
1 

Valorisation of microalgae residues after lipid extraction: 

pyrolysis characteristics for biofuel production 

Zhigang Huang a,d, Jiang Zhang a, Minmin Pan b, Yuhang Hao a, Ruichen Hu a, Wenbo 

Xiao a, Gang Li a,d,* , Tao Lyu c,* 

a School of Artificial Intelligence, Beijing Technology and Business University, No.11 

Fuchenglu, Haidian District, Beijing 100048, China 

b Helmholtz-Centre for Environmental Research-UFZ, Germany 

c Cranfield Water Science Institute, Cranfield University, College Road, Cranfield, 

Bedfordshire MK43 0AL, UK

d Beijing Key Laboratory of Quality Evaluation Technology for Hygiene and Safety of 

Plastics, Beijing Technology and Business University, Beijing 

*Corresponding authors: ligang@btbu.edu.cn (G. Li); T.Lyu@cranfield.ac.uk (T. Lyu) 

Abstract  

As a promising source of renewable energy, biofuel from microalgae pyrolysis is seen as 

a competitive alternative to fossil fuels. However, currently, the widely applied pre-

treatment process of lipid extraction results in large amounts of microalgae residues, 

which though with energy potential, being considered as process wastes and ignored of 

its re-utilization potential. In this study, a new workflow of biofuel generation from 

microalgae biomass through lipid extraction and pyrolysis of defatted microalgae 

residues was proposed and assessed. The effects of lipid extraction and pyrolysis 

temperature (350-750℃) on pyrolysis products were investigated, and pyrolysis 

pathways were postulated. To address the twin goals of lowering emission of pollutants 

and elevating energy products, an optimal pyrolysis temperature of 650℃ was suggested. 

After extraction of lipids, the relative contents of valuable products (aromatic, aliphatic 

hydrocarbons and fatty acids) and some harmful by-products, e.g., PAHs, significantly 

reduced, while other harmful substrates, e.g., nitrogen-compounds increased. 

li2106
Text Box
Biochemical Engineering Journal, Volume 179, February 2022, Article number 108330DOI:10.1016/j.bej.2021.108330

li2106
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  The final published version (version of record) is available online at DOI:10.1016/j.bej.2021.108330. Please refer to any applicable publisher terms of use.



2 

Mechanistic investigations indicated that pyrolysis of proteins without the presence of 

lipids could promote higher production of nitrogen-containing organics and aromatics. 

These results reveal the effects of lipid extraction and variation of temperature on 

microalgal pyrolysis, and also provide a basis for full utilization of microalgae as an aid to 

alleviate many fossil energy problems. 

Keywords: Bioenergy; pyrolysis pathways; net-zero emission; microalgae technology; 

circular economy 

1. Introduction 

Increasing global fossil fuel consumption has led to the serious challenges of energy 

shortage and climate change [1,2]. Consequently, investigations into novel clean and 

sustainable energy sources are urgently required. Currently, international efforts are 

being conducted in order to attain net-zero emission targets by 2050 [3]. To date, broad 

types of renewable energy sources, such as wind, geothermal, solar, biogas, and biofuel, 

have been developed and deployed [4-6]. Among them, microalgae have been 

recognised as being a source of the third generation of biofuel, and have attracted 

widespread attention due to advantages of fast growth rate, high lipid content, small 

footprint, and the additional functionality of CO2 sequestration [7]. Regarding the 

increasing intensive global warming, microalgae serve as a significant role for carbon 

neutralization and conversion towards divers products [8]. The nutrients for microalgal 

growth can also be supplied from wastewater, which is in plentiful supply [9]. Thus, 

sustainable microalgae technology for renewable energy, i.e. biofuel, production would 

also contribute to the much-desired circular economy [10].  

Biofuel derived from microalgae could provide similar physical, chemical and operational 

characteristics as diesel, indicating the potential for using microalgal biofuel as an 

alternative clean energy [11,12]. Different techniques have hitherto been used to 

convert biomass to biofuel, including biochemical and thermochemical processes [13], 

although thermochemical conversions, such as pyrolysis, are much more rapid than 
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biochemical conversions, and have been commonly used to promote biofuel generation 

from raw microalgal biomass [14,15]. Recent studies have demonstrated that the direct 

extraction of lipids from microalgae through microwave assisted extraction, by the 

Kochert method, Soxhlet extraction, or ultrasonic extraction would result in the 

production of high quality biofuels [16]. Moreover, after removal of the lipids and other 

extractables from microalgal biomass, approximately half would remain as residues [17], 

because the lipid content normally contributes up to 55% of the total biomass [14]. Such 

residues have been re-used as hydrogen-rich feedstock for syngas production [18], soil 

amendment for agricultural production [19,20], and feed materials for biogas production 

through anaerobic digestion [21]. Nevertheless, the defatted microalgae residues, 

mainly consisting of protein and carbohydrate, still provide valuable biofuel potential, 

which, to date, has been insufficiently investigated. 

In order to achieve complete consumption of microalgal biomass, the residues, after 

conversion of lipids into biodiesel, can be converted into bio-oil through pyrolysis [22]. 

Theoretically, pyrolysis of defatted microalgae residues requires much less energy input 

compared with raw biomass due to its less complex composition [23]. A previous, 

although limited, study has demonstrated that the amount of bio-oil generated from 

defatted Scenedesmus residues was only 7% lower compared with that directly produced 

from the raw algal biomass [24]. In view of entire life cycle, pyrolysis of defatted 

microalgae together with lipid extraction could contribute to a higher total oil yield than 

direct microalgal pyrolysis (43% increase of yield) [25]. However, most of the relevant 

investigations have only focused on the pyrolysis of microalgal residues regarding 

catalyst-assisted process [26]. However, the effects of pyrolysis conditions, e.g. 

temperatures and time, on biofuel generation from such defatted microalgal residues 

have not been systematically investigated. Assessments of relevant pyrolytic products, 

pathways of by-product generation, and the potential risks of producing harmful 

compounds would also be crucial to understand the underpinning mechanisms.  
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This study proposes and evaluates a new workflow for biofuel generation from 

microalgal biomass, which consists of biofuel generation from 1) extracted microalgal 

lipids and followed by 2) defatted microalgal residues through pyrolysis. As the first 

process has been sufficiently investigated [16], the current study focuses on the latter 

aspect. Desmodesmus sp., a chlorophyte alga, was selected as a model species and 

cultivated in anaerobic digestion effluent. The effects of different pyrolytic temperatures 

(350 oC-750 oC) on lipid extraction efficiency, biofuel production pathway, and potential 

harmful products generation assessed. This study aims at contributing to a systematic 

and comprehensive kinetic investigation for the pyrolysis of defatted microalgae, 

meanwhile, could provide alternative for safe pyrolysis product. 

2. Materials and methods 

2.1 Microalgae cultivation 

Microalgae, Desmodesmus sp., were obtained from a local river in Liangxiang, Beijing. 

The algae was pre-cultured until reaching the exponential phase (OD680 of 0.14), and 

then inoculated under sterile conditions into a cultivation medium consisting of an 

anaerobically-digested effluent (ratio of 10%, v/v) [27], collected from a pig farm in 

Fangshan District, Beijing, China. The concentrations of ammonium nitrogen (NH4
+-N), 

total nitrogen (TN) and phosphate phosphorus (PO4
3--P) were 720 ± 6, 792 ± 4 and 33 ± 

0.1 mg L-1, respectively. The concentrations of nitrate nitrogen (NO3
−-N) and nitrite 

nitrogen (NO2
−-N) were below 0.5 mg L-1 [28]. The cultivation was conducted under 

lighting conditions of 6000±100 lux, dark and illumination ratio of 10:14, and 

temperature of 25±1 ℃. After 14 days, samples were harvested by centrifugation at 

10000 rpm for 15 min and dried by vacuum freeze drying (24h, -45℃). 

2.2 Sample preparation and component analysis 

The lipids from the raw microalgae were extracted by a solvent mixture 

(chloroform:methanol:water; 1:2:0.8, v/v) at 25 ℃ [29]. After vortexing, samples were 

left to stand until layers were formed. The lower phase (chloroform layer) was then 

removed and placed in a rotary evaporator for vacuum evaporation at 60℃ in order to 
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harvest the lipids. The upper layer containing the defatted residues was collected for 

further analysis.

The elemental compositions of raw and defatted microalgae, including carbon, hydrogen, 

nitrogen and sulfur, were determined by elemental analyzer (Vario EL, Elementar, 

Germany), using Sulfanilamide (C6H8N2O2S, molecular weight 172.22) as a standard 

sample to perform the instrumental calibration. The results of elemental analyses were 

then used to further calculate the protein content (wt %) and high heating value (HHV) 

of samples by equations (1-3) as noted in a previous study [30]. 

Protein content =  N × 6.25 (1)

HHV(OLS) = 1.87C� − 144C − 2082H + 63.8C × H + 129N + 20,147 (2)

HHV(PLS) = 5.22C� − 319C − 1674H + 38.6C × H + 133N + 21,028 (3)

where, C, H and N represent the content of carbon, hydrogen and nitrogen elements, respectively, 

HHV represents higher heating values. Equations (2) and (3) were derived from regression 

analysis of ordinary least squares (OLS) and partial least squares (PLS) of high heating values for 

each sample.

The mean value of HHV (MJ kg-1) was calculated according to equation (4): 

HHV =
HHV(OLS) + HHV(PLS)

2
= (3.55C� − 232C − 2230H + 51.2C × H + 131N + 20600) × 10�� (4)

2.4 Pyrolysis analysis  

Pyrolysis of both extracted lipid and defatted microalgae samples was carried out at a 

fixed temperature within the temperature range 350 ℃ to 750 ℃, at temperature 

intervals of 100 ℃. The pyrolysis experiment, bio-oil production of samples, and 

subsequent analysis of the products were performed by pyrolysis-gas chromatography-

mass spectrometry (Py-GC-MS) [30]. Such a method is widely used due to its advantages 

of less sample consumption, high analysis speed, high sensitivity, and potential of 
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qualitative and quantitative determination of pyrolysis products [31,32]. Briefly, 

pyrolysis was performed using a single-shot pyrolyzer (Frontier Labs 3030i, Japan), and 

composition of pyrolysis products was analyzed by GC-MS (Agilent 7890A/5975C; Agilent 

Technologies, USA). The GC injector temperature was set to 250℃, with a split ratio of 

1:10. The flow rate of carrier gas (He) was 1.0 mL min-1. Chromatographic separation was 

performed on a capillary column (HP-5; length 30 m, internal diameter 0.25 mm, film 

thickness 0.25 μm; Agilent Technologies, USA). The GC oven temperature was initially 

held at 40℃ for 3 min, then increased to 200℃ at 5℃ min-1, held for 5 min, then further 

increased from 200℃ to 250℃ at 10℃ min-1 and finally held at 250℃ for 5 min.  

After pyrolysis, GC and GC-MS data was analysed with analysis software from Agilent 

MSD Productivity Chem Station (Version D03.00.552; Agilent Technologies, USA), by 

which the total ion current (TIC) diagram was obtained from samples pyrolyzed under 

different temperatures. Mass spectra from each chromatographic peak were identified 

by comparison with spectra in the NIST2011 mass spectral library (Version 2.0, National 

Institute of Science and Technology, USA). Only those compounds attaining a library 

match greater than 80% were accepted. All experiments were conducted in triplicate for 

further statistical analysis.  

3. Results and discussion 

3.1 Pyrolysis product contents and safeness between raw and defatted microalgae 

Applying pyrolysis technologies to convert microalgal biomass into bio-oil has been 

widely investigated during the past decades [33]. During pyrolysis, heating with absence 

of oxygen, thermal degradation of this material generates multiple products with varying 

compositions. In the present study, the pyrolysis products from defatted microalgal 

residues produced chemical moieties comparable with those from raw microalgae (Table 

1), including aliphatic hydrocarbons, aromatic compounds, organic acids, nitrogen-

containing compounds, polycyclic aromatic hydrocarbons (PAHs), and others (such as 

phenols, ketones, aldehydes, alcohols, and furans).  
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Aliphatic hydrocarbons, aromatic hydrocarbons and fatty acids were classified as major 

valuable compounds (MVCs) due to their re-utilization potential and high yields. 

Aliphatic hydrocarbons, as natural constituents of fossil fuels, and consist, in part, 

alkanes and alkenes [30]. Aromatic hydrocarbons are important industrial chemicals and 

could be using as additives for improving fuel quality [30,34]. Fatty acids, especially long-

chain fatty acids, have the potential to produce not only straight-chain hydrocarbons via 

the denitrification and deoxygenation reaction, but also fatty acid methyl ester (FAME) 

through the transesterification process [28]. Previous studies indicate that lipids could 

be cracked into aliphatic hydrocarbons and then, through a series of thermochemical 

reactions, converted to aromatics during pyrolysis [35]. Therefore, this study indicated 

that lipid extraction significantly reduced both pyrolysis products of aliphatic and 

aromatic hydrocarbons from defatted microalgae samples (Table 1). In addition, the 

content of fatty acids, which were also mainly produced from the pyrolysis of microalgal 

lipids, also decreased after lipid extraction. Although not regarded as a pollutant per se, 

the existence of fatty acids could reduce the pH of the bio-oil, which would increase the 

corrosive potential of the product [36].  

PAHs and nitrogen compounds were regarded as harmful substances (HSs), due to their 

toxic properties. Three processes were mainly responsible for the production of PAHs, 

including 1) Diels-Alder reactions, 2) deoxygenation of oxygenated aromatic 

hydrocarbon compounds, and 3) pyrolysis of proteins [28]. Table 1 indicates that the 

relative content of PAHs in pyrolysis products of defatted microalgae residues was 

significantly lower, compared with the products from raw microalgae, when processed 

at 650 oC. This might be due to the participation of pyrolysis products in secondary 

reactions under high temperature. Reduction of PAH levels in the final product would 

contribute to the overall ecological safety of the applied process. 
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Table 1. Pyrolysis products and relative content at 650℃.
Groups 

Raw microalgae Defatted microalgae 

Substances Content（%） Substances Content（%）

Aliphatic 
hydrocarbons 

Alkanes 4.6±0.18 Alkanes 0.3±0.01 

Alkenes 14.9±1.35 Alkenes 6.0±0.29 

Total 19.5±1.53 Total 6.3±0.3 

Aromatic 
hydrocarbons 

Benzenes 21.1±1.85 Benzenes 11.9±1.06 

Indenes 0.4±0.03 Indenes - 

Total 21.5±1.88 Total 11.9±1.06 

Fatty acids Total 0.8±0.05 Total - 

Nitrogen-compounds

Amides 2.5±0.83 Amides - 

Indoles 4.4±0.35 Indoles 4.9±0.27 

Pyridines 2.0±0.12 Pyridines 3.2±0.39 

- - Pyrroles 2.6±0.32 

- - Nitriles 2.2±0.15 

- - Quinoline 0.2±0.03 

- - Others 0.4±0.06 

Total 9.0±1.3 Total 13.5±1.22 

PAHs Naphthalenes 2.2±0.21 Naphthalenes - 

Total 2.2±0.21 Total -

Others 

Ketones - Ketones - 

Alcohols 0.6±0.05 Alcohols 0.5±0.07 

Aldehydes - Aldehydes 1.3±0.12 

Phenols 3.2±0.41 Phenols 3.7±0.42 

Furans 1.3±0.15 Furans 0.2±0.01 

Esters 1.4±0.16 Trichloromethane 7.6±0.83 

Total 6.5±0.77 Total 13.3±1.45 

-: not detected. 

Nevertheless, microalgal residues promoted significantly higher N-containing 

compounds, e.g. nitriles, quinoline (Table 1) and trichloromethane in the pyrolysis 

products. N-containing compounds were produced mainly through protein pyrolysis, 

and may lead to toxic NOx emission [36]. After lipid extraction, microalgal protein content 

increased in the residues, resulting in increasing amounts of N-containing compounds in 

the product. Thus, further optimization of the pyrolysis process should be attempted in 

order to reduce such toxics in the products, for instance, by changing the lipid extraction 

stage, and thus control the formation of N-containing compounds. Thus, futher 
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optimization of the pyrolysis process should be attempted in order to reduce such toxics 

in the products, for instance, by changing the lipid extraction stage, and thus control the 

formation of N-containing compounds. Besides, a proper combination of catalytic 

pyrolysis process (microalgal biomass), e.g., adding zeolite as catalyst, could also 

significantly reduce the production of oxygeneous and nitrogenous compounds, which 

offers a perspective of potential improvement [37] In this study, even with these 

limitations, the present study has demonstrated the potential of converting microalgal 

residues (after lipid extraction) for bio-oil production. 

3.2 The effect of temperature on composition distribution 

The elemental compositions of both raw and defatted microalgae biomass showed no 

significant differences in hydrogen, nitrogen and sulfur (Table 2). As the carbon could 

reach as high as 76% of the total algal lipid [38], a 15% reduction in carbon content was 

generated after lipid extraction than that determined from the original microalgal 

biomass (Table 2). This result was consistent with previous studies that carbon content 

decresed significantly after lipid extracted while other elements content (hydrogen, 

nitrogen and sulfur) only show a slight change [39, 42]. Contents of carbon and hydrogen 

are decisive for the HHV of a certain material. When compared with other common 

materials (wood, pork, and rice), and with other types of river microalgae (Scenedesmus

sp), the lower contents of carbon and hydrogen in raw and defatted microalgae led to 

significantly lower HHVs [30,40-42]. Notably, similar HHVs were observed in the samples 

before and after lipid extraction, which may indicate the similar energy potential of 

microalgal residues [43]. From these results, it is clear that further investigations into the 

conversion of microalgal residues to energy-related products are feasible. 
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Table 2. Elemental compositions of pyrolysis feedstock (wt.%).

Feedstock 

Elemental analysis/% HHV

/MJkg-

1

Chemical analysis/% 

References
C H N S 

Lipid 

content 

Protein 

content 

Raw microalgae 25.8 5.4 6.2 0.6 12.9 18.6 38.8 This study

Defatted microalgae 21.9 4.9 5.8 0.7 12.5 - 36.3 This study

Raw Scenedesmus sp. 43.8 5.7 8.1 0.6 - - 50.6 [42] 

Defatted Scenedesmus sp. 42.4 5.6 8.8 0.7 - - 55 [42] 

Raw Nanofrustulum sp. 27.45 4.23 2.90 0.96 - 12.95 12.52 [39] 

Defatted Nanofrustulum sp. 20.19 2.93 2.93 0.76 - - 8.70 [39] 

Wood 56.4 6.2 0.1 - 16.2 - - [40] 

Pork 43.6 8.1 9.8 1.0 19.6 - - [41] 

Rice 44.3 7.9 1.2 0.8 18.0 - - [41] 

Note: ‘-‘ represents ‘not reported’. 

To better study the influences of temperature on composition of products, pyrolysis of 

both samples (raw microalgae and defatted microalgae), at temperatures in the range 

350-750 ℃, was conducted. For raw microalgae biomass, with increases in pyrolysis 

temperature from 350℃ to 750℃, (Fig.1a), the content of aliphatic hydrocarbons 

presented a bimodal trend, which reached an initial maximum at 450℃ (21.4%), with a 

second, slightly smaller, peak at 650℃ (19.5%). During pyrolysis, microalgal lipids could 

be cracked into hydrocarbons [43], among which, several groups are important 

components for fuel applications. Therefore, optimal control of the pyrolysis process, in 

order to increase contents of valuable compounds, is significant. The second peak of 

production of aliphatic hydrocarbons may due to the continuing increase in temperature, 

which led to secondary cracking reactions in the raw microalgae samples [30]. 

Meanwhile, increase of pyrolysis temperature to 750℃ significantly elevated the content 

of aromatic hydrocarbons (36.9%), nitrogen compounds (9.1%) and PAHs (4.1%), but 

however, significantly reduced the contents of fatty acid from 16.2% to non-detectable 

levels. Previous studies have revealed that, with lower process temperatures (under 

550 ℃), lipids produce acids and alcohols through thermal reactions [44], which is 

consistent with the present results. 
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Fig. 1. The relative contents of major valuable products and harmful substances from raw 

microalgae (a) and defatted microalgae (b).

The determination of different pyrolysis products from defatted microalgae exhibited 

similar trends with temperature as those from raw microalgae (Fig. 1). A bimodal trend 

of aliphatic hydrocarbon concentration was also observed in the defatted samples, 

however, with much lower proportions (51-96% lower than those from raw microalgae). 

Similarly, the contents of aromatic hydrocarbons also increased with rising temperatures, 

but a significantly lower amount was generated by the defatted microalgae samples (1-

24.5%). Both aliphatic and aromatic hydrocarbons were mainly from the pyrolysis of 

lipids, which had been extracted from the microalgae, defatted samples produced lower 

levels of aliphatic and aromatic hydrocarbons. In comparison, defatted microalgae 

contained a significantly higher relative protein content in the residue. During the 

pyrolysis process, proteins of microalgal cells could be degraded into other N-containing 

compounds [34], which generated significantly higher (50-366% higher) nitrogen 

compounds in defatted microalgae samples than from raw microalgae. As an unexpected 

component with corrosive properties, levels of fatty acids in pyrolysis products from 

defatted microalgae were significantly lower than from raw microalgae, due to the 

decrease of lipid contents in biomass. It could also be eliminated by increasing the 

process temperature above 450 ℃, which was lower than did the raw microalgae. 

Another group of toxic products, PAHs, was only detected at 750 ℃. During the 

secondary reactions of derivatives of benzene, as well as the cleavage and recombination 

of aromatic compounds and the condensation of free radicals, PAHs are formed [41]. 
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Such reactions usually increase with the increasing temperature [45]. Notably, another 

harmful product, trichloromethane, was detected under all temperatures from defatted 

microalgae samples, produced by the production of chloroform through thermal 

reactions. With increasing reaction temperature, the relative content of 

trichloromethane fluctuated in the range of 5.8%-26.2%. Thus, a better extraction of 

lipids is necessary for reducing the occurrence of toxics or pollutants from the products, 

and could further help to improve the energy potential of microalgal residues. 

Generally, with a change in reaction temperatures from 350℃ to 550℃, the relative 

content of MVCs from raw microalgae decreased slightly from 35.3% to 31.8%. At higher 

temperatures (650℃ and 750℃) the content of MVCs from raw microalgae increased to 

41.9% and 45.7%, respectively. Moreover, the content of HSs from raw microalgae 

reached a maximum value of 13.2% at 750℃. Similarly, The MVCs and HSs from defatted 

microalgae reached a maximum content of 29.7% and 27.1% at 750℃，respectively. With 

comprehensive consideration, at 650 ℃, the yield of MVCs reached the second peak, 

while HSs only achieved half concentrations of the maximum yield (at 750 ℃). In addition, 

PAHs were also not detected at 650 ℃. Therefore, after due consideration involving 

many trade-offs, an optimal pyrolysis temperature of 650 ℃ for the processing of both 

types of microalgal sample, was decided upon. Futhermore, bio-oil prduction (41.9%) 

from defatted microalgae pyrolysis at optimal temperature (650 ℃) in this study was 

much higher than that in the previous study, who pyrolysis Tribonema minus at 450 ℃
with 29.82% bio-oil yield, which indicated a better performance and application for 

energy utilization [46]. 

3.3 Pyrolysis pathways of microalgae residues 

Microalgae are mainly composed of carbohydrate, lipids, and proteins and, owing to the 

complexity of pyrolysis products, study of specific reaction pathways is critical to better 

explain the process. In previous studies, mechanisms and reactions during pyrolysis of 

microalgal biomass were proposed and discussed [44,47–49]. With reference to these 
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findings, and the results obtained from this study, pyrolysis reaction pathways of 

microalgae residues of Desmodesmus sp. were postulated (Fig. 2). 

Fig. 2. Pyrolysis pathways of microalgae. Red arrow: the pathway was verified; Dashed arrow:the 

pathway might exist but not verified; Dashed rectangle: the products were derived from the 

same substance; Green rectangle: the products belong to MVCs; Pink rectangle: the products 

belong to HSs. 

During pyrolysis of microalgae, proteins might undergo cracking, deamination, 

dehydration, decarboxylation, cyclization, and deoxygenation reactions that generate N-
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containing compounds (such as pyridines, pyrroles, quinolines, indoles), aromatics (such 

as benzenes), phenols and other intermediates. The intermediates and phenols may be 

converted to aliphatics and aromatics by further reactions [14,47,48]. During pyrolysis, 

microalgal lipids may initially be converted to fatty acids through cracking or hydrolysis, 

and then fatty acids could be further converted to ketones, aldehydes, acids, alcohols, 

and some alkenes. Moreover, aromatics may further be generated through cyclization 

and Diels–Alder condensation reactions of alkenes [14]. Fatty acids may also react with 

NH3, derived from protein pyrolysis, to produce long chain amides and nitriles [47]. From 

carbohydrate pyrolysis, oxygen-compounds and water may be generated. Specifically, 

carbohydrate could be transformed by decarbonylation, deoxygenation, dehydration, 

cracking, and rearrangement reactions to form furans, ketones, aldehydes, acids, and 

alcohols. Meanwhile, a portion of carbohydrate pyrolysis products could be further 

converted to aliphatics, such as alkenes. 

The increase of N-containing compounds in microalgal residues after pyrolysis further 

proved the generation of N-containing compounds from proteins. It was found that the 

relative content of phenols from defatted microalgae was slightly higher than that of raw 

microalgae (Table 2). This also indicated that the lack of lipids may enhance the pyrolysis 

reaction of proteins. The relative contents of fatty acids, after lipid extraction, decreased 

drastically, which suggested that fatty acids were produced by lipids. At 650℃, amides 

were not detected in the pyrolysis products of defatted microalgae, demonstrating that 

fatty acids might be converted to long chain amides and nitriles. Further, the relative 

content of aliphatic and aromatic hydrocarbons from defatted microalgae was 

significantly lower than that observed from raw microalgae (Fig. 1). These phenomena 

demonstrated that pyrolysis of lipids could produce aliphatic hydrocarbons through fatty 

acids, and that these could then be converted to aromatics by cyclization and Diels-Alder 

condensation (Fig. 2). Moreover, after lipid extraction, the significant decrease in the 

relative content of aliphatic hydrocarbons was consistent with previous studies [48], 

where production of aliphatic hydrocarbons was mainly attributed to by the pyrolysis of 
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lipids. In addition, at 650℃, the relative content of aliphatic hydrocarbons from defatted 

microalgae was still one third that of raw microalgae, which indicated that aliphatic 

hydrocarbons may also have been produced as intermediates by protein pyrolysis and 

by part of carbohydrate pyrolysis. 

Among the pyrolysis products from both raw and defatted microalgae, ketones and 

alcohols were at low levels, of which, ketones were only detected when the process 

temperature was 550℃. When microalgae were pyrolyzed after lipid extraction, the 

aldehyde content was significantly increased, while furans significantly decreased. 

Ketones, aldehydes, alcohols, and furans did not present any obvious trends with respect 

to relative content. This might be due to the pyrolysis of carbohydrate, which was 

strongly influenced by the reaction conditions, such as pyrolysis temperature and 

residence times [48]. The major chemical components of microalgae may also interact 

with each other during pyrolysis, for instance, by the Maillard reaction, which occurs 

between the intermediates of carbohydrate and protein during pyrolysis. Wang et al. 

used co-pyrolysis of soybean protein and glucose to reveal that some products of the 

Maillard reaction could further decompose to form N-heterocyclic compounds with 

higher contents of O and N [49]. This may explain the significant increase of nitrogenous 

compounds after lipid extraction. The interactions between fatty acids and proteins may 

also form protein-fatty acids, which was further indicated by the presence of surfactants, 

detergents, amides and amines in the pyrolysis products [49].  

Among previous studies, pyrolysis defatted microalgae biomass of different algal species 

has been reported in literature, including Nannochloropis residues, Chlorella ，

Chlamydomomas and Dunaliell tertiolecta, which all focused on the potential energy 

utilization, while lacked of the pyrolysis mechanism and product pathways during the 

pyrolysis process which were shown in Fig.2. From this study it is clear that the effects 

of lipid extraction on the pyrolysis of microalgae and microalgal residues were complex. 

During the processing of defatted microalgae, due to the lack of lipids, protein pyrolysis 
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was promoted, the relative content of nitrogenous compounds increased and generated 

a broader range of nitrogen- containing compounds. As pyrolysis progressed further 

under suitable conditions, considerable amounts of aromatics and aliphatics could also 

be produced, indicating the energy potential of these residues. Notably, due to the focus 

of bio-oil, the present study concentrates on the products and pathways only regarding 

bio-oil, however, more products, e.g., biochar, gases, could also been generated during 

pyrolysis of microalgal biomass [50]. Further investigation taking biochar and gases into 

consideration could offer a more comprehensive insight of pyrolysis mechanism. 

4. Conclusions 

In the present study, effluent streams from anaerobic digestion processes were 

employed in the cultivation of Desmodesmus sp. In order to obtain microalgal biomass. 

The harvested microalgae and defatted residues after lipid extraction were pyrolyzed 

under various temperature regimes, and assessed for potential bio-fuel production. The 

reaction temperature significantly affected the distribution of raw and defatted 

microalgal pyrolysis products. The optimal temperature for pyrolysis of raw and defatted 

microalgae was determined to be 650℃, which produced a higher relative content of 

MVCs and fewer HSs. It was found that lipid extraction could significantly contribute to 

a reduction in the amounts of some toxic compounds produced, e.g., PAHs, but may also 

promote the production of nitrogen-containing compounds. Several pathways of 

microalgae pyrolysis were proposed, and verified. Further investigations into process 

optimization could enhance the feasibility of the proposed approach. 

Acknowledgements

This work was financially supported by the Innovation Fund of Ministry of Education 

Science and Technology Development Center of China, China (Grant No. 2020QT04) and 

Beijing Key Laboratory of Quality Evaluation Technology for Hygiene and Safety of 

Plastics, Beijing Technology and Business University.  



17 

Reference 

[1] Mah AXY, Ho WS, Bong CPC, Hassim MH, Liew PY, Asli UA, et al. Review of hydrogen 

economy in Malaysia and its way forward. Int J Hydrog Energy 2019;44:5661–75. 

https://doi.org/10.1016/j.ijhydene.2019.01.077. 

[2] Shen HZ, Luo ZH, Xiong R, Liu XL, Zhang L, Li YJ, et al. A critical review of pollutant 

emission factors from fuel combustion in home stoves. Environ Int 

2021;157:106841. https://doi.org/10.1016/j.envint.2021.106841.[3] Bu C, Cui X, Li 

R, Li J, Zhang Y, Wang C, et al. Achieving net-zero emissions in China’s passenger 

transport sector through regionally tailored mitigation strategies. Appl Energy 

2021;284:116265. https://doi.org/10.1016/j.apenergy.2020.116265. 

[4] Ni P, Lyu T, Sun H, Dong R, Wu S. Liquid digestate recycled utilization in anaerobic 

digestion of pig manure: Effect on methane production, system stability and heavy 

metal mobilization. Energy 2017;141:1695–704. 

https://doi.org/10.1016/j.energy.2017.11.107. 

[5] Prajapati S, Fernandez E. Reducing conventional generation dependency with solar 

Pv power: A case of Delhi (India). Energy Sources Part Recovery Util Environ Eff 

2020:1–12. https://doi.org/10.1080/15567036.2020.1859006. 

[6] Shen GF, Xiong R, Cheng HF, Tao S. Rural residential energy carrier structure and 

primary PM2.5 emissions from the Qinghai-Tibet Plateau. Chinese Sci Bull 

2021;66(15):1900-1911. https://doi.org/10.1360/TB-2020-0408.

[7] Wang S, Shang H, Abomohra AE-F, Wang Q. One-step conversion of microalgae to 

alcohols and esters through co-pyrolysis with biodiesel-derived glycerol. Energy 

Convers Manag 2019;198:111792. 

https://doi.org/10.1016/j.enconman.2019.111792. 

[8] Singh UB, Ahluwalia AS. Microalgae: a promising tool for carbon sequestration. 

Mitig Adapt Strats Gl 2013;18:73–95. https://doi.org/10.1007/s11027-012-9393-3. 

[9] Li G, Bai X, Li H, Lu ZT, Zhou YG, Wang YK, et al. Nutrients removal and biomass 

production from anaerobic digested effluent by microalgae: A review. Int J Agric & 



18 

Biol Eng 2019; 12(5): 8–13. https://doi.org/10.25165/j.ijabe.20191205.3630.

[10] Guo Q, Yang L, Wang K, Xu X, Wu M, Zhang X. Effect of hydration-calcination CaO 

on the deoxygenation of bio-oil from pyrolysis of Nannochloropsis sp. Int J Green 

Energy 2019;16:1179–88. https://doi.org/10.1080/15435075.2019.1671393. 

[11] Li G, Lu ZT, Zhang J, Li H, Zhou YG, Zayan AMI, et al. Life cycle assessment of biofuel 

production from microalgae cultivated in anaerobic digested wasterwater. Int J 

Agric & Biol Eng 2020; 13(1): 241–246. https://doi.org/

10.25165/j.ijabe.20201301.4178.

[12] Suganya T, Varman M, Masjuki HH, Renganathan S. Macroalgae and microalgae as 

a potential source for commercial applications along with biofuels production: A 

biorefinery approach. Renew Sustain Energy Rev 2016;55:909–41. 

https://doi.org/10.1016/j.rser.2015.11.026. 

[13] Hernandez D, Solana M, Riano B, Garcia-Gonzalez MC, Bertucco A. Biofuels from 

microalgae: Lipid extraction and methane production from the residual biomass in 

a biorefinery approach. Bioresour Technol 2014;170:370–8. 

https://doi.org/10.1016/j.biortech.2014.07.109. 

[14] Yang C, Li R, Zhang B, Qiu Q, Wang B, Yang H, et al. Pyrolysis of microalgae: A critical 

review. Fuel Process Technol 2019;186:53–72. 

https://doi.org/10.1016/j.fuproc.2018.12.012. 

[15] Chen W-H, Lin B-J, Huang M-Y, Chang J-S. Thermochemical conversion of microalgal 

biomass into biofuels: A review. Bioresour Technol 2015;184:314–27. 

https://doi.org/10.1016/j.biortech.2014.11.050. 

[16] Wang X, Zhao B, Tang X, Yang X. Comparison of direct and indirect pyrolysis of 

micro-algae Isochrysis. Bioresour Technol 2015;179:58–62. 

https://doi.org/10.1016/j.biortech.2014.11.015. 

[17] Ehimen EA, Sun ZF, Carrington CG, Birch EJ, Eaton-Rye JJ. Anaerobic digestion of 

microalgae residues resulting from the biodiesel production process. Appl Energy 

2011;88:3454–63. https://doi.org/10.1016/j.apenergy.2010.10.020. 



19 

[18] Raheem A, Cui X, Mangi FH, Memon AA, Ji G, Cheng B, et al. Hydrogen-rich energy 

recovery from microalgae (lipid-extracted) via steam catalytic gasification. Algal Res 

2020;52:102102. https://doi.org/10.1016/j.algal.2020.102102. 

[19] Ashokkumar V, Chen W-H, Al-Muhtaseb AH, Kumar G, Sathishkumar P, Pandian S, 

et al. Bioenergy production and metallic iron (Fe) conversion from Botryococcus sp. 

cultivated in domestic wastewater: Algal biorefinery concept. Energy Convers 

Manag 2019;196:1326–34. https://doi.org/10.1016/j.enconman.2019.06.069. 

[20] Rosas JG, Gómez N, Cara-Jiménez J, González-Arias J, Olego MÁ, Sánchez ME. 

Evaluation of Joint Management of Pine Wood Waste and Residual Microalgae for 

Agricultural Application. Sustainability 2020;13:53. 

https://doi.org/10.3390/su13010053. 

[21] Wu H, Li J, Wang C, Liao Q, Fu Q, Liu Z. Sequent production of proteins and biogas 

from Chlorella sp. via CO2 assisted hydrothermal treatment and anaerobic digestion. 

J Clean Prod 2020;277:123563. https://doi.org/10.1016/j.jclepro.2020.123563. 

[22] Kim S-S, Ly HV, Kim J, Lee EY, Woo HC. Pyrolysis of microalgae residual biomass 

derived from Dunaliella tertiolecta after lipid extraction and carbohydrate 

saccharification. Chem Eng J 2015;263:194–9. 

https://doi.org/10.1016/j.cej.2014.11.045. 

[23] Lopez-Gonzalez D, Puig-Gamero M, Acien FG, Garcia-Cuadra F, Valverde JL, Sanchez-

Silva L. Energetic, economic and environmental assessment of the pyrolysis and 

combustion of microalgae and their oils. Renew Sustain Energy Rev 2015;51:1752–

70. https://doi.org/10.1016/j.rser.2015.07.022. 

[24] Vardon DR, Sharma BK, Blazina GV, Rajagopalan K, Strathmann TJ. Thermochemical 

conversion of raw and defatted algal biomass via hydrothermal liquefaction and 

slow pyrolysis. Bioresour Technol 2012;109:178–87. 

https://doi.org/10.1016/j.biortech.2012.01.008. 

[25] Wang X, Zhao BW, Tang XH, Yang XY. Comparison of direct and indirect pyrolysis of 

micro-algae Isochrysis. Bioresour Technol 2015;179:58-62. 



20 

https://doi.org/10.1016/j.biortech.2014.11.015. 

[26] Gong ZQ, Fang PW, Wang ZB, Li Q, Li XY, Meng FZ, et al. Catalytic pyrolysis of 

chemical extraction residue from microalgae biomass. Renew Energ 2020;148:712-

9. https://doi.org/10.1016/j.renene.2019.10.158. 

[27] Li G, Zhang J, Li H, Hu R, Yao X, Liu Y, et al. Towards high-quality biodiesel production 

from microalgae using original and anaerobically-digested livestock wastewater. 

Chemosphere 2020:128578. https://doi.org/10.1016/j.chemosphere.2020.128578. 

[28] Li G, Dong R, Fu N, Zhou Y, Li D, Chen XD. Characterization of Pyrolysis Products 

Obtained from Desmodesmus sp. Cultivated in Anaerobic Digested Effluents (DADE). 

Int J Food Eng 2015;11:825–32. https://doi.org/10.1515/ijfe-2015-0131. 

[29] Li G, Bai X, Huo S, Huang Z. Fast pyrolysis of LERDADEs for renewable biofuels. IET 

Renew Power Gener 2020;14:959–67. https://doi.org/10.1049/iet-rpg.2019.0852. 

[30] Li G, Xiang S N, Ji F, Zhou Y G, Huang Z G. Thermal cracking products and bio-oil 

production from microalgae Desmodesmus sp. Int J Agric Biol Eng, 2017; 10(4): 198–

206. https://doi.org/10.25165/j.ijabe.20171004.3348 

[31] Li G, Ji F, Bai X, Zhou Y G, Dong R J, Huang Z G. Comparative study on thermal 

cracking characteristics and bio-oil production from different microalgae using Py-

GC/MS. Int J Agric & Biol Eng 2019;12(1): 208–213. 

https://doi.org/10.25165/j.ijabe.20191201.3628 

[32] Liu C, Duan X, Chen Q, Chao C, Lu Z, Lai Q, et al. Investigations on pyrolysis of 

microalgae Diplosphaera sp. MM1 by TG-FTIR and Py-GC-MS: Products and kinetics. 

Bioresour Technol 2019;294:122126. 

https://doi.org/10.1016/j.biortech.2019.122126. 

[33] Wu Y, Wu S, Zhang H, Xiao R. Cellulose-lignin interactions during catalytic pyrolysis 

with different zeolite catalysts. Fuel Process Technol 2018;179:436–42. 

https://doi.org/10.1016/j.fuproc.2018.07.027. 

[34] Li G, Zhou Y, Ji F, Liu Y, Adhikari B, Tian L, et al. Yield and Characteristics of Pyrolysis 

Products Obtained from Schizochytrium limacinum under Different Temperature 



21 

Regimes. Energies 2013;6:3339–52. https://doi.org/10.3390/en6073339. 

[35] Li G, Dong R, Fu N, Zhou Y, Li D, Chen XD. Temperature-Oriented Pyrolysis on the 

Decomposition Characteristics of Chlorella pyrenoidosa. Int J Food Eng 

2016;12:295–301. https://doi.org/10.1515/ijfe-2015-0132. 

[36] Zainan NH, Srivatsa SC, Li F, Bhattacharya S. Quality of bio-oil from catalytic pyrolysis 

of microalgae Chlorella vulgaris. Fuel 2018;223:12–9. 

https://doi.org/10.1016/j.fuel.2018.02.166. 

[37] Li FH, Srivatsa SC, Bhattacharya S. A review on catalytic pyrolysis of microalgae to 

high-quality bio-oil with low oxygeneous and nitrogenous compounds. Renew Sust 

Energ Rev 2019;108:481–497. https://doi.org/ 10.1016/j.rser.2019.03.026.

[38] Patil PD, Dandamudi KPR, Wang J, Deng Q, Deng S. Extraction of bio-oils from algae 

with supercritical carbon dioxide and co-solvents. J Supercrit Fluids 2018;135:60–8. 

https://doi.org/10.1016/j.supflu.2017.12.019. 

[39] Zhao BS, Ma JW, Zhao QB, Laurens L, Jarvis E, Chen SL, et al. Efficient anaerobic 

digestion of whole microalgae and lipid-extracted microalgae residues for methane 

energy production. Bioresour Technol 2014;161:423–430. 

https://doi.org/10.1016/j.biortech.2014.03.079. 

[40] Li F, Srivatsa SC, Bhattacharya S. A review on catalytic pyrolysis of microalgae to 

high-quality bio-oil with low oxygeneous and nitrogenous compounds. Renew 

Sustain Energy Rev 2019;108:481–97. https://doi.org/10.1016/j.rser.2019.03.026. 

[41] Ming X, Xu F, Jiang Y, Zong P, Wang B, Li J, et al. Thermal degradation of food waste 

by TG-FTIR and Py-GC-MS: Pyrolysis behaviors, products, kinetic and 

thermodynamic analysis. J Clean Prod 2020;244:118713. 

https://doi.org/10.1016/j.jclepro.2019.118713. 

[42] D. Beneroso, J.M. Bermúdez, A. Arenillas, J.A. Menéndez. Microwave pyrolysis of 

microalgae for high syngas production. Bioresour Technol 2013;144:240-246. 

http://dx.doi.org/10.1016/j.biortech.2013.06.102. 

[43] Du Z, Li Y, Wang X, Wan Y, Chen Q, Wang C, et al. Microwave-assisted pyrolysis of 



22 

microalgae for biofuel production. Bioresour Technol 2011;102:4890–6. 

https://doi.org/10.1016/j.biortech.2011.01.055. 

[44] Chen W, Yang H, Chen Y, Xia M, Yang Z, Wang X, et al. Algae pyrolytic poly-

generation: Influence of component difference and temperature on products 

characteristics. Energy 2017;131:1–12. 

https://doi.org/10.1016/j.energy.2017.05.019. 

[45] Zhou H, Wu C, Onwudili JA, Meng A, Zhang Y, Williams PT. Polycyclic Aromatic 

Hydrocarbon Formation from the Pyrolysis/Gasification of Lignin at Different 

Reaction Conditions. Energy Fuels 2014;28:6371–9. 

https://doi.org/10.1021/ef5013769. 

[46] Ji X, Liu B, Chen GY, Ma WC. The pyrolysis of lipid-extracted residue of Tribonema 

minus in a fixed-bed reactor. J Anal Appl Pyrol 2015;116:231–6. 

https://doi.org/10.1016/j.jaap.2015.09.006.

[47] Gautam R, Vinu R. Non-catalytic fast pyrolysis and catalytic fast pyrolysis of 

Nannochloropsis oculata using Co-Mo/γ-Al2O3 catalyst for valuable chemicals. Algal 

Res 2018;34:12–24. https://doi.org/10.1016/j.algal.2018.06.024. 

[48] Azizi K, Keshavarz Moraveji M, Arregi A, Amutio M, Lopez G, Olazar M. On the 

pyrolysis of different microalgae species in a conical spouted bed reactor: Bio-fuel 

yields and characterization. Bioresour Technol 2020;311:123561. 

https://doi.org/10.1016/j.biortech.2020.123561. 

[49] Wang X, Tang X, Yang X. Pyrolysis mechanism of microalgae Nannochloropsis sp. 

based on model compounds and their interaction. Energy Convers Manag 

2017;140:203–10. https://doi.org/10.1016/j.enconman.2017.02.058. 

[50] Wang KG, Brown RC, Homsy S, Martinez L, Sidhu SS. Fast pyrolysis of microalgae 

remnants in a fluidized bed reactor for bio-oil and biochar production. Bioresour 

Technol 2013;127:494-9. https://doi.org/ 10.1016/j.biortech.2012.08.016.


