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Table S1. Texture properties and acidity of HZSM-5 catalysts. Analytical methods are 

described in detail in our previous publication (Shirazi et al., 2017). 
   

Properties Texture†  Acidity‡ 

Catalyst 
Surface 

area¥ 

(m2 g-1) 

Pore 
size# 

(nm) 

Pore 
volume@ 

(cm3 g-1) 

Total 
acidity 

(µmol g-1)% 

1st acidity$ 
(µmol g-1) 

2nd acidity* 
(µmol g-1) 

Tmax.1 
(K) 

Tmax.2 
(K) 

 
HZSM-5 

 
337.7 

 
0.5 

 
0.204 459.1 171.9 287.2 397.1 503 

 

† Texture properties were measured by the ASAP2020 instrument. 

‡ Acidity was measured by the NH3-TPD method. 
¥ BET surface area; # BJH Adsorption average pore diameter; @ Cumulative pore volume 
% The values for acidity are in µmole of NH3 desorption per gram of catalyst. 
$ Measured from area of first peak; corresponds to medium/weak acid sites. 
* Measured from area of second peak; corresponds to strong acid sites. 

Tmax.1: Temperature where maximum NH3 desorption was observed in first peak from the NH3 desorption 
versus temperature plot. 
Tmax.2: Temperature where maximum NH3 desorption was observed in second peak from the NH3 

desorption versus temperature plot. 
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Figure S1. GC-MS chromatogram of bio-oil from pyrolysis in (a) absence of catalyst and 
in presence of (b) in-situ and (c) ex-situ catalyst. 
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Figure S2. Selectivity of (a) benzene, (b) toluene and (c) xylene from in situ and ex situ 
catalytic pyrolysis of microalgae at tested temperatures. 
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Figure S3. Thermogravimetric analysis of Chlorella sorokiniana SLA-04 biomass used 
in this study (a) thermogravimetric behavior of samples heated from room temperature to 
600 °C at temperature ramp rate of 10 °C·min -1  and under N2 atmosphere (b) fractional 

pyrolysis at 320 °C and 450 °C (c) temperature versus time profile in fractional pyrolysis. 
 

Note 1: Figure S3b demonstrates a simulated fractional pyrolysis on TGA instrument. 
For this analysis, microalgae biomass was first heated under N2 to 320 °C at 10 °C·min-1  

temperature ramp and then held at 320 °C for 10 min. Then, the residue was cooled down 
to room temperature and reheated to 450 °C at 10 °C min-1 and held for 10 min. 
Note 2: Figure S3c shows the temperature vs time profile during the simulated fractional 
pyrolysis experiments on the TGA. 

 

Fractional pyrolysis simulation on TGA 

Figure S3a shows the TGA analysis of microalgae, where it was heated from room 

temperature to 600 °C at 10 °C min-1 ramp and under N2 atmosphere. Clearly, four 

regions of derivative weight loss can be observed from Figure S3a. Region I shows slight 

weight loss due to the dehydration of the water that likely trapped in microalgae cells and 

did not removed by freeze drying. Region II shows a weight loss from 160 to 340 °C 

contributed by decomposition of carbohydrate and protein (Maddi et al., 2017; Maddi et 
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al., 2018). The weight loss in Region III is due to triglyceride volatilization/degradation 

that occurs in temperature range of 345-430 °C (Maddi et al., 2017; Maddi et al., 2018). 

Interestingly, the derivative weight loss profile of microalgae showed another peak at 

temperature range of 430-530 °C (Region IV). Our previous TGA experiments of pure 

protein showed some protein (e.g. lysozyme) degradation occurs at higher temperature 

range (up to 500 °C) (Maddi et al., 2011). While we did not analyzed the protein type in 

microalgae in this study, the peak at Region IV can be due to degradation of larger protein 

molecules in microalgae. It is also possible that some of the bio-char (polycondensation 

products produced at the lower temperatures) decomposed at these high temperatures. 

Figure S3b demonstrates a simulated fractional pyrolysis on TGA – thermal degradation 

at 320 °C in the first step followed by a second step of pyrolysis at 450 °C. As observed 

in Figure S3b, the weight loss from the first fraction is nearly 40% and is likely due to the 

volatilization/decomposition of carbohydrate and protein constituents in microalgae. 

Interestingly, the residue from the first fraction did not show any weight loss when the 

temperature increased from room temperature up to 320 °C, which indicates that holding 

the microalgae at 320 °C for 10 min was sufficient to volatilize most of the carbohydrate 

and protein. Nearly 30% weight loss was achieved from the second fraction, which is 

close to the lipid content of the microalgae (Table 1). The TGA analysis shows that by 

fractional pyrolysis of microalgae first at 320 °C and then 450 °C, the products from 

carbohydrate and protein volatilization/decomposition can be recovered from the first 

fraction and the products from lipid constituents can be obtained from the second 

fraction. 
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Figure S4. GC-MS chromatograms of bio-oils from (a) first (320 °C) and (b) second 
fractions (450 °C) of catalyst-free fractional pyrolysis. 
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Figure S5. GC-MS chromatograms of bio-oils from (a) first (320 °C) and (b) second 
fractions (450 °C) of fractional pyrolysis in presence of ex situ catalyst.  
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Figure S6. Selectivity of aromatics produced from microalgae fractional pyrolysis in 
presence of ex situ catalyst. 
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