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Abstract: Pyrolysis-gas chromatographic mass spectrometry (Py-GC/MS) was used to
determine the yield and chemical composition of the pyrolysis products of Schizochytrium
limacinum. The pyrolysis was carried out by varying the temperature from 300 °C to 800 °C.
It was found that the main decomposition temperature of Schizochytrium limacinum was
428.16 °C, at which up to 66.5% of the mass was lost. A further 18.7% mass loss then
occurred in a relatively slow pace until 760.2 °C due to complete decomposition of the ash
content of Schizochytrium limacinum. The pyrolysis of Schizochytrium limacinum at 700 °C
produced the maximum yield (67.7%) of pyrolysis products compared to 61.2% at 400 °C.
While pollutants released at 700 °C (12.3%) was much higher than that of 400 °C (2.1%).
Higher temperature will lead to more pollutant (nitrogen compounds and PAHs) release,
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which is harmful to the environment. Considering the reasonably high yield and minimum
release of pollutants, a lower pyrolysis temperature (400 °C) was found to be optimum for
producing biofuel from Schizochytrium limacinum.

Keywords:  Schizochytrium  limacinum; microalgae; pyrolysis products; yield;
real-time determination

1. Introduction

Microalgae cannot be utilized in their natural form as an energy product because this natural
biomass requires a certain degree of conversion or modification [1]. However, thermochemical
conversion of microalgae can be achieved in relatively short time and carried out with relative ease.
For of this reason, it is possible to carry out large-scale production, storage, transportation, distribution
and utilization of this natural energy source. Direct combustion, liquefaction, gasification and pyrolysis
are some of the most common approaches for thermochemical conversion of biomass [2].

Generally, most of the microalgae is converted into and released as useful energy products during
pyrolysis process. As a consequence, products such as pyrolysis gas (composed of CO,, H,, CO, and
CH,y), bio-oil (mostly oxygenic organic compounds) and bio-char can be obtained, while pollutants
such as nitrogen compounds and polycyclic aromatic hydrocarbons (PAHs) are released during
pyrolysis process [3—6]. It is reported that approximately 80% of the unprocessed biomass can be
converted into useful pyrolysis products under optimized reaction circumstances [7]. It is also
suggested that many other kinds of energy products can be synthesized using the products obtained
from the pyrolysis process [8,9].

Earlier investigations have shown that the ecological environment prevailing during the cultivation
of microalgae greatly affects the process of concentration of important elements of the microalgae [10].
Bio-o0il and soluble polysaccharides are major constituents of microalgae, while pigments and
vitamins, etc. are minor constituents [11]. The mechanisms involved in generation and modification of
pyrolysis products from microalgae are still poorly understood. Hu et al. [12] reported that when
Chlorella vulgaris was pyrolyzed by microwave treatment, 35.8% of bio-oil was obtained at 1500 W
microwave power. These authors also achieved a gas yield of 52.4% at 2250 W microwave power.

Gaseous products obtained after pyrolysis of biomass can be analyzed by means of
thermogravimetric analysis-Fourier transform infrared spectroscopy (TGA-FTIR), which provides a
real-time weight (mass) loss data [13—16]. Both soluble organic compounds in liquid and solid pyrolysis
products can be conveniently determined by high performance liquid chromatography (HPLC) or gas
chromatography (GC). By collecting a number of products over different stages of pyrolysis, retention
times and the peak area percentages characteristic to each product can be automatically calculated and
recorded by GC-MS [17-20]. Further data or profiles such as the absolute intensity and concentration
level can also be automatically calculated by integration and by comparing against standard material
databases, such as the NIST (National Institute of Standards and Technology) library.

Pyrolysis-gas chromatography-mass spectrometer (Py-GC/MS) is one of the most effective means
for the characterization of complicated compounds obtained during the pyrolysis process.
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Thangalazhy-Gopakumar et al. [21] investigated catalytic pyrolysis of pine wood using HZSM-5 in
hydrogen-rich environment by Py-GC/MS; Greenhalf et al. [6], used Py-GC/MS to characterize and
compare fast pyrolysis product yield from straw, high yielding perennial grasses and hardwoods;
Du et al. [4] carried out catalytic pyrolysis of three major components (carbohydrates, proteins, and
lipids) via Py-GC/MS to better understand the pyrolysis of microalgae. Py-GC/MS also could provide
highly efficient sample injection [22-25]. In most cases, several micrograms of samples can be
instantly pyrolyzed between 400 °C and 900 °C. A number of spectra of pyrolysis products can be
obtained since their volatility decreases with the increase in the molecular weight. Therefore, the
investigation on pyrolysis process of microalgae is of utmost importance, especially when greater
understanding of the first-order and the second-order pyrolysis processes is required.

In this study, we aimed at determining the yield and chemical composition of pyrolysis products
obtained from Schizochytrium limacinum using Py-GC/MS over a broad pyrolysis temperature range
of 300~800 °C. It was expected that it could provide an optimum pyrolysis temperature, at which an
optimum yield of pyrolysis product obtained at considerably low risk of releasing harmful pollutants.

2. Results and Discussion
2.1. Composition Analysis

The moisture content (dry basis) of dried Schizochytrium limacinum samples used for elemental
analysis was 3.18%. Major elemental contents including carbon, hydrogen, and nitrogen were found to
be 59.61%, 8.135%, and 2.295%, respectively. The carbon content of Schizochytrium limacinum was
slightly higher than that of Undaria pinnatifida (56.5%); however, lower than the carbon contents of
Laminaria japonica (73.5%) and Porphyra tenera (65.7%) [26]. The elemental composition of high
carbon content and relatively low nitrogen content suggests that this particular microalgae has great
potential in energy production.

2.2. Differential Scanning Calorimetry

The DSC thermogram of Schizochytrium limacinum is presented in Figure 1. As can be seen from
this figure, multiple endothermic processes are observed when this microalgae is heated. The presence
of these multiple endothermic peaks can be attributed to the heterogeneity in composition, in other
words, Schizochytrium limacinum samples are multi-component systems [27]. The physical transition
phenomena such as glass transition, ice fusion, protein denaturation, lipid melting, and decomposition
can also be observed in this thermogram (Figure 1). It showed a small step-change in heat flow from
—37.94 °C to —30.91 °C which is indication of glass transition occurring in the sample with an enthalpy
change of 0.4034 J/g. Two endothermic peaks also appeared within a temperature range of 39.91 °C to
50.85 °C and at 79.78 °C which can be attributed to thermal denaturation of protein. The endothermic
peak at 139.52 °C could be considered as melting of lipid content [26]. An exothermic peak was
detected around 285 °C which was probably due to the partial decomposition of the sample.
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Figure 1. The thermogram of Schizochytrium limacinum obtained from DSC showing
multiple endothermic transitions.
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2.3. Thermogravimetric Analysis

-50

50 100 150 200

Temperature (°C)

250

300

3342

As can be seen from Figure 2, the sample weight started to decrease at 70.88 °C (onset temperature)
and a significant decrease occurred at 285.17 °C. Most of the decomposition of carbohydrates and
proteins occurred from 300 °C until 500 °C which resulted into 65.5% of weight loss [28] (Figure 2).

Figure 2. Thermogravimetric analysis of Schizochytrium limacinum.
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As can be seen from the derivative weight loss curve, 428.16 °C can be taken as the main
decomposition temperature. Figure 2 (weight loss curve) shows that another 18.7% weight loss
occurred at 760.17 °C, which suggests that a complete decomposition of ash content and proceeds
relatively slowly [26]. It can also be seen from Figure 2 that a temperature range of 40 °C to 800 °C
covers the entire decomposition range of Schizochytrium limacinum and suggests that the highest

pyrolysis temperature (800 °C) chosen in Py-GC-MS experiments in current study is adequate.
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2.4. Pyrolysis Products of Schizochytrium Limacinum by GC/MS

In previous studies the pyrolysis products of biomass were collected after treatment and the GC-MS
experiments were then subsequently performed on these collected products. In this study, the pyrolysis
products of Schizochytrium limacinum at varying degradation levels and subjected to different
temperatures were detected in real-time using Py-GC-MS. The total ion current (TIC) diagram
obtained at 450 °C is presented in Figure 3 and the retention time and percentage of peak areas are
presented in Table 1.

The chemical compounds identified by GC-MS were classified into several groups such as
aliphatics (including alkanes, and alkenes), aromatics (e.g., benzene, benzene alkyl derivatives,
indenes, and fluorenes), acids, nitrogen compounds (e.g., amides, nitriles, indoles, and pyridines),
phenols, furans, polycyclic aromatic hydrocarbons (PAHs), and alcohols and presented in Table 2. The
identified compounds and their relative peak areas were found to be similar to those reported earlier by
Thangalazhy-Gopakumar et al. [29]. The relative areas of each compound group at different pyrolysis
temperatures are presented in Table 2.

Among the compounds listed in Tables 1 and 2, aliphatic hydrocarbons exist naturally in
fossil oil and they are valuable components in bio-oil for fuel application [3,21]. As temperature is
increased, different aliphatic hydrocarbon compounds are released at different temperatures. As shown
in Table 2, the relative amount of aliphatic hydrocarbons in pyrolysis products of Schizochytrium
limacinum has increased as the temperature increased from 300 °C to 700 °C. The aliphatic
hydrocarbon content increased to its highest value (19.6%) at 700 °C. This maximum aliphatic
hydrocarbon value found in this study was higher than those reported in earlier studies [3,30]. In
addition, the maximum aliphatic hydrocarbon content found in this study was much higher than the
maximum hydrocarbon content in pyrolysis products obtained from other types of biomass [31-33].
This might be due to the fact that higher amounts of lipids in Schizochytrium limacinum are converted
into aliphatic hydrocarbons during pyrolysis [21]. At higher temperatures, aliphatic hydrocarbons are
produced from the decarboxylation reaction of fatty acids accompanied with the release of carbon
dioxide. Similarly, medium- and long-chain aliphatic hydrocarbons are cracked into short-chain ones
with increasing temperature [3,21].Table 2 further shows that the aliphatic hydrocarbon content
decreased with the increase in the temperature above 700 °C. The release of aliphatic hydrocarbon
content was second highest (16.9%) at 800 °C. These observations agree with the earlier reports that
relatively higher amount of aliphatic hydrocarbons are obtained in pyrolysis products at elevated
temperatures (500~800 °C) than at temperatures between 300 °C and 400 °C [3]. Our finding that the
relative content of aliphatic hydrocarbons did not strongly depend on temperature when the
temperature was varied between 500 °C and 700 °C is in accordance with an earlier report [3].
Aromatic hydrocarbons serve as important industrial chemicals and transportation fuel additives to
increase octane number. As can be seen from Table 2, the relative content of aromatic hydrocarbons in
pyrolysis products of Schizochytrium limacinum increased with as the temperature increased from
300 °C to 800 °C. The aromatic hydrocarbon content reached the highest value of 41.1% at 800°C,
which is also higher than the value reported in literature [30]. This observation suggests that benzene
and benzene derivatives are major aromatic compounds in Schizochytrium limacinum. The data
presented in Table 1 and Table 2 also suggest that more aromatic compounds such as indenes and



Energies 2013, 6 3344

fluorenes are present in pyrolysis products of Schizochytrium limacinum in addition to benzene and its
derivatives. The presence or absence of indenes and fluorenes is expected to depend on the species,
chemical composition and the temperature used during pyrolysis.

According to Li et al. [3], the fatty acids in the pyrolysis products are mainly produced from the
pyrolysis of lipids. We have identified these fatty acids to be the long-chain (C4~C;s) compounds in
this paper in contrast to the short chain acid (acetic acid) reported by Li et al. Furthermore, the relative
content of acid in pyrolysis products of Schizochytrium limacinum firstly increased with the increase in
temperature from 300 °C to 400 °C and reached its highest value (59.5%). The fatty acid content
subsequently decreased with increasing temperature above 500 °C. Those results indicate that the
lower pyrolysis temperatures are more beneficial for generation of fatty acids, which agrees with the
previous report [3].

The presence of nitrogen compounds in the pyrolysis products is assumed to be due to degradation of
proteins and they account for the potential emission of nitrogen oxides during fuel combustion [3,29,34].
The relative content of nitrogen compounds in pyrolysis products of Schizochytrium limacinum
increased as the temperature was increased from 300 °C to 800 °C. The concentration of nitrogen
products reach a highest value (6.7%) which is in accordance with the data reported by Li et al.
However, the maximum concentration of nitrogen compounds was found to be lower than those
reported by Li et al. [3] and Du et al. [30].

The presence of phenols and phenolic compounds is important in pyrolysis products if they can be
produced commercially from Schizochytrium limacinum. As can be seen from Table 2, the maximum
concentration of phenols and phenol derivatives is 6.7% at 300 °C. It can also be seen from Table 2
that the relative contents of phenols and phenol derivatives has decreased when the temperature
increased from 300 °C to 500 °C. The concentration of phenol and phenol derivatives decreased down
to 0 when the temperature increased above 600 °C. The maximum phenols and phenol derivatives
value observed in this study was slightly higher than the corresponding value reported by
Du et al. [30] (6.2%). The maximum phenols and phenol derivate contents in Schizochytrium
limacinum were almost identical in pyrolysis products obtained from brown algae (Macrocystis
pyrifera) at 500 °C [28].

As typical pollutants, polycyclic aromatic hydrocarbons (PAHs) not only exist in fossil fuels, but
also can be produced from fuel combustion and pyrolysis. Table 2 shows that PAHs are not detected
until 500 °C. The concentration of the PAHs at 500 °C was 0.9%. However, the concentration of the
PAHs increased when the temperature further increase above 600 °C. The concentration of the PAHs
was the highest (9.05%) at 800 °C. Those results are in accordance with the data reported earlier by Li
et al. and confirm the fact that the formation of PAHs is greatly increased at high temperatures. There
are three possible pathways through which the PAHs are formed: Diels-Alder reactions, deoxygenation
of oxygenated aromatic compounds and pyrolysis of proteins [3].

Alcohols were not detected in the pyrolysis products of Schizochytrium limacinum up to 400 °C
(Table 2). The alcohols are detected when the temperature was increased from 400 °C to 500 °C and
their concentration reached the highest value (5.1%) at 600 °C. The alcohol content also started
decrease when the temperature was above 700 °C.
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The relative content of furans in pyrolysis products of Schizochytrium limacinum increased to its
highest value (0.5%) at 300 °C (Table 2). Above this temperature the concentration of furans
decreased continuously.

Li et al. [3] also pyrolyzed other types of biomass materials for bio-oil production. Their results
indicated that pyrolysis products of pine sawdust comprised acids, sugars, phenols, carbonyls and
alcohols, etc. Compared to the results in current research, the pyrolysis products showed apparent
differences. The bio-oil from algal biomass was characterized by higher contents of hydrocarbons,
acids, and nitrogenous compounds, but lower contents of phenols, alcohols, and furans than that of
pine sawdust at the same pyrolysis temperature.

Table 1. Retention time and the percentage of peak areas of the pyrolysis products
obtained from Schizochytrium limacinum at 450 °C.

Compounds Peak area percentage (%) Retention time (min)
Hexadecanoic acid 33.8309 25.7676
Tetradecanoic acid 9.476 21.6705

Pentadecane 5.747 18.0548
Octadecanoic acid 2.2188 27.9498

Cyclotetradecane 2.1607 16.6428
1,4-Cyclohexadiene 1.754 4.3944
1,2-Benzenediol 1.3867 14.6638
1,3,5-Cycloheptatriene 1.3613 5.6834
Tetradecane 1.2571 15.3805
1-Butyl-2-ethylcyclobutane 0.8392 13.7973
9,12-Octadecadienoic acid (Z,Z)- 0.7804 27.6503
Hexadecanoic acid, 4-nitrophenyl ester 0.7181 26.9229
1-Ethenyl-4-ethylbenzene 0.7124 12.8399
Tetradecane 0.6026 16.7284
Butylbenzene 0.4052 11.6686
2,4,6-Tris(1-methylethyl)phenol 0.2806 18.3062
Indole 0.236 15.5945
Benzenepropanoic acid 0.2009 16.4182
1-Hexadecanamine 0.1966 28.4312
Pyridine 0.1858 5.3946

Dodecane 0.1631 13.915
3-Furaldehyde 0.1396 6.7532
1-(2-Furanyl)ethanone 0.111 8.9461

(E)-3-Penten-1-yne 0.0057 8.3043
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Table 2. Effect of temperature on the pyrolysis products peak area percentage (%) of

Schizochytrium limacinum.

Schizochytrium limacinum

Groups Compounds 300°C 400°C 500 °C 600 °C 700 °C 800 °C
Aliphatics
1-Methyl-2-pentyl-cyclopropane - - - - 1.75 1.48
cis-1-Butyl-2-methylcyclopropane - - - 1.81 1.67 1.47
Cyclododecane - 0.74 0.2 3.27 2.08 4.51
Alkanes Tridecane - - 0.72 0.69 0.32 0.37
Tetradecane - - 1.72 0.33 3.23 -
Pentadecane - 3.17 7.04 4.84 1.46 1.22
Sum 0 3.91 9.68 10.94  10.51 9.05
1,3-Cyclopentadiene - - 1.63 0.79 0.028 0.12
1-Methylcyclohexa-1,3-diene - 1.27 1.75 0.25 0.16 0.61
1-Heptene - - 0.71 1.98 2.51 2.04
1,3-Cycloheptadiene - - - 0.19 0.63 0.18
1,3,5-Cycloheptadiene - 0.38 1.36 0.31 0.063 0.14
Bicyclo[4.2.0]octa-1,3,5-triene - - 0.64 0.1 5.2 -
1,3,5,7-Cyclooctatetraene - - - 0.017 0.12 7.76
Alkenes 1-Decene - 0058 38 386 254 277
1-Undecene - - - 2.3 2.63 1.92
1-Dodecene - - 1.57 2.85 2.8 -
1-Tridecene - - - 1.57 1.79 1.28
Sum - 1.71 1146 1422 1847 16.82
Azulene - - 0.044 0.91 1.15 0.12
Sum 0 1.71 11.50  15.13 19.62 16.94
Aromatics
Propylbenzene - - 0.47 0.93 1.03 1.02
Butylbenzene - 0.3 0.53 - - -
1-Butynylbenzene - - - - 2.34 3.46
1,3-Dimethylbenzene - - - - 3.22 1.91
1-Ethenyl-2-Methylbnzene - - - 0.17 2.41 0.14
1-Ethenyl-4-Methylbenzene - - 0.26 1.06 1.37 -
Benzenes 1-Ethenyl-4-Ethylbenzene, - - - - 1.26 0.29
Biphenyl - - - 0.06 0.29 0.62
Toluene - - 2.71 5.03 8.01 11.0
p-Xylene - - - - 1.55 2.1
Ethylbenzene - 0.62 2.7 1.89 2.67 0.31
Styrene - - 1.76 2.11 4.32 6.87
Benzocycloheptatriene - - - - 1.49 2.89
Sum 0 0.92 8.43 11.25 2996  30.61
Indene - - - 1.38 3.46 5.31
Indenes Indan, 1-methyl- - - 0.64 0.34 0.55 -

1H-indene, 1,3-dimethyl- - - - - 0.13 0.24
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Table 2. Cont.
Groups Compounds Schizochytrium limacinum
300 °C 400°C 500°C 600°C 700°C 800 °C
Fluorine - - - - 0.54 1.78
1-Methyl-9H-fluorene- - - - - 0.10 0.51
Fluorenes 4a, 9a-Methano-9H-fluorene - - - - 0.20 0.031
Phenanthrene - - - - - 2.64
Sum 0 0.92 9.07 1297 3494  41.12
Tetradecanoic acid 3.38 9.99 5.69 8.10 6.12 0.03
Hexadecanoic acid 3448 4334  20.67 16.98 7.02 2.65
Acids Octadecenoic acid 1.88 3.33 1.64 - - -
(Z,2)-9,12-Octadecadienoic acid 0.055 1.89 1.51 2.58 - -
Sum 39.80 5855 29.51 27.66 13.14 2.68
Nitrogen
compounds
Tetradecanamide - - - 0.68 1.27 0.66
Hexadecanamide 0.30 2.10 2.40 2.18 2.08 3.02
Octadecenamide - - - - 0.022 0.21
Hexadecanenitrile - - - 0.51 0.46 1.69
Indole - - - 0.24 0.36 0.69
3-Methyl-1H-indole - - - - 0.11 0.15
Pyridine - - 0.27 0.074 0.19 0.30
Sum 0.30 2.1 2.67 3.68 4.49 6.72
Phenol 1.55 1.13 0.21 - - -
Phenols 1,2-Benzenediol 13.04 1.22 1.19 - - -
Sum 14.59 2.35 1.4 0 0 0
PAHs
Naphthalene - - - 0.10 2.96 0.029
1-Methylnaphthalene, - - - 0.59 1.10 2.06
2-Methylnaphthalene, - - 0.12 0.82 0.48 2.86
2-Ethenylnaphthalene, - - - 0.056 0.38 2.22
1,3-Dimethylnaphthalene, - - - 0.60 0.39 0.94
1,4-Dihydronaphthalene - - 0.81 1.18 2.19 -
1,4-Dihydro-1,4-methanonaphthalene - - - 0.22 0.304 0.54
1-Isopropenylnaphthalene - - - - 0.016 0.40
Sum 0 0 0.93 3.57 7.82 9.05
1-Hexadecanol - - 3.67 5.06 3.71 0.16
Alcohols
Sum 0 0 3.67 5.06 3.71 0.16
1-(2-Furanyl)ethanone 0.12 0.13 0.14 0.11 - -
Furans Dihydro-3-methylene-2(3 H)-furanone - - - - 0.12  0.0834
5-Methyl-2-furancarboxaldehyde 0.38 0.16 0.14 - - -
Sum 0.5 0.29 0.28 0.11 0.12 0.083
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Figure 3. Total ion current diagram of Schizochytrium limacinum pyrolyzed bio-oil at 450 °C.
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3. Experimental Section
3.1. Sample Preparation

The Schizochytrium limacinum sample was purchased from Wudi Bioengineering Co., Ltd.
(Shandong, China) and preserved at 4 °C in sealed plastic bags. Major chemical constituents in the
Schizochytrium limacinum sample were analyzed by using an elemental analyzer (Flash EA-1112,
Thermo Fisher Scientific, Waltham, MA, USA) at the Institute of Chemistry, Chinese Academy of
Sciences (Beijing, China). Reported values are an average of at least triplicate experimental runs.

3.2. Thermal Analysis of Schizochytrium Limacinum

A thermogravimetric analyzer (TGA) is capable of monitoring even minute variations in weight
caused by water evaporation and degradations of compounds [35]. The mass loss as a function of
temperature rise of Schizochytrium limacinum was measured using a thermogravimetric analyzer
(SDT-Q600, TA Instruments, New Castle, DE, USA) in order to determine its decomposition
behavior. Weight calibration of the analyzer was conducted according to the TA Instruments operation
manual [36]. Zero point weight of the analyzer was adjusted by placing two empty ceramic sample
pans on the thermobalance beams before experiment. Approximately 2~4 mg of Schizochytrium
limacinum was placed into alumina oxide pan and the entire pan and sample were loaded into the
TGA. The weight of Schizochytrium limacinum was measured automatically and the empty pan was
used as the reference. The furnace was purged with nitrogen (99.999%, Beijing AP BAIF Gases
Industry Co., Ltd., Beijing, China) at a rate of 100 mL/min. The sample was heated from 40 °C to
1000 °C at a rate of 25 °C/min using a programmable controller.

The transition temperatures, the enthalpy values of these transitions and specific heat capacity of
Schizochytrium limacinum were measured using a differential scanning calorimeter (DSC Q10, TA
Instruments, New Castle, DE, USA). The Schizochytrium limacinum sample (approximately 5~6 mg)



Energies 2013, 6 3349

was sealed in a standard hermetic aluminum pan and sealed with an aluminum lid. An empty hermetic
pan with a lid was used as reference during all tests. Pure indium was used for calibration of the DSC
due to its fixed melting temperature (156.61 °C) and melting enthalpy (28.71 J/g). A cooling system
(RCS90, TA Instruments, New Castle, DE, USA) was attached with this DSC in order to rapidly cool
the sample to desired sub-zero temperature. All microalgae samples were scanned from —70 °C to
295 °C at a temperature ramping rate of 10 °C/min. Dry nitrogen gas (99.99%, 0.2 MPa) was used for
purging and its flow rate was maintained at 50 mL/min. Five points of heat flow signals were collected
each second. The onset temperature (7,) of each transition, variation in specific heat capacity and the
transition enthalpy were calculated by Universal Analysis 2000 software (Version 4.3 A, TA
Instruments-Waters LLC, New Castle, DE, USA) [36].

3.3. Real-Time Determination on Pyrolysis of Schizochytrium Limacinum

The real-time chemical composition analysis of Schizochytrium limacinum pyrolysis was
determined using a single-shot pyrolyzer (Frontier Labs 3030i, Koriyama, Fukushima, Japan)
connected to a GC-MS (Agilent 7890A/5975C, Santa Clara, CA, USA). Samples were injected into the
pyrolyzer and burnt at different temperature from 300 °C to 800 °C at an interval of 100 °C. This
pyrolyzer was equipped with an inert XL mass spectrum detector and a capillary column (30 m in
length, 0.25 pum internal diameter, HP-5 MS, HP19091s-433, Agilent, Santa Clara, CA, USA). The
temperature program in those testes involved holding at 40 °C for 5 min, ramping the temperature to
200 °C at a rate of 10 °C/min, holding at this temperature for 5 min; and finally heating the sample to
250 °C at a rate of 20 °C/min and holding the sample at this temperature for 5 min. The total ion
current (TIC) diagrams of Schizochytrium limacinum pyrolysis products were obtained at various
temperatures. Results were analyzed using Agilent MSD Productivity Chem Station for GC and
GC/MS System Data Analysis application software (Version D 03.00.552, Agilent, Santa Clara, CA,
USA). Retention time and the peak area percentage of each compound in the pyrolysis products were
determined by comparing with NIST 2011 Database (Version 2.0, National Institute of Standards and
Technology, Gaithersburg, MD, USA). The concentration of each compound was calculated from the
calibrated area under the peak.

4. Conclusions

The main decomposition temperature of Schizochytrium limacinum was 428.16 °C, at which up to
66.5% of the mass was lost. A further 18.7% mass loss occurred in a relatively slow pace until 760.17 °C
due to complete decomposition of Schizochytrium limacinum. The pyrolysis of Schizochytrium
limacinum at 700 °C produced a maximum yield (67.7%) of pyrolysis products compared to 61.2% at
400 °C. On the other hand, pollutants released at 700 °C were 12.3%, which were much higher than
those of 400 °C (2.1%). Results indicated that excessively high temperature during pyrolysis
processing increases the percentage of nitrogen compounds and PAHs. Hence, application of moderate
pyrolysis temperature (400 °C in this paper) is suitable in producing bio-oil from Schizochytrium
limacinum in terms of optimal quality and yield.
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