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Abstract – In this study mesoporous SBA-15 was synthesized under acidic conditions using 
triblock copolymer Pluronic P123 as template and tetraethyl orthosilicate as a silica source. 
SBA-15 was modified by different iron loading (1.8 %, 5 % and 10 %) via post-synthesis 
impregnation with Fe(NO3)3∙9H2O. The obtained catalysts were characterized using XRD 
analysis, WDXRF spectroscopy and N2 adsorption-desorption analysis. Pyrolysis of cellulose 
with and without the catalyst was investigated using TG-FTIR. It was found that the presence 
of the synthesized catalysts affects formation of solid residue and significantly alters the 
composition of the other pyrolysis products. All catalysts considerably reduced the fraction 
of compounds containing hydroxyl group. Fe (10 %)/SBA-15 exhibited the highest 
deoxygenation ability. SBA-15 showed the highest catalytic selectivity for synthesis of olefins, 
while Fe (1.8 %)/SBA-15 showed the highest catalytic selectivity for synthesis of aromatic 
hydrocarbons.  

Keywords – Bio-oil; catalytic pyrolysis; mesoporous SBA-15; TG-FTIR 

1. INTRODUCTION  

Sustainable development is not possible without better use of renewable energy resources 
including biomass [1]. Bioresources are increasingly used in the production of high value-added 
products, in addition, as current trends continue, rapid development of biotechnologies is 
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SXRD  Small-angle X-ray diffraction  
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WDXRF Wavelength dispersive X-ray fluorescence  

WXRD Wide-angle X-ray diffraction  
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expected [2]. Bioresources and climate change, as key factors in the bioeconomy system, must be 
at the heart of political and strategic planning for the bioeconomy [3]. The EU wants to be a leader 
in reducing greenhouse gas emissions and plans to significantly change energy sources in the 
transport sector [4]. The implementation of renewable energy technologies requires a 
comprehensive energy policy and an appropriate government incentive [5]. 

Producing bio-oil, non-condensable gases and bio-coke, the pyrolysis remains one of the 
universal process of biomass conversion. Obtained products, especially the bio-oil, could be 
important feedstock for chemicals and transportation fuels. Unfortunately, crude bio oil also 
contains components such as water, aldehydes, acids and ketones which give it poor fuel 
performance. Catalytic pyrolysis is a promising way of reducing the oxygen content in bio-oil and 
improving its properties [6]–[8].  

To achieve the desired effect different catalytic systems and classes of catalysts had been 
investigated. Of the various classes of catalysts great interest is caused by the supported 
mesoporous SBA-15 catalysts [9]. SBA-15 support distinguished by high thermal and 
hydrothermal stability, large surface area, hexagonally arranged mesopores and a thick pore 
wall [10]. Because SBA-15 contains only silica, it lacks active bonds and specific catalytic 
activity, but is considered as a very promising catalyst carrier [11], [12]. Catalyst consisting of 
metals or its oxides in form of nanoparticles can be easy affixed to the SBA-15. It is known that 
iron in form of Fe2O3 allows to obtain cheap and active supported SBA-15 catalysts [13], so we 
synthesized them and studied them in this work.  

Depending on the origin lignocellulosic feedstock consists of hemicellulose, lignin and cellulose 
in different quantities that affects the distribution of final pyrolysis products [14]. In order to obtain 
selective information on the possibilities of catalytic pyrolysis of the main constituents, the present 
study investigated the pyrolysis of cellulose. Before us, cellulose pyrolysis predominantly has been 
studied using microporous zeolites and mesoporous MCM-41 [15]. 

2. EXPERIMENTAL 

2.1. Materials 

Pluronic P123, tetraethyl orthosilicate (TEOS), HCl, ethanol, Fe(NO3)3∙9H2O were purchased 
from Sigma-Aldrich and used for synthesis of SBA-15 and Fe/SBA-15. All chemicals were 
analytical grade and used without further purification.  

Microcrystalline cellulose powder (Sigma-Aldrich) was used for pyrolysis experiments as a 
model biomass.  

2.2.  Synthesis of SBA-15 

SBA-15 was synthesized as reported by Zhao et al. [10]. 8 g of Pluronic P123 was dissolved in 
30 mL of ethanol. Obtained solution of P123 was added dropwise to 300 mL of 2.4 M HCl 
solution and stirred at 40 °C for 15 min. Then 16 g of TEOS was added dropwise and the solution 
was stirred at 40 °C for 2 h and then kept at 100 °C for 72 h without stirring. The solid product 
was filtered, washed with distilled water, dried at 100 °C for 24 h and finally calcined in air at 
550 °C for 5 h.  
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2.3. Syntheses of Fe/SBA-15  

Fe/SBA-15 was generated by impregnating Fe precursor on calcinated SBA-15. Firstly, 0.50 g 
of Fe(NO3)3∙9H2O was dissolved in 70 mL of distilled water by stirring at room temperature. 
Adding 0.50 g of SBA-15, the solution was stirred at 50 °C for 1 h. Then, precipitate was filtrated 
and dried at 100 °C for 24 h. Finally, calcination was conducted at 550 °C for 5 h in air. Using 
WDXRFS method, it was determined that this catalyst contains 1.8 % iron and catalyst was 
denoted as Fe (1.8 %)/SBA-15. 

Impregnated mesoporous materials Fe (5 %)/SBA-15 and Fe (10 %)/SBA-15 were prepared as 
follows: the amount of Fe(NO3)3∙9H2O dissolved in 80 mL of distilled water was added to 1 g of 
SBA-15, the obtained mixture was stirred at 50 °C for 3 h. Water was evaporated and the solid 
was dried at 100 °C for 24 h. Finally, calcination was conducted at 550 °C for 5 h in the air. 

2.4. Cellulose Characterization 

Table 1 shows the main characteristics of cellulose: proximate, ultimate analysis and higher 
heating value (HHV).  

The HHV was estimated according to procedures of CEN/TS 14918, by bomb calorimetry (IKA 
Calorimeter system C200). 

Proximate analysis of cellulose included the determination of volatile matter, fixed carbon and 
ash content. These parameters were obtained according to CEN/TS 15148 and CEN/TS 14775 
standard procedures using TG analyser (PerkinElmer STA 6000) and muffle furnace (Nabertherm 
HTC 03/16). 

The carbon, hydrogen, nitrogen and sulphur concentrations (weight percent) of cellulose was 
determined in Euro Vector EA 3000 elemental analyser, where sample was combusted in pure 
oxygen environment at 980 °C. The amount of oxygen was calculated by the difference: 

 ( ) ( )O .% 100% C% H% N% S% Ash%wt = − + + + − ,  (1) 

where C%, H%, N%, S%, Ash% are weight percents of carbon, hydrogen, nitrogen, sulphur and 
ash. 

TABLE 1. THE PROXIMATE, ULTIMATE AND HHV OF CELLULOSE 

Proximate analysis, wt.% Ultimate analysis, wt.% 

Volatile matter 92.67 Carbon 44.15 
Fixed Carbon 6.62 Hydrogen 6.29 
Ash content 0.71 Nitrogen 0.16 
  Sulphur 0.00 
HHV, J/g  17 153 Oxygen 48.69 

2.5. Catalyst Characterization 

The crystal structure was analysed by X-ray diffractometer (D8 ADVANCE Bruker AXS GmbH) 
using 40 kV, 40 mA Cu Kα X-ray. The XRD patterns were obtained within the scan range of 
2ϴ = 0.5° to 2° with the step size of 0.01° and within the scan range of 2ϴ = 2° to 50° with the 
step size of 0.02°. 

Iron concentration was determined using a Rigaku Supermini wavelength x-ray dispersive 
fluorescence spectrometer (WDXRFS) with a Rh X-ray tube. 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2020 / 24 

 
95 

 

The surface area and the pore size were determined by N2 adsorption-desorption isotherms 
obtained at −196 °C on Quantachrome Instruments Nova 1200 E-Series surface and porosity 
analyser. The samples were out-gassed at 273 °C for 4 h prior to adsorption. Total surface area 
was estimated using the Brunauer-Emmett-Teller (BET) method. Pore width distributions were 
derived from desorption isotherms using the Barrett-Joyner-Halenda (BJH) method. 

2.6. Catalytic Tests  

To investigate the mass loss of cellulose and formation of volatile products at the same time the 
pyrolysis experiments were performed using Perkin Elmer STA 6000 Simulaneous Thermal 
Analyzer coupled to the Fourier transform infra-red spectrometer (FTIR spectrometer 
PerkinElmer Spectrum 100) by a transfer line (TL8000).  

To ensure the precision of the cellulose thermogravimetric experiment results, the thermal 
stability of the catalysts was tested in the TG before catalytic pyrolysis of cellulose. Almost no 
weight loss was observed during heating above 300 °C, indicating that SBA-15, Fe (1.8 %)/SBA-
15, Fe (5 %)/SBA-15 and Fe (10 %)/SBA-15 had good thermostability. Weigh loss below 300 °C 
was due to moisture content. 

Before catalytic tests, cellulose and sand was dried at 100 °C for 5 h, and catalysts were dried 
at 300 °C for 2 h. 32 mg of cellulose was mixed directly with 32 mg of catalyst and placed in the 
sample cup. To ensure equal mass-transition process for non-catalytic process, mixture of 32 mg 
of cellulose with 32 mg of inert quartz sand was used. Samples were heated from 30 °C to 700 °C 
at heating rate of 100 °C/min under inert atmosphere. Nitrogen gas at a flow rate of 20 ml/min 
was used as the carrier gas flowing through the pyrolyzer. Volatile products of cellulose 
intermediate pyrolysis were analysed by FTIR spectroscopy. FTIR spectrum were recorded every 
9 s, the scanning range was between 4000 cm−1 and 650 cm−1 with resolution factor of 4 cm−1. All 
transfer lines connecting reactor with the spectrometer were heated to 280 °C to avoid product 
condensation. The characteristic absorptions of the functional groups used to determine formation 
of certain volatile compounds in cellulose pyrolysis process are listed in Table 2. 

TABLE 2. THE CHARACTERISTIC ABSORPTIONS OF THE VOLATILES USED TO ASCERTAIN THEIR 
FORMATIONS IN CELLULOSE PYROLYSIS PROCESS 

Reference Absorption band, cm–1 Peak, cm−1 Assignment Compounds 

[16]  

2217–2391 2309 νasC=O CO2 

2071–2207 2182 νC–O CO 

2972–3018 3014 νC–H CH4 

1690–1800 1797 νC=O Acids 

1700–1740 1738 νC=O Ketones 

2770–2860, 1684–1745 2812 νC–H (H–C=O) Aldehydes 

3585–3650, 1058–1131 1064 νC–O–H Alcohols, anhydrosugars 

1100–1200 1183 νasC–O–C Levoglycosan 

3600–4000 3950 νO–H H2O 

950–993, 900–920 (vinyl) 950 γ=CH2 Olefins 

650–900, 728–770 (phenyl) 740 γC–H Aromatics 
Note: ν – stretching vibrations; νAS – asymmetric stretching vibrations; γ – out of plane bending 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2020 / 24 

 
96 

 

Solid residue of cellulose formed in pyrolysis process was calculated based on the mass change 
during TG analysis:  

  ( ) end cat

start cat

    % 1 00%
m m

Solid residue of cellulose
m m

−
=

−
,  (2) 

where  
mend   mass of the sample at the end of pyrolysis; 
mcat   mass of the catalyst; 
mstart   mass of the sample at the start of pyrolysis. 

The evaluation of volatile products was analysed during pyrolysis. Absorption spectra profile 
for each volatile substance (intensity of designated regions of spectra) was obtained with the 
respect to time/temperature. The relative yield for each compound were assumed as an integral 
intensity of absorbance-temperature curve (2D curve) calculated according to [16]: 

  ( )( )
 

1 1
30

0.5
n final temperature

n n n n
n

S A A T T
=

− −
=

= = + −∑ , (3) 

where  
S   integral intensity of absorbance and temperature (2D curve) or relative yield;  
Tn, Tn−1 experimental temperatures;  
An, An−1 absorbance at specific wavenumber at temperatures Tn and Tn−1.  

This study focused only on the composition of volatile compounds; the composition of char and 
coke were not investigated.  

3. RESULTS AND DISCUSSION 

3.1. XRD Characterization 

According to the literature, the calcination of iron nitrate at a temperature beyond 500 °C 
resulted predominantly the α-Fe2O3 (hematite) [17]–[19]. The wide angle XRD pattern (Fig. 1B) 
of SBA-15 showed its characteristic peak at 2ϴ = 15°– 35° due to amorphous SiO2. For 
Fe (1.8 %)/SBA-15, Fe (5 %)/SBA-15 and Fe (10 %)/SBA-15 the WXRD patterns were similar 
to that of SBA-15 and only presented the peak of amorphous silica, which was presumably because 
Fe2O3 did not exist in crystalline form or because the cluster size of nano-Fe2O3 was smaller than 
the detection limit by X-ray. Small angle XRD peaks of Fe/SBA-15 shifted toward lower angles 
as the Fe loading increases (Fig. 1A) because the unit cell parameter of SBA-15 became smaller 
(Table 3).  

Fig. 1A shows the small angle XRD diffraction patterns of the catalysts. The small angle XRD 
patterns of all synthesized catalysts exhibited a (100), (110), and (200) diffraction peak 
representing 2D p6 mm hexagonal mesoporous structure. The Fe2O3 loaded mesoporous silica 
showed no obvious alteration, which proved that the modification and the loading of Fe2O3 did 
not alter the mesostructure and orderliness of SBA-15. However, the relative intensity of (100) 
plane decreased with the increment of Fe concentration. This intensity loss indicates that too high 
an iron content is detrimental to the quality of the SBA-15 materials. This might be due to the 
lattice disorder and strain induced by interstitial Fe atoms. 
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Fig. 1. SXRD (A) and WXRD (B) patterns of SBA-15, Fe (1.8 %)/SBA-15, Fe (5 %)/SBA-15, Fe (10 %)/SBA-15. 

3.2. N2 Sorption Analysis 

The N2 adsorption-desorption isotherms and corresponding BJH pore size distribution of the 
SBA-15 and Fe (%)/SBA-15 materials are shown in Fig. 2. The nitrogen physisorption isotherms 
of the catalysts corresponded to typical IUPAC type IV with H1 hysteresis loop [20] with the 
capillary condensation step supporting that SBA-15, Fe (1.8 %)/SBA-15, Fe (5 %)/SBA-15 and 
Fe (10 %)/SBA-15 are mesoporous in nature. Impregnation with Fe2O3 does not change the 
mesoporous structure of the catalysts.  

BET surface areas, pore volumes, pore diameters and pore wall thicknesses are presented in 
Table 3. It clearly shows that the surface area and total pore value slightly decreased whereas wall 
thickness increased upon substitution with Fe2O3. 

TABLE 3. STRUCTURAL PROPERTIES OF FE2O3/SBA-15 

Catalyst d-spacinga, 
nm aₒb, nm BET surface 

area, m2/g Dpore
c, nm Vtotal

d, cm3/g Wall 
thicknesse, nm 

SBA-15 9.30 10.7 849.5 6.52 1.38 3,88 
Fe (1.8%)/SBA-15 9.82 11.3 732.6 6.38 1.17 4,38 
Fe (5%)/SBA-15 10.15 11.7 665.1 7.11 1.18 4,80 
Fe (10%)/SBA-15 10.15 11.7 613.8 6.20 0.95 6,16 

a The d-spacing based on (100) plane was calculated from nλ = 2d100sinϴ 
b The unit cell parameters were calculated from low angle XRD patterns using aₒ = 2d100/√3 
c Pore diameters were derived from the desorption branches of the isotherms by using BJH method 
d Total pore volumes estimated from the absorbed amount at a relative pressure of p/pₒ = 0.99  

e Wall thickness was calculated from Wall thickness = aₒ - Dpore  
 

Pore size distribution curve (Fig. 2B) indicates mesopores, with the diameter from about 5 nm 
to 8 nm. Pore size decreases with increased loading of Fe2O3 nanoparticles for all synthesized 
catalysts. Narrow pore size distribution confirms that highly dispersed Fe2O3 nanoparticles does 
not disrupt the porous hexagonal structure of the support [21]. 
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Fig. 2. N2 physisorption isotherm (A) and pore size distribution (B) of SBA-15, Fe (1.8 %)/SBA-15, Fe (5 %)/SBA-15, 
Fe (10 %)/SBA-15. 

3.3. Catalytic Activity 

Fig. 3 shows the TG and DTG curves for cellulose in catalytic and non-catalytic conditions. The 
thermal degradation of cellulose with quartz sand (non-catalytic) and catalysts occurred in three 
major weight loss steps.  The first weight loss step occurred between 30 °C and 210 °C; it was due 
to evaporation of moisture and formation of the anhydrocellulose. The main weight loss step 
occurred at temperature range from 300 °C to 500 °C. This step can be assigned to a series of 
reactions involving dehydration, decarboxylation, decarbonylation, fragmentation, and 
rearrangement. The final weight loss step was observed at the temperature range from 430 °C to 
650 °C; this step corresponds to the charring of the residue [6], [22]. 

Table 4 presents the characteristic points of the TG (Fig. 3A) and DTG (Fig. 3B) curves. The 
presence of catalysts resulted in the delay of the start point of the major weight-loss stage (Ta, 
Table 4), this could be due to porous structure of the catalysts. The final temperature was increased 
by 118 °C with the addition of SBA-15 and decreased by about 20 °C with the addition of iron 
oxide loaded catalysts. It indicates that Fe/SBA-15 may decrease pyrolysis time, while SBA-15 
prolongs pyrolysis time.  

The derivative weight loss (dw/dT) can be expressed as 
d d d
d d d
w w T
t T t
=
  
  
  

, and as in our 

experiments we had constant heating rate (dT/dt), the derivative peaks of the thermogram reflect 
a kinetic rate of degradation [23]. Comparing derivative weight loss peaks of catalytic processes 
with non-catalytic process (Fig. 3B), it can be seen that the presence of SBA-15 resulted in a 
decrease in the (dw/dt)max suggesting that SBA-15 has lowered the rate of thermal degradation of 
cellulose. In contrast presence of Fe/SBA-15 resulted in an increase in the (dw/dt)max, besides as 
more Fe2O3 contains the catalysts as more increased (dw/dt)max suggesting that thermal 
degradation of cellulose in presence of Fe (10 %)/SBA-15 has a highest rate of thermal 
degradation.  
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Fig. 3. TG (A) and DTG (B) curves for cellulose in catalytic and non-catalytic conditions. 

The formation of solid residue was increased by the iron oxide loading. Residual yield (Wd, 
Table 4) showed the following decreasing order of Fe (1.8 %)/SBA-15 > Fe (5 %)/SBA-15 > 
Fe (10 %)/SBA-15 > non-catalytic > SBA-15 thus we can assume that formation of solid residue 
is impacted by both catalyst surface area and iron content. The increase of solid residue most likely 
is related to coke formation. 

TABLE 4. THE CHARACTERISTIC POINTS OF THE TG AND DTG CURVES  
 Ta, °C Tb, °C Tc, °C (dw/dt)max, mg/min Wd, % 

Non-catalytic 298 400 514 25.35 4.76 
SBA-15 312 437 632 20.35 3.66 
Fe (1.8 %)/SBA-15 321 414 497 36.84 11.57 
Fe (5 %)/SBA-15 327 413 491 43.51 9.47 
Fe (10 %)/SBA-15 339 418 490 56.97 5.13 
a Start of major weight-loss stage (change of DTG tends to be greater than 0.05 mg/min) 
b Peak point of the DTG curve 
c End of major weight-loss stage (change of DTG tends to be smaller than 0.05 mg/min) 
d Solid residue of the cellulose at the end of pyrolysis 

Fig. 4 shows relative changes of cellulose pyrolysis products yields compared to non-catalytic 
pyrolysis product yields.  
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For catalytic pyrolysis of cellulose, the relative yield of alcohols, levoglycosan and other 
anhydrosugars were reduced considerably. Among the four catalysts, the Fe (10 %)/SBA-15 
catalyst displayed the best activity in reducing the oxygenated compounds. Olefins, which were 
undetectable in the non-catalytic pyrolysis, were produced. The yield of mono-substituted 
aromatic hydrocarbons increased considerably. This change is attributed to the conversion of 
oxygenates to other species though deoxygenation reactions, such as dehydration, 
decarboxylation, and decarbonylation. (Note: The operating conditions of the transfer lines 
between pyrolizer and FTIR cannot completely exclude the possibility of condensation of 
polycyclic aromatic hydrocarbons and heavy compounds.)  

As it can be seen from Fig. 4, all the catalysts increased olefin yield, but the catalytic activities 
were gradually inhibited with the increase of Fe content. We can assume that formation of olefins 
is affected mainly by catalyst porosity and surface area.  

It is known that aromatics and coke production are both functions of catalyst acidity, shape 
selectivity and pore size [24]. As it can be seen from Table 4 and Fig. 4, weight of solid residue 
and mono-substituted aromatic hydrocarbon yield increases in following order: SBA-15 < 
Fe (10 %)/SBA-15 < Fe (5 %)/SBA-15 < Fe (1.8 %)/SBA-15. In our case, supported iron oxide 
system provides active sites however, increased iron content leads to decrease of catalyst surface 
area and pore size.  

Fig. 4. Relative changes of catalytic cellulose pyrolysis products yields compared to non-catalytic pyrolysis product 
yields. 

4. CONCLUSIONS 

The SBA-15 and Fe/SBA-15 with Fe = 1.8 %, 5 % and 10 % were prepared, characterized and 
applied for catalytic pyrolysis of cellulose. The characterization techniques showed that ordered 
structure of SBA-15 remained after the incorporation of iron.  

Results of catalytic tests showed that catalyst surface area and iron content affect the formation 
of solid residue. The highest rate of thermal degradation of cellulose was in presence of 
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Fe (10 %)/SBA-15. The addition of Fe2O3 increased the yield of high-value-added compounds by 
promoting cracking, dehydrogenation, and aromatization. Fe (10 %)/SBA-15 showed the best 
deoxygenation performance, reducing relative yields of alcohols, levoglucosan (LGA) and other 
anhydrosugars, acids, aldehydes, ketones. Formation of mono-substituted aromatic hydrocarbons 
the most was promoted by Fe (1.8 %)/SBA-15. 
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