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Abstract
This paper presented a mechanism study of syngas production through lipid-extracted microalgal residues by investigating how
the structure of these residues affected the pyrolysis characteristics. The results showed that both Chlorella sorokiniana 21 and
Monoraphidium 3s35 residues could be pyrolyzed efficiently at low temperatures from 120 to 380 °C, with a final residue of less
than 22.75%. Hemicellulose with carboxyl groups was the main component of both microalgal residues, most likely contributing
to the production of the C=O compounds and carbon monoxide (CO). A large amount of CHO, CH2O, and CH3O (60.09% in
total) was observed from C. sorokiniana 21, which was 1.58 times more than that from Monoraphidium 3s35. Pyrolysis of the
C. sorokiniana 21 residue yielded more C=O and CHn compounds with less activation energy (52.97–58.57 kJ mol−1) and a
higher reaction rate (0.105% s−1) than that of Monoraphidium 3s35. The different pyrolysis characteristics between the two
microalgal residues might be attributed to structural variations.
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1 Introduction

Biomass has been considered one of the most promising re-
newable energy sources in the world. Compared with fossil
fuels, biomass can be processed into liquid transportation
fuels, which can substantially decrease the net emissions of
carbon into the atmosphere [1]. Biomass can be obtained from
land crops as well as ocean habitats. Microalgae, known as
sunlight-driven cell factories, can convert carbon dioxide to
potential biofuel materials [2] and are an important source of
biomass, with the merits of high yields and a short life cycle
[3].

There have been major challenges in biochemically
converting lignocellulosic biomass into biofuel due to the
complex structure of the biomass and the difficulty of separat-
ing its components in an economically feasible way [4].
Pyrolysis, however, has provided an alternative solution for
converting cellulosic biomass into renewable energy and valu-
able chemicals [5]. In the last decade, intensive pyrolysis re-
search has been performed on lignocellulosic biomass, rang-
ing from agricultural residues such as corn stover and wheat
straw to energy crops such as switchgrass [6]. Forestry wastes
such as wood bark have also been the targets for pyrolysis [5].
Research on microalgal biomass pyrolysis using Py-GC/MS
and DAEM [7] has been reported. Thermal degradation of the
microalgae Chlorella vulgaris ESP-31, Nannochloropsis
oceanica CY2, and Chlamydomonas sp. JSC4 has also been
analyzed [8]. Recently, microalgae have mainly been used for
lipid and biodiesel production [9]. The reutilization of residues
after the biofuel conversion process is significant for increas-
ing the economic efficiency of microalgae. However, the
mechanism of pyrolysis for lipid-extracted microalgal resi-
dues has barely been reported. The online combination of
thermogravimetric analysis (TGA) and fourier transform
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infrared (FTIR) spectroscopy has been successfully applied to
the study of the evolution of volatile products with time in the
the rma l pyro lys i s o f po lymers [10 ] as wel l as
Nannochloropsis sp. [11]. It is important to understand the
mechanism of microalgal residue pyrolysis, the thermogravi-
metric decomposition of the volatile products, and the influ-
ence of the composition and structure of the microalgae on the
pyrolysis kinetics.

In this study, lipid-extracted residues of the microalgae
Chlorella sorokiniana andMonoraphidium were investigated
with TGA/FTIR to elucidate their dynamic pyrolysis behavior
including kinetics and volatile products produced.
Furthermore, the chemical structures of the two microalgal
residues were analyzed with proton nuclear magnetic reso-
nance (1H NMR) spectroscopy to determine the influence of
the structural variation on the pyrolysis.

2 Materials and methods

2.1 Microalgal residue preparation

The microalgal strains Chlorella sorokiniana 21 and
Monoraphidium 3s35 used in this study were collected
from the coastal waters of Shenzhen, Guangdong
Province, China. Blue-green medium (BG-11) with
1.5% agar supplement was used to maintain the strains
[12]. Each individual cultivation test was carried out
with 3 replicates for 10 days. Slots on an incubation
shaker platform (Constant Temperature Breeding
Shaker, MOMA, Shanghai, China) were randomly
assigned. To initiate the cultivation, 80 mL of axenic
culture in the exponential phase (dry cell mass density
50 ± 0.08 mg L−1) was inoculated into 1 L flasks with
800 mL of sterile BG-11 medium. The flasks were cov-
ered with autoclavable foam and cultivated at a room
temperature of 26 °C with an initial pH of 7.1. Three
rows of cool white portable fluorescent light tubes (PM-
RGT8-30 W, Mei Optoelectronics Technology Company,
Foshan, Guangdong Province, China) were used with a
light intensity of 100.5 μmol m−2 s−1 ± 2.0 SE. Aeration
of 0.25–0.75 L air per minute was applied to each cul-
tivation flask. To collect the microalgal biomass, the
cul tu res were cent r i fuged (Cent r i fuge 5810R,
Eppendorf, Germany) at 4000×g for 20 min and resus-
pended in distilled water. After repeating the above pro-
cess 3 times, the microalgal biomass was freeze-dried
(FreeZone 2.5, LABCONCO, USA) for 3 days. A
Soxhlet extractor was used for lipid extraction from
the previously obtained microalgal biomass, with 1.5 g
extracted with chloroform/methanol (1/2, v/v) at 75 °C
for 12 h. After lipid extraction, the microalgal residues
were then dried at 30 °C under vacuum for 12 h. Three

biological replicates for each sample of the microalgae
biomass residue were prepared for further experiments.

2.2 Microalgal residue composition analysis

Microalgal residue composition analysis was performed
through the method of the Association of Official Analytical
Chemists (AOAC) (1984) [13], which has also been used for
analyzing the composition ofmarine algae Enteromorpha spp.
[14], Schizochytrium sp. [15], Spirulina algae [16], and the
microalga Porphyridium cruentum [17]. Dried algal samples
were analyzed for neutral detergent fiber (NDF) [18], acid
detergent fiber (ADF) [19], acid detergent lignin (ADL)
[20], and ash in ADL according to the procedures of Van
Soest et al. (1991) and AOAC (1984) [13]. Hemicellulose,
cellulose, and Klason lignin contents were determined by the
differences between ADF and NDF content, ADF and ADL
content, and ADL and ash content, respectively [21]. Three
biological and measurement replicates were performed
throughout this study.

2.3 Algal biomass structure analysis with 1H NMR
spectroscopy

1H NMR spectra of microalgal residues were obtained by a
Bruker 500 Ultrashield I100605 400-MHz spectrometer out-
fitted with a 5-mm broadband probe (Borosilicate Glass
Company, China). Firstly, 20 mg of microalgal residue was
dissolved in 1 mL of DMSO-d6 (dimethyl sulfoxide-d6), fil-
tered with a 0.45-μm PTFE (poly tetra fluoroethylene) filter to
remove any suspended particulates, and then loaded into 5-
mm diameter NMR tubes [22]. Three measurement replicates
were performed throughout this study.

2.4 Thermogravimetric analysis with TG-FTIR
(thermogravimetric analysis coupled with fourier
transform infrared analysis)

The thermogravimetric characteristics of the microalgal resi-
dues were determined by thermogravimetry coupled with
Fourier transform infrared (TG-FTIR) analysis (STA449 F3,
Naichi Instrument Company, China; TENSOR27 FTIR,
Bruker, Germany). High-purity N2 was used as the protective
gas at a flow rate of 20 cm3 min−1. Approximately 10 mg of
microalgal residue was heated from 25 to 650 °C at
10 °C min−1 and then held for 1 h at the highest temperature.
The volatiles released during pyrolysis of the microalgae were
detected online with a Bruker FTIR Tensor Spectrometer
(TENSOR27 FTIR, Bruker, Germany). FTIR spectra were
recorded from 400 to 4000 cm−1. Before the microalgal sam-
ples were processed in the system, a blank test was carried out
first to eliminate the buoyancy effect. Three measurement rep-
licates were performed throughout this study.
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2.5 Microalgae pyrolysis kinetics

The Arrhenius equation used in previously reported work was
employed to describe the pyrolysis reaction rate in this study
as follows [7]:

dX
dt

¼ −Ae−
E
RTð ÞXn ð1Þ

where the notation of the Arrhenius equation X (Eq. (1)) was
defined as the extent of the pyrolysis reaction. The conversion
value X was determined as (w-wf)/(w0-wf), t is the time of
reaction, A is the pre-exponential or frequency factor, E is
the activation energy, R is the universal gas constant, T is the
absolute temperature, and n is the order of reaction. The line-
arized form of the Arrhenius equation was used to determine
the kinetic constants A, E, and n. The simplified form of the
linearized Arrhenius equation is as follows:

1n
−1

w0−wf

dw
dt

� �
¼ 1nA−

E
RT

� �
þ n1n

w−wf

w0−wf

� �
ð2Þ

where w0 is the initial weight at the beginning of the pyrolysis,
wf is the final weight at the end of each stage of the pyrolysis
(details are explained in a later section), and w is the weight at
any time of the pyrolysis process.

Eq. (2) can be written in linear form [7]:

y ¼ Bþ Cxþ Dz ð3Þ
where y, x, z, B, C, andD (Eq. (3)) are defined as follows (Eqs.
(4)–(6)):

y ¼ 1n
−1

w0−wf

dw
dt

� �
ð4Þ

x ¼ 1

RT
ð5Þ

z ¼ 1n
w−wf

w0−wf

� �
ð6Þ

B ¼ 1nA ð7Þ

C ¼ −
E
R

ð8Þ

D = n (9)
The constants B, C, and D were estimated with multilinear

regression of the TGA data for each stage using Microsoft
Excel (Microsoft, Seattle, USA). The kinetic parameters (A,
E, and n) were determined according to Eqs. (7), (8), and (9).
Three measurement replicates were performed throughout this
study.

The data were analyzed with Statistical Package of the
Social Sciences (SPSS) software (Windows version 7.0,
SPSS, Inc., Chicago, IL). Paired t test was used to analyze
continuous data. A p value < 0.05 was considered significant.

3 Results and discussion

3.1 Chemical composition and structure
of C. sorokiniana 21 and Monoraphidium 3s35
residues

The chemical compositions of the microalgal residues of
C. sorokiniana 21 and Monoraphidium 3s35 are presented
in Table 1. As shown in the table, hemicellulose was the major
component (over 40% dry-weight basis) of both microalgal
residues. This finding is consistent with the chemical compo-
sition research on the marine algae Enteromorpha spp., in
which the dominant component of the cellular wall is hemi-
cellulose [23]. Cellulose and lignin were observed as the mi-
nor components in both microalgae (less than 3%). Previous
research has reported that the polysaccharides of sea algae can
be divided into cell wall polysaccharides such as cellulose and
hemicellulose [24]. Lignin-like compounds and lignin were
also discovered in the cell wall of the red alga Calliarthron
cheilosporioides and Coleochaete algae [25]. Statistical anal-
ysis indicated that there was no significant difference in the
composition between the two microalgal residues [26].

To assess differences in the chemical structure of
C. sorokiniana 21 and Monoraphidium 3s35, we acquired
1H NMR spectra to compare the functional group differences,
as shown in Fig. 1 and Table 2. Both microalgal residues
contained more than 13% alkanes based on the integrated
peaks o f CH3 and CH2 (0–1 .6 ppm) . No tab ly,
C. sorokiniana 21 contains a large amount of CHO, CH2O,
and CH3O (60.09% in total), which is 1.58 times more than
that in Monoraphidium 3s35 (only 38.12%). In addition, the
functional groups of ArOH, HC=C (nonconjugated), and
CHO accounted for 31.51% in Monoraphidium 3s35, which
is 4.81 times more than that in C. sorokiniana 21 (6.55%).

Overall, although there is no significant difference between
the compositions of these two microalgae, structural variation
was observed: C. sorokiniana 21 contained more CHO,

Table 1 Chemical composition of microalgl residue Chlorella
sorokiniana 21 and Monoraphidium 3s35. Data are shown as mean ±
standard deviation (n = 3)

Composition (% dry based) Sample

Monoraphidium 3s35 C. sorokiniana 21

NDFa 45.98 ± 0.79 47.11 ± 1.74

ADFb 4.43 ± 0.35 4.73 ± 0.44

Cellulose 2.82 ± 0.11 2.70 ± 0.59

Hemicellulose 41.56 ± 1.13 42.38 ± 2.12

Lignin 2.42 ± 0.04 2.64 ± 0.53

aNDF:neutral detergent fiber
bADF acid detergent fiber
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CH2O, and CH3O groups, and Monoraphidium 3s35
contained more ArOH and HC=C groups. It was reported that
there are two different kinds of structures in cellulose: crystal-
line and amorphous domains. Depending on both source and
history, cellulose consists of these crystalline and amorphous
domains in varying proportions [27]. The presence of amor-
phous cellulose was indicated by strong C-H stretching vibra-
tions, and the C-O-C stretching vibrations attributed to α-(1-
4)-glycosidic linkages were designated as an “amorphous”
absorption band, indicating an intensity increase in the amor-
phous cellulose. The different chemical compositions of cel-
lulose could lead to various thermal decomposition results.

3.2 Pyrolysis of C. sorokiniana 21
and Monoraphidium 3s35 residues

3.2.1 Thermogravimetric characteristics

Thermogravimetr ic analys is Figure 2 shows the
thermogravimetry (TG) and derivative thermogravimetry

(DTG) results of the microalgal residues of C. sorokiniana
21 and Monoraphidium 3s35 in the pyrolysis process. Both
microalgal residues had three distinct weight loss stages dur-
ing thermal degradation: dehydration, active pyrolysis, and
passive pyrolysis, with temperature ranges of 25–120 °C,
120–500 °C, and 500–650 °C, respectively. The active pyrol-
ysis stage contained two substages, which was different
from the pyrolysis of plant lignocellulosic biomass such
as corn stover [28]. The active pyrolysis temperature for
hemicelluloses is usually from 190 to 360 °C, so the ap-
pearance of active pyrolysis substage 1 (120 to 380 °C) is
likely attributed to the large amount of hemicelluloses in
the microalgal residue. The TG results also revealed that
the final residue yields of the microalgal residue (22.20%
for C. sorokiniana 21 and 22.75% for Monoraphidium
3s35) were significantly lower than those of plant lignocel-
lulosic biomass, such as corn stover (33.32%) [29] and rice
straw (29.5%) [30]. This result indicated that the thermal
decomposition of microalgal residue can be more efficient
than that of lignocellulosic biomass.

Fig. 1 Proton nuclear magnetic
resonance (1H NMR) spectra of
microalgal residue. a Chlorella
sorokiniana 21. b
Monoraphidium 3s35

Table 2 1H NMR (proton nuclear
magnetic resonance) spectral
distribution analysis of functional
groups present in the microalgal
residues based on integrated peak
areas assigned to characteristic
spectral regions and chemical
shift range. Data are shown as
mean±standard deviation (n = 3)

Assignments Chemical shifts (ppm) C. sorokiniana 21 (%) Monoraphidium
3s35 (%)

CH3, CH2 0–1.6 13.99 ± 0.23 16.47 ± 0.49

CH2, aliphatic OH 1.6–2.2 2.51 ± 0.31 3.43 ± 0.45

CH2C=O, CH3-Ar, -CH2-Ar 2.2–3 14.56 ± 0.17 10.01 ± 0.53

CH3O, CH2O, CHO 3–4.2 60.09 ± 0.51 38.12 ± 0.22

ArOH, HC=C (non-conjugated), CHO 4.2–6.4 6.55 ± 0.42 31.51 ± 1.02

HC=C (non-conjugated) 6.4–6.8 0.63 ± 0.12 0.11 ± 0.08

ArH, HC=C (conjugated) 6.8–8 1.00 ± 0.11 0.09 ± 0.06

CHO, COOH 8–10 0.07 ± 0.02 0.25 ± 0.09
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As shown in Fig. 2, the DTG curve for each microalgal
residue had two peaks for the reaction rate (−dX/dt) of the
pyrolysis. It was also observed that the reaction rate of
microalgae pyrolysis increased rapidly from 115 to 310 °C
and then dropped dramatically from 310 to 504 °C with a
shoulder from 384 to 445 °C. In substage 1, the peak of the
reaction rate for C. sorokiniana 21 (0.105% s−1) was much
higher than that for Monoraphidium 3s35 (0.0799% s−1).

d2X/dt2 analysis of TG According to Grønli et al. [31], temper-
atures for the thermal degradation of hemicellulose, cellulose,
and lignin could be defined with d2X/d2t analysis. The d2X/d2t
temperature curves obtained in this study are shown in Fig. 3.
As shown in the figure, the characteristics of the thermal de-
composition of the microalgal residue can be quantified
through the following parameters:

Tonset(hc) is the extrapolated temperature at the beginning of
hemicellulose decomposition;

Tshoulder1 is the temperature corresponding to the hemicel-
lulose shoulder;

Tpeak is the temperature of the maximum devolatilization
rate during the entire pyrolysis;

Tonset (c) is the extrapolated temperature for the cellulose
decomposition;

Tshoulder2 is the temperature corresponding to the cellulose
shoulder and the beginning of the lignin tail in which lignin
degradation occurs.

As shown in Fig. 3, the hemicelluloses of the
C. sorokiniana 21 and Monoraphidium 3s35 residues started
to be thermally decomposed at a Tonset(hc) of 193 °C and
191 °C, respectively and reached the maximum reaction rate
at a Tpeak of 310 °C and 311 °C. There was a pyrolysis shoul-
der observed for the microalgae C. sorokiniana 21 and
Monoraphidium 3s35 residues at a Tshoulder1 of 248 °C and
240 °C, respectively. Although the amount of cellulose in

microalgal residue is much less than that in lignocellulosic
biomass, the structure of cellulose is complicated and crystal-
line [32], compared with that of hemicelluloses. Thus, the
pyrolysis stage of cellulose can be observed in Fig. 3.
According to this figure, the cellulose of the microalgae
C. sorokiniana 21 and Monoraphidium 3s35 residues began
thermally decomposing at a Tonset (c) of 390 °C and 408 °C,
respectively. It has been reported that the weight loss of cel-
lulose during pyrolysis happens at 315–400 °C [33], which
was consistent with our results. The lignin of the microalgae
C. sorokiniana 21 and Monoraphidium 3s35 residues began
pyrolysis at a Tshoulder2 of 512 °C and 504 °C, respectively.

3.2.2 Microalgae pyrolysis kinetics

The kinetic parameters for the microalgae pyrolysis in sub-
stages 1 and 2 during the active pyrolysis stage are presented
in Table 3. As shown in the table, the activation energy of the
microalgae pyrolysis in substage 1 (52.97–58.57 kJ mol−1)
was much lower than that in substage 2 (82.50–
83.98 kJ mol−1). It was reported that the peaks of the distribu-
tion curve of the activation energy for rice straw, rice husk,
corncob, and cellulose were 170, 174, 183, and 185 kJ mol−1

[34], respectively. It is known that the activation energy rep-
resents the potential barrier needed to be overcome in the
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reaction [35]. Compared with lignocellulose biomass,
microalgae require less energy to start the thermogravi-
metric reaction. The results also showed that the activa-
tion energy of the residue of C. sorokiniana 21 was less
than that of Monoraphidium 3s35, indicating that the
former is more easily pyrolyzed and has a lower energy
barrier.

3.2.3 Volatile products analysis of TG-FTIR

To identify the major volatile species and continuously
measure the volatiles and the devolatilization tempera-
ture during microalgae pyrolysis, TG analysis coupled
with FTIR spectroscopy was applied in this study. The
TG-FTIR spectra of these two microalgae are shown in
Fig. 4. The composition of the volatile products was
determined with the characteristic wavenumber bands,
while the yield history of the products in the time
course was identified by the absorbance against time.
An integral form of the Lambert-Beer relation was used
for the abovementioned determination and identification
[36]. The integrated absorbance (IA, measured in cm−1)
is the integral value of the spectral absorbance over a
selected wavenumber interval characteristic for the com-
pound of interest, which can give a quantitative measure
of the gaseous species detected.

During the pyrolysis of microalgal residues, light gases
(namely, C=O compounds, CHn compounds, CO2, and CO)
were detected in the specific wavenumber intervals listed in
Table 4. The results are shown in Fig. 5. Compounds with
characteristic carbonyl bonds, typically organic acids, esters,
aldehydes, and ketones, are called C=O compounds [37].
Compounds with characteristic C-H bonds, typically alkyl,
aliphatic, and aromatic compounds, can be classified as CHn

compounds.

C=O compounds As shown in Fig. 5a, two peaks were ob-
served for the production of C=O compounds (R–CHO and
R–COOH) during the pyrolysis of bothC. sorokiniana 21 and
Monoraphidium 3s35. According to our results, the tempera-
tures for the maximum production of C=O compounds from
the pyrolysis of C. sorokiniana 21 and Monoraphidium 3s35
were 251 °C and 333 °C, respectively. The active pyrolysis
temperature for hemicelluloses is usually from 190 to 360 °C.
The compositions of hemicellulose in the microalgae
C. sorokiniana 21 and Monoraphidium 3s35 were 41.56%
and 42.38%, respectively. The production of the C=O com-
pounds is probably due to the pyrolysis of hemicellulose in the
microalgae. It was reported that the pyrolysis of Chlorella
vulgaris microalgae occurred in the temperature range of

Fig. 4 Three-dimensional spectra of TG–FTIR (thermogravimetric ana-
lyzer coupled with fourier transform infrared analysis). a Chlorella
sorokiniana 21. (b) Monoraphidium 3s35

Table 3 Kinetic parameters of the microalgae residue active pyrolysis
at the heating rate of 10 k min−1 in the pure nitrogen environment

Kinetic parameters Microalgal residues

C. sorokiniana 21 Monoraphidium 3s35

Substage 1 (120 °C–380 °C)

A (104 s−1) 0.95 0.04

E (kJmol−1) 52.97 58.57

n 1.46 2.21

R2 0.95 0.96

Substage 2 (380 °C–500 °C)

A (104 s−1) 5.15 5.94

E (kJmol−1) 82.50 83.98

n 2.34 2.24

R2 0.92 0.93

Table 4 Wavenumber intervals of different gaseous species for the
definition of the integrated absorbance during the microalgal residue
pyrolysis analyzed with TG-FTIR (thermogravimetric analyzer coupled
with fourier transform infrared analysis)

Gas species Wavenumber interval (cm−1)

CHn group 2832–3027

CO2 2220–2393

CO 2142–2218

C=O group 1835–1673
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133–537 °C, and the main weight loss peak occurred at ap-
proximately 296 °C, which is consistent with our results. At
low temperatures, hemicellulose decomposition contributes to
C=O and COOH functional group generation [3].
Hemicelluloses are heterogeneous polymers of pentoses (xy-
lose, arabinose), hexoses (mannose, glucose, galactose), and
sugar acids, with a random, amorphous structure. The back-
bone of hemicellulose consists of O-acetyl, α- l-
arabinofuranosyl, α-1,2-linked glucuronic, or 4-O-
methylglucuronic acid substituents. The release of carbonyl
groups can be caused by the cracking of xylan and
glucomannan from hemicellulose [4]. Acidic products, espe-
cially acetic acid and formic acid, with C=O groups, are com-
monly detected in the bio-oil from the pyrolysis of hemicellu-
lose [5]. The prevalent mechanism of the formation of acetic
acid involves a primary elimination reaction of the active O-
acetyl groups linked to the main xylan chain at the C2 position
[6].

Carbon monoxide Carbon monoxide (CO) released from py-
rolysis of the microalgae is shown in Fig. 5b. The peaks of CO
release were observed at 230 °C and 323 °C for
C. sorokiniana 21 and Monoraphidium 3s35, respectively.
C. sorokiniana 21 reached a higher maximum production of
CO at a lower temperature than did Monoraphidium 3s35.
Since the release of CO was mainly caused by the cracking
of ether (C-O-C) and carboxyl (C=O) groups [38], the supe-
riority of C. sorokiniana 21 in producing CO might be attrib-
uted to the chemical structure difference between these two

microalgae. On the other hand, it has been reported that the
release of CO from cellulose was very small, with only a small
peak, and that almost no CO was evolved from lignin pyrol-
ysis at low temperature (< 600 °C) [33]. The authors also
reported that there was a peak for CO release from hemicel-
luloses at 280 °C, which was within the temperature range for
CO release in our observation. Thus, we believe that the CO
production of microalgal residues is mainly from
hemicelluloses.

CHn compounds The CHn compounds released from pyrolysis
of the microalgal residues are shown in Fig. 5c. As shown in
the figure, the CHn compounds showed two main release
peaks at 278 °C and 378 °C for C. sorokiniana 21 and a
shoulder from 322 to 385 °C for Monoraphidium 3s35. The
primary pyrolysis may give rise to the first release peak, while
the secondary pyrolysis at a higher temperature might be the
driving force for the second release peak of gases, which is in
agreement with a report by Yang et al. (2007). The first release
peak of CHn compounds from C. sorokiniana 21 might be
caused by the cracking of the high content of CH3O com-
pounds as shown in Table 2. The cracking procedure mainly
happened during primary pyrolysis at low temperature. For
Monoraphidium 3s35, the production of CHn compounds
might be due to secondary pyrolysis. It was reported that
1,4-anhydro-d-xylopyranose is one of the main condensable
products from hemicellulose pyrolysis, which is attributed to
cleavage of the glycosidic linkage of the xylan chain, followed
by rearrangement of the depolymerized molecules. Studies
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Fig. 5 Fourier transform infrared
(FTIR) integrated absorbance
profiles of main gaseous species
evolved in the pyrolysis of
microalgal residue Chlorella
sorokiniana 21and
Monoraphidium 3s35
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have inferred that most of the produced 1,4-anhydro-d-
xylopyranose would be instantly consumed to produce two-
carbon and three-carbon fragments as well as gases including
CH4, acting as an intermediate product from the pyrolysis of
hemicellulose [5].

Carbon dioxideCarbon dioxide (CO2) released from pyrolysis
of the microalgae is shown in Fig. 5d. As shown in the figure,
CO2 generation reached a peak at 250 °C and 313 °C for
C. sorokiniana 21 and Monoraphidium 3s35, respectively.
Based on the results, Monoraphidium 3s35 produced less
CO2 than C. sorokiniana 21 during pyrolysis. The production
of CO2 is due to the cracking and scission of C-C and C-O
bonds during pyrolysis [39].

4 Conclusion

The present study showed that microalgal residues have clear
advantages over plant lignocellulosic materials in terms of
pyrolysis, with a lower activation energy (52.97–
83.98 kJ mol−1) and lower final residue yields (22.20–
22.75%). Due to the high content of hemicellulose (41.56–
42.38%) and the predominant structure of carboxyl and car-
bonyl functional groups, the main evolution products were
C=O and CHn compounds, presenting great potential as syn-
gas. Moreover, the chemical structure differences between
C. sorokiniana 21 and Monoraphidium 3s35 probably result-
ed in the observed variation in the pyrolysis characteristics and
production of volatiles.
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