ. Pollut. 2021, 272, 115986.



24. Yu, K.L.; Show, P.L.; Ong, H.C.; Ling, T.C.; Chi-Wei Lan, J.; Chen, W.H.; Chang, J.S. Microalgae from Wastewater
Treatment to Biochar–Feedstock Preparation and Conversion Technologies. Energy Convers. Manag. 2017, 150, 1–13.

25. Choi, Y.K.; Choi, T.R.; Gurav, R.; Bhatia, S.K.; Park, Y.L.; Kim, H.J.; Kan, E.; Yang, Y.H. Adsorption Behavior of
Tetracycline onto Spirulina Sp. (Microalgae)-Derived Biochars Produced at Different Temperatures. Sci. Total Environ.
2020, 710, 136282.

26. Chen, Y.C.; Chen, W.H.; Lin, B.J.; Chang, J.S.; Ong, H.C. Impact of Torrefaction on the Composition, Structure and
Reactivity of a Microalga Residue. Appl. Energy 2016, 181, 110–119.

27. Chen, B.; Gu, Z.; Wu, M.; Ma, Z.; Lim, H.R.; Khoo, K.S.; Show, P.L. Advancement pathway of biochar resources from
macroalgae biomass: A review. Biomass Bioenergy 2022, 167, 106650.

28. Sekar, M.; Mathimani, T.; Alagumalai, A.; Chi, N.T.L.; Duc, P.A.; Bhatia, S.K.; Brindhadevi, K.; Pugazhendhi, A. A
Review on the Pyrolysis of Algal Biomass for Biochar and Bio-Oil–Bottlenecks and Scope. Fuel 2021, 283, 119190.

29. Koçer, A.T.; Mutlu, B.; Özçimen, D. Investigation of Biochar Production Potential and Pyrolysis Kinetics Characteristics
of Microalgal Biomass. Biomass Convers. Biorefin. 2020, 10, 85–94.

30. Shyam, S.; Arun, J.; Gopinath, K.P.; Ribhu, G.; Ashish, M.; Ajay, S. Biomass as Source for Hydrochar and Biochar
Production to Recover Phosphates from Wastewater: A Review on Challenges, Commercialization, and Future
Perspectives. Chemosphere 2022, 286, 131490.

31. Sun, J.; Norouzi, O.; Mašek, O. A state-of-the-art review on algae pyrolysis for bioenergy and biochar production.
Bioresour. Technol. 2021, 346, 126258.

32. Law, X.N.; Cheah, W.Y.; Chew, K.W.; Ibrahim, M.F.; Park, Y.K.; Ho, S.H.; Show, P.L. Microalgal-Based Biochar in
Wastewater Remediation: Its Synthesis, Characterization and Applications. Environ. Res. 2022, 204, 111966.

33. Chaiwong, K.; Kiatsiriroat, T.; Vorayos, N.; Thararax, C. Study of Bio-Oil and Bio-Char Production from Algae by Slow
Pyrolysis. Biomass Bioenergy 2013, 56, 600–606.

34. Grierson, S.; Strezov, V.; Shah, P. Properties of Oil and Char Derived from Slow Pyrolysis of Tetraselmis Chui.
Bioresour. Technol. 2011, 102, 8232–8240.

35. Chandel, N.; Ahuja, V.; Gurav, R.; Kumar, V.; Tyagi, V.K.; Pugazhendhi, A.; Kumar, G.; Kumar, D.; Yang, Y.-H.; Bhatia,
S.K. Progress in Microalgal Mediated Bioremediation Systems for the Removal of Antibiotics and Pharmaceuticals from
Wastewater. Sci. Total Environ. 2022, 825, 153895.

36. Aysu, T.; Ola, O.; Maroto-Valer, M.M.; Sanna, A. Effects of Titania Based Catalysts on In-Situ Pyrolysis of Pavlova
Microalgae. Fuel Process. Technol. 2017, 166, 291–298.

37. Jia, L.; Cao, C.; Cheng, Z.; Wang, J.; Huang, J.; Yang, J.; Pan, Y.; Xu, M.; Wang, Y. Ex Situ Catalytic Pyrolysis of Algal
Biomass in a Double Microfixed-Bed Reactor: Catalyst Deactivation and Its Coking Behavior. Energy Fuels 2020, 34,
1918–1928.

38. Sharma, M.; Singh, J.; Baskar, C.; Kumar, A. A Comprehensive Review on Biochar Formation and Its Utilization for
Wastewater Treatment. Pollut. Res. 2018, 37, S1–S18.

39. De Siqueira Castro, J.; Assemany, P.P.; de Oliveira Carneiro, A.C.; Ferreira, J.; de Jesus Júnior, M.M.; de Ávila
Rodrigues, F.; Calijuri, M.L. Hydrothermal Carbonization of Microalgae Biomass Produced in Agro-Industrial Effluent:
Products, Characterization and Applications. Sci. Total Environ. 2021, 768, 144480.

40. Venkatachalam, C.D.; Ravichandran, S.R.; Sengottian, M. Lignocellulosic and Algal Biomass for Bio-Crude Production
Using Hydrothermal Liquefaction: Conversion Techniques, Mechanism and Process Conditions: A Review. Environ.
Eng. Res. 2022, 27, 200555.

41. Khoo, C.G.; Lam, M.K.; Mohamed, A.R.; Lee, K.T. Hydrochar Production from High-Ash Low-Lipid Microalgal Biomass
via Hydrothermal Carbonization: Effects of Operational Parameters and Products Characterization. Environ. Res. 2020,
188, 109828.

42. Yao, C.; Wu, P.; Pan, Y.; Lu, H.; Chi, L.; Meng, Y.; Cao, X.; Xue, S.; Yang, X. Evaluation of the Integrated Hydrothermal
Carbonization-Algal Cultivation Process for Enhanced Nitrogen Utilization in Arthrospira Platensis Production.
Bioresour. Technol. 2016, 216, 381–390.

43. Xiang, W.; Zhang, X.; Chen, J.; Zou, W.; He, F.; Hu, X.; Tsang, D.C.W.; Ok, Y.S.; Gao, B. Biochar Technology in
Wastewater Treatment: A Critical Review. Chemosphere 2020, 252, 126539.

44. Singh, A.; Sharma, R.; Pant, D.; Malaviya, P. Engineered Algal Biochar for Contaminant Remediation and
Electrochemical Applications. Sci. Total Environ. 2021, 774, 145676.

45. Wang, H.; Wang, H.; Zhao, H.; Yan, Q. Adsorption and Fenton-like Removal of Chelated Nickel from Zn-Ni Alloy
Electroplating Wastewater Using Activated Biochar Composite Derived from Taihu Blue Algae. Chem. Eng. J. 2020,



379, 122372.

46. Dai, Y.; Zhang, N.; Xing, C.; Cui, Q.; Sun, Q. The Adsorption, Regeneration and Engineering Applications of Biochar for
Removal Organic Pollutants: A Review. Chemosphere 2019, 223, 12–27.

47. Nizam NU, M.; Hanafiah, M.M.; Mahmoudi, E.; Halim, A.A.; Mohammad, A.W. The removal of anionic and cationic dyes
from an aqueous solution using biomass-based activated carbon. Sci. Rep. 2021, 11, 8623.

48. Bhatia, S.K.; Bhatia, R.K.; Jeon, J.M.; Pugazhendhi, A.; Awasthi, M.K.; Kumar, D.; Kumar, G.; Yoon, J.-J.; Yang, Y.H. An
overview on advancements in biobased transesterification methods for biodiesel production: Oil resources, extraction,
biocatalysts, and process intensification technologies. Fuel 2021, 285, 119117.

49. Li, H.; Dong, X.; da Silva, E.B.; de Oliveira, L.M.; Chen, Y.; Ma, L.Q. Mechanisms of Metal Sorption by Biochars:
Biochar Characteristics and Modifications. Chemosphere 2017, 178, 466–478.

50. Leng, L.J.; Yuan, X.Z.; Huang, H.J.; Wang, H.; Wu, Z.B.; Fu, L.H.; Peng, X.; Chen, X.H.; Zeng, G.M. Characterization
and Application of Bio-Chars from Liquefaction of Microalgae, Lignocellulosic Biomass and Sewage Sludge. Fuel
Process. Technol. 2015, 129, 8–14.

51. Ge, Y.; Zhu, S.; Chang, J.S.; Jin, C.; Ho, S.H. Immobilization of Hg(II) on High-Salinity Spirulina Residue-Induced
Biochar from Aqueous Solutions: Sorption and Transformation Mechanisms by the Dual-Mode Isotherms. Environ.
Pollut. 2020, 265, 115087.

52. Amin, M.; Chetpattananondh, P. Biochar from Extracted Marine Chlorella Sp. Residue for High Efficiency Adsorption
with Ultrasonication to Remove Cr(VI), Zn(II) and Ni(II). Bioresour. Technol. 2019, 289, 121578.

53. Inyang, M.I.; Gao, B.; Yao, Y.; Xue, Y.; Zimmerman, A.; Mosa, A.; Pullammanappallil, P.; Ok, Y.S.; Cao, X. A Review of
Biochar as a Low-Cost Adsorbent for Aqueous Heavy Metal Removal. Crit. Rev. Environ. Sci. Technol. 2015, 46, 406–
433.

54. Zheng, H.; Guo, W.; Li, S.; Chen, Y.; Wu, Q.; Feng, X.; Yin, R.; Ho, S.H.; Ren, N.; Chang, J.S. Adsorption of P-
Nitrophenols (PNP) on Microalgal Biochar: Analysis of High Adsorption Capacity and Mechanism. Bioresour. Technol.
2017, 244, 1456–1464.

55. Nartey, O.D.; Zhao, B. Biochar Preparation, Characterization, and Adsorptive Capacity and Its Effect on Bioavailability
of Contaminants: An Overview. Adv. Mater. Sci. Eng. 2014, 2014, 715398.

56. Enaime, G.; Baçaoui, A.; Yaacoubi, A.; Lübken, M. Biochar for Wastewater Treatment—Conversion Technologies and
Applications. Appl. Sci. 2020, 10, 3492.

57. Ronsse, F.; van Hecke, S.; Dickinson, D.; Prins, W. Production and Characterization of Slow Pyrolysis Biochar:
Influence of Feedstock Type and Pyrolysis Conditions. GCB Bioenergy 2013, 5, 104–115.

58. Ho, S.H.; Chen, Y.D.; Li, R.; Zhang, C.; Ge, Y.; Cao, G.; Ma, M.; Duan, X.; Wang, S.; Ren, N.Q. N-Doped Graphitic
Biochars from C-Phycocyanin Extracted Spirulina Residue for Catalytic Persulfate Activation toward Nonradical
Disinfection and Organic Oxidation. Water Res. 2019, 159, 77–86.

59. Deng, Y.; Zhang, T.; Wang, Q.; Deng, Y.; Zhang, T.; Wang, Q. Biochar Adsorption Treatment for Typical Pollutants
Removal in Livestock Wastewater: A Review. In Engineering Applications of Biochar; IntechOpen: London, UK, 2017.

60. Zhang, J.; Liu, J.; Liu, R. Effects of Pyrolysis Temperature and Heating Time on Biochar Obtained from the Pyrolysis of
Straw and Lignosulfonate. Bioresour. Technol. 2015, 176, 288–291.

61. Tran, N.H.; Reinhard, M.; Gin, K.Y.H. Occurrence and Fate of Emerging Contaminants in Municipal Wastewater
Treatment Plants from Different Geographical Regions-a Review. Water Res. 2018, 133, 182–207.

62. Daneshvar, E.; Zarrinmehr, M.J.; Kousha, M.; Hashtjin, A.M.; Saratale, G.D.; Maiti, A.; Vithanage, M.; Bhatnagar, A.
Hexavalent Chromium Removal from Water by Microalgal-Based Materials: Adsorption, Desorption and Recovery
Studies. Bioresour. Technol. 2019, 293, 122064.

63. Bordoloi, N.; Goswami, R.; Kumar, M.; Kataki, R. Biosorption of Co (II) from Aqueous Solution Using Algal Biochar:
Kinetics and Isotherm Studies. Bioresour. Technol. 2017, 244, 1465–1469.

64. Poo, K.M.; Son, E.B.; Chang, J.S.; Ren, X.; Choi, Y.J.; Chae, K.J. Biochars Derived from Wasted Marine Macro-Algae
(Saccharina Japonica and Sargassum Fusiforme) and Their Potential for Heavy Metal Removal in Aqueous Solution. J.
Environ. Manag. 2018, 206, 364–372.

65. Barber, E.A.; Liu, Z.; Smith, S.R. Organic Contaminant Biodegradation by Oxidoreductase Enzymes in Wastewater
Treatment. Microorganisms 2020, 8, 122.

66. Kuo, H.C.; Lin, Y.G.; Chiang, C.L.; Liu, S.H. N-doped graphitic biochars derived from hydrothermal-microwave pyrolysis
of cellulose biomass for fuel cell catalysts. J. Anal. Appl. Pyrolysis 2021, 153, 104991.



67. Kumar, M.; Sun, Y.; Rathour, R.; Pandey, A.; Thakur, I.S.; Tsang, D.C. Algae as potential feedstock for the production of
biofuels and value-added products: Opportunities and challenges. Sci. Total Environ. 2020, 716, 137116.

68. Nautiyal, P.; Subramanian, K.A.; Dastidar, M.G. Adsorptive Removal of Dye Using Biochar Derived from Residual Algae
after In-Situ Transesterification: Alternate Use of Waste of Biodiesel Industry. J. Environ. Manag. 2016, 182, 187–197.

69. Chen, Y.D.; Liu, F.; Ren, N.Q.; Ho, S.H. Revolutions in Algal Biochar for Different Applications: State-of-the-Art
Techniques and Future Scenarios. Chin. Chem. Lett. 2020, 31, 2591–2602.

70. Plaza, M.G.; Pevida, C.; Arias, B.; Fermoso, J.; Casal, M.D.; Martín, C.F.; Rubiera, F.; Pis, J.J. Development of Low-
Cost Biomass-Based Adsorbents for Postcombustion CO2 Capture. Fuel 2009, 88, 2442–2447.

71. Tan, X.F.; Liu, S.B.; Liu, Y.G.; Gu, Y.L.; Zeng, G.M.; Hu, X.J.; Wang, X.; Liu, S.H.; Jiang, L.H. Biochar as Potential
Sustainable Precursors for Activated Carbon Production: Multiple Applications in Environmental Protection and Energy
Storage. Bioresour. Technol. 2017, 227, 359–372.

72. Creamer, A.E.; Gao, B.; Zhang, M. Carbon Dioxide Capture Using Biochar Produced from Sugarcane Bagasse and
Hickory Wood. Chem. Eng. J. 2014, 249, 174–179.

73. Saha, D.; Kienbaum, M.J. Role of Oxygen, Nitrogen and Sulfur Functionalities on the Surface of Nanoporous Carbons
in CO2 Adsorption: A Critical Review. Microporous Mesoporous Mater. 2019, 287, 29–55.

74. Gadipelli, S.; Guo, Z.X. Graphene-Based Materials: Synthesis and Gas Sorption, Storage and Separation. Prog. Mater.
Sci. 2015, 69, 1–60.

75. Plaza, M.G.; González, A.S.; Pis, J.J.; Rubiera, F.; Pevida, C. Production of Microporous Biochars by Single-Step
Oxidation: Effect of Activation Conditions on CO2 Capture. Appl. Energy 2014, 114, 551–562.

76. Creamer, A.E.; Gao, B. Carbon-Based Adsorbents for Postcombustion CO2 Capture: A Critical Review. Environ. Sci.
Technol. 2016, 50, 7276–7289.

77. Zhang, C.; Wang, C.; Cao, G.; Chen, W.H.; Ho, S.H. Comparison and Characterization of Property Variation of
Microalgal Biomass with Non-Oxidative and Oxidative Torrefaction. Fuel 2019, 246, 375–385.

78. Wu, X.; Tian, Z.; Hu, L.; Huang, S.; Cai, J. Macroalgae-Derived Nitrogen-Doped Hierarchical Porous Carbons with High
Performance for H2 Storage and Supercapacitors. RSC Adv. 2017, 7, 32795–32805.

79. Wang, J.; Li, Z.; Yan, S.; Yu, X.; Ma, Y.; Ma, L. Modifying the Microstructure of Algae-Based Active Carbon and
Modelling Supercapacitors Using Artificial Neural Networks. RSC Adv. 2019, 9, 14797–14808.

80. Gümüş, F. Utilization of Algal Waste Biomass-Derived Biochar Prepared by a Microwave-Assisted Method for Aniline
Green Adsorption. Water Air Soil Pollut. 2022, 233, 364.

81. Gao, Y.; Sun, R.; Li, A.; Ji, G. In-Situ Self-Activation Strategy toward Highly Porous Biochar for Supercapacitors: Direct
Carbonization of Marine Algae. J. Electroanal. Chem. 2021, 882, 114986.

82. Hung, C.M.; Huang, C.P.; Hsieh, S.L.; Tsai, M.L.; Chen, C.W.; Dong, C.D. Biochar Derived from Red Algae for Efficient
Remediation of 4-Nonylphenol from Marine Sediments. Chemosphere 2020, 254, 126916.

83. de Bhowmick, G.; Sarmah, A.K.; Sen, R. Production and Characterization of a Value Added Biochar Mix Using
Seaweed, Rice Husk and Pine Sawdust: A Parametric Study. J. Clean. Prod. 2018, 200, 641–656.

Retrieved from https://encyclopedia.pub/entry/history/show/90829


