A

https://dx.doi.org/10.21577/0103-5053.20220093

J. Braz. Chem. Soc., Vol. 34, No. 1, 112-123, 2023
©2023 Sociedade Brasileira de Quimica

Article
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This study proposes a screen of variables that have an influence on the modification of the
bio-oil chemical composition as a unique critical quality attribute (CQA) throughout the pyrolytic
process (zeolite, ZSM-5) by using a 2* full factorial design, followed by optimization through a
response surface methodology (RSM) based on central composite design (CCD) involving samples
of biomass sorghum BRS716 (Sorghum bicolor L. Moench). The pyrolysis of pure biomasses and
the biomass impregnated with the catalyst was carried out in a vertical bench furnace at 500 °C.
Screening design involved factor variation in two levels (-1 and +1) of four variables as critical
process parameters (CPPs) such as furnace heating rate (°C min™), nitrogen flow (mL min™'), amount
of biomass (g), and catalyst (% m/m), leading to obtaining bio-oil. Thus, it was possible to create
a response surface from these two variables (biomass and catalyst), in which a minimum critical
point was reached. The production of a bio-oil rich in hydrocarbon compounds is possible, but a
large amount of catalyst was required. Two analytical techniques based on gas chromatography
coupled to mass spectrometry (GC-MS) and mid-infrared (MIR) spectroscopy, provided additional
information to fully characterize bio-oil chemical composition.
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Introduction

Biomass products have received increasing attention
since they efficiently provide energy and reduce greenhouse
gases. In addition to being a source of food and renewable
energy, biomass also provides raw materials for the
chemical industry.! Lignocellulosic biomass is a plant
material formed by complex organic macromolecules such
as polysaccharides (cellulose and hemicellulose) and lignin,
responsible for its structure. Thus, this biomass cannot be
defined as a single chemical substance but rather as a class
of related materials, as they present complex structures and
variable compositions.

Sorghum (Sorghum bicolor L. Moench) is lignocellulosic
biomass of tropical origin grown from seeds. Its study is of
great interest once it has an appreciable amount of sugar,
greater resistance to drought and temperature, and reaches
maturity in a short time when compared to other species
such as maize, soybean, and wheat.” It is considered a

*e-mail: marialucia.simeone @embrapa.br
Editor handled this article: Rodrigo A. A. Muiioz (Associate)

crop with universal value as it can be grown in tropical,
subtropical, temperate, and semiarid regions. It is adaptable
to existing cropping systems, can serve as a secondary or
short-cycle crop, and is used as a source of forage and silage
for livestock production systems.® In addition, it has an
extensive root system that contributes to the accumulation
of soil organic carbon after plant shoot removal. It can
alleviate concerns about soil organic matter depletion
resulting from straw removal.”

There are different types of sorghum: grain, forage,
saccharine, broom, and high biomass, which are classified
according to their use.” The biomass sorghum used in this
study is a new hybrid developed by researchers in Brazil at
Embrapa Milho e Sorgo. Sorghum cultivation is favored by
seed propagation, which facilitates the implementation of
new areas.”!? These characteristics make sorghum a crop
with great potential in the production of biofuels, such as
the production of second-generation ethanol.'!

One of the ways to convert biomass for its use as fuel
is its secondary conversion through thermal treatment,
called pyrolysis, which generates both liquids (bio-oil),
gaseous (CO, CO,, H,0O, and light hydrocarbons) and
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solids (bio-coal) products.'? Pyrolysis has some advantages
over other conversion methods, such as low-temperature
requirements, inert atmosphere conditions, and production
of a high-quality bio-oil."® The synthesis of bio-oil has been
the subject of several studies since it has a high energy
density, low toxicity, lower nitrogen and sulfur content, and
is easily stored, transported, and used.'? Bio-oil can still
be subsequently transformed into fuels such as diesel and
gasoline or be used as antioxidants, phenolic resins, solvents,
wood preservatives, monomers for plastics, etc., according to
the constitution of lignocellulosic biomass.'*'> However, it
also has undesirable properties, such as high water content,
viscosity, ash content, low calorific value, instability, and
high corrosivity, limiting industrial applications.'

Therefore, when it is used as a transport fuel or as raw
material, it is necessary to improve its properties, which
is called “upgrading”.'” There are several techniques that
have been developed for this purpose, such as ash removal
in the feedstock, hydrogenation, catalytic cracking,
catalytic pyrolysis, molecular distillation, steam reforming,
supercritical fluids, esterification, and emulsification.'® The
use of a catalyst during the pyrolysis process (catalytic
pyrolysis) will lead to the deoxygenation process of
the biomass with the breakdown/transformation of the
oxygenated intermediates.!” The catalyst can be directly
mixed with the biomass, a process which is known as
in situ, or mixed only with the pyrolysis vapors, ex sifu.?
Fast catalytic pyrolysis has a great potential to produce
hydrocarbons directly from biomass or produce bio-oils with
better quality and higher stability. Zeolites are a promising
class of heterogeneous catalysts once they are tetrahedral
crystalline materials consisting of SiO, and [AlO,]", in which
the negative charge of [AlO,]” is compensated by a cation
(H*), maintaining the overall neutrality of their structure.?!
The charge compensation with H* makes them highly
acidic, which is helpful for many catalytic applications.? In
their studies, Vichaphund et al.,* and Kim et al.,** showed
that protonated zeolite (HZSM-5) favored the increase of
hydrocarbons present in bio-oils from pyrolysis.

The design of experiments based on response surface
methodology (RSM) in pyrolysis is also essential to
optimize the best conditions for a process. It can reduce
time, operating costs, yield improvement, and better
agreement between the nominal values obtained and
the desired values.” The use of factorial design allows
determining which factors have relevant effects on the
response and how the impact of one factor varies with the
levels of the others.? In addition, it allows the interactions
between the different factors to be measured. Among the
multivariate analysis methods used for the simultaneous
optimization of several variables, RSM is a set of statistical
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and mathematical techniques useful for modeling and
analyzing problems that include the effect of the interaction
of related factors and the construction of empirical
mathematical models.

Thus, this study aimed to perform an experimental
design for pyrolysis with the factors oven heating rate,
nitrogen flow, amount of sample, and amount of catalyst,
to verify which conditions will give a better quality bio-
oil. Pyrolysis was carried out in a vertical benchtop oven.
The starting biomass was characterized by elemental and
lignocellulosic analysis. The bio-oils were characterized
using mid-infrared (MIR) spectroscopy; their chemical
composition was determined using gas chromatography
coupled to mass spectrometry (GC-MS).

Experimental
Samples and chemicals

Samples of BRS716, biomass sorghum
(Sorghum bicolor L. Moench) were kindly provided by
Embrapa Milho e Sorgo, located in the city of Sete Lagoas-
MG and referred to the harvest of the first semester of
2015. The samples were previously milled in a Wiley mill
for the obtention of smaller and more uniform particle
sizes. Furthermore, they were oven dried at 105 °C to
remove any moisture. The chemicals used to prepare
the neutral detergent solution were: anhydrous sodium
phosphate 99% m/m (Sigma-Aldrich, Campinas, Brazil);
sodium tetraborate (borax) decahydrate 99-105% m/m
(Sigma-Aldrich, Campinas, Brazil); anhydrous sodium
phosphate 99% m/m (Sigma-Aldrich, Campinas, Brazil);
ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA) 99-101% m/m, (Sigma-Aldrich, Campinas,
Brazil); ethylene glycol (Sigma-Aldrich, Campinas,
Brazil). To prepare the detergent solution acid: sulfuric acid
(Sigma-Aldrich, Campinas, Brazil); and cetyl trimethyl
ammonium bromide (CTAB) 99% m/m (Sigma-Aldrich,
Campinas, Brazil), H,SO, solution 72% (m/v) (Vetec,
Duque de Caxias, Brazil); chloroform P.A. (Vetec, Duque
de Caxias, Brazil) were also used.

Zeolite ZSM-5 (Sigma-Aldrich, Campinas, Brazil),
with a Si0,/Al,O; ratio, 23 wt.% of 0.05% Na,O, and a
surface area of 425 m* g-! was used. Before using it, the
zeolite was calcined at 550 °C for 5 h to increase its acidity.

Biomass characterization
Elemental analysis

The elemental composition of the sorghum biomass
BRS716 sample was measured with CHNS/O Elemental
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Analyzer (PerkinElmer 2400 Series II, PerkinElmer Inc.,
Waltham, MA, USA). Two to 3 mg (accurate to 0.001 mg)
of the ground sample were weighed into tin capsules using
a Shimadzu ATY-224 balance (Shimadzu Corporation,
Kyoto, Japan). The ground sample was packed with foil,
introduced into the combustion chamber through a funnel,
burned under a pure oxygen atmosphere, and detected by
a thermoconductometer detector.

The percentage of oxygen was estimated by difference
(100 - (C + H + N)). Elemental compositions were reported
as a percentage of initial dry weight (m/m, db).

Determination of cellulose, hemicellulose, and lignin content

Cellulose, hemicellulose, and lignin contents of the
raw biomass were determined based on the sequential
extraction method developed by van Soest et al.,* with the
improvement of the technique using a new system called
Ankom (filter bag technique of Ankom®, FBT).

Approximately 0.5 g of each sample was placed in filter
bags (F57) and sealed by heating using a sealing machine
(Ankom, Macedon, USA). The filters with samples were
heated in a neutral detergent solution. The cell contents
were solubilized in this process while filtration separated
the insoluble cell wall (cellulose, hemicellulose, and
lignin). Filters with neutral detergent fiber (NDF) residues
were dried at 105 °C using an oven (American Lab, San
Francisco, USA) and weighed using a Shimadzu ATY-224
balance (Shimadzu Corporation, Kyoto, Japan) to determine
the NDF content. They were then subjected to heating with
the acid detergent solution. In this process, hemicellulose
was solubilized, and the new residue (consisting almost
entirely of lignin and cellulose) was dried at 105 °C and
weighed to determine the acid detergent fiber (ADF)
content. The ADF residue was subjected to a 72% (m/v)
sulfuric acid (Vetec, Duque de Caxias, Brazil) solution for
3 h for lignin estimation. Filters with residues resulting
from this procedure were dried at 105 °C and weighed to
determine lignin. Subsequently, the residues were ignited at
500 °C using a muffle furnace (Tecnal, Piracicaba, Brazil)
for 4 h to assess the residual ash. The amount of cellulose
was determined by the difference between ADF and lignin,
and the hemicellulose content was found as the difference
between NDF and ADF.

Thermogravimetric analysis (TG) and derivative
thermogravimetric analysis (DTG)

Sorghum samples and their mixtures with the
catalyst (5, 10, 15, and 20% (m/m)) were subjected to
thermogravimetric analysis on the equipment TGA-Q50
(TA Instruments, New Castle, USA). A platinum crucible
was used. About 30 g of the samples were submitted to
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a heat treatment from room temperature to 800 °C at
10 °C min™'. Nitrogen was used as a purge gas with a
40 mL min' flow rate at the side and 60 mL min™" at the
upper oven inlet. The TG and DTG curves were obtained
using the TA Instruments Operating Software (TA
Instruments, New Castle, USA).

Experimental design

A 2% complete factorial design with three central
points was used in this study. The factors used to produce
bio-oil were studied with standard RSM to identify and
optimize the effective process parameters. With this
method, a core factorial forms a cube with sides of two
coded units in length (from the up +1). Table 1 shows the
ranges and the levels of the variables examined and their
combinations in this study. The studied variables were
pyrolysis furnace heating rate (X,), nitrogen flow (X,),
amount of biomass (X;), and amount of catalyst (X,). The
experimental sequence was randomized to minimize the
effects of the uncontrolled factors. The response factor
for this experimental design was the hydrocarbon content
in bio-oil. Table 2 shows the number of each experiment,
coded and actual values of variables.

Table 1. Variables used in the design of experiments

Variable level

Variable Name 7 o "
X, furnace heating rate / (°C min™") 100 150 200
X, nitrogen flow / (mL min™") 100 200 300
X biomass amount / g 5 10 15
X, catalyst amount / (% m/m) 5 17.5 30

Fast pyrolysis on bench scale

Pyrolysis was performed in a stainless steel Fortelab
tubular vertical furnace, FT-1200 H / V (FORTELAB -
Industria de Fornos Elétricos Ltda, Sdo Carlos, Brazil)
with an inside diameter of 6 and 45 cm in length, in which
a glass reactor was inserted for sample insertion. Figure S1
(Supplementary Information section) shows the assembly
for the execution of pyrolysis.

The samples were transferred to the glass reactor
45 cm in length and two inlets for the nitrogen flow. The
glass reactor was placed into the tubular vertical furnace.
The glass reactor was connected to a straight condenser
and a round bottom flask to collect the condensable
compounds (water and bio-oil). The latter, in turn, was
coupled to a condenser to retain the most significant amount
of the liquid fraction. Finally, two traps are connected
sequentially and filled with water, kept cooler to recover
the non-condensable. The furnace was programmed as
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Table 2. Design of experiments for bio-oil production from biomass sorghum
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Experiment Coded variables Real values

X,/ (°Cmin") X,/ (mL min™") X;/g X,/ (% m/m) T/°C Flow / (mL min™") w/g w/ %
1 -1 -1 -1 -1 100 100 5 5
2 1 -1 -1 -1 200 100 5 5
3 -1 -1 1 -1 100 100 15 5
4 1 -1 1 -1 200 100 15 5
5 -1 -1 -1 1 100 100 5 30
6 1 -1 -1 1 200 100 5 30
7 -1 -1 1 1 100 100 15 30
8 1 -1 1 1 200 100 15 30
9 -1 1 -1 -1 100 300 5
10 1 1 -1 -1 200 300 5 5
11 -1 1 1 -1 100 300 15
12 1 1 1 -1 200 300 15 5
13 -1 1 -1 1 100 300 5 30
14 1 1 -1 1 200 300 5 30
15 -1 1 1 1 100 300 15 30
16 1 1 1 1 200 300 15 30
17 0 0 0 0 150 200 10 17.5
18 0 0 0 0 150 200 10 17.5
19 0 0 0 0 150 200 10 17.5

X,: furnace heating rate; X,: nitrogen flow; X;: biomass amount; X,: catalyst amount; T: temperature; w: weight.

follows: heating rate of 100-200 °C min™" until reaching
a temperature of 450 °C (20 min). For system cooling: a
cooling rate of 100 °C min™" until reaching a temperature
of 80 °C. The nitrogen flow was adjusted according to
experiments shown in Table 2. The temperature profile in
the glass reactor was measured with two thermocouples,
one device vertically in the center of the tubular furnace
and another one horizontally disposed in the heating zone
and outside the reactor, close to the resistances, and heating
was controlled through software. After cooling the furnace
and glass reactor, the residual material (the coals) obtained,
known as “char”, was removed from the glass reactor and
stored. The liquid (bio-oil) was separated from the aqueous
phase by centrifugation and stored for later analysis.

Characterization of bio-oils

The chemical characterization of the bio-oils was
performed by a Shimadzu GCMS-QP5050 device
(Shimadzu Corporation, Kyoto, Japan) containing a
PETROCOL capillary column (100 m x 0.25 mm internal
diameter x 0.5 um thickness). The oven temperature was
initially programmed to 30 °C (10 min) and increased to
185 °C (75 min) at a rate of 2.5 °C min™' and finally heated
atarate of 5 °C min™' to 250 °C (53 min). Helium was used
as a carrier gas with a flow rate of 0.8 mL min'. An aliquot

of 1 pL of the sample was injected. MS was operated in
the electron impact ionization (EI) mode with an energy
of 70 eV, and a range of m/z 45-500 was used for analysis.
Peak identification was performed through the WILEY 07,
NIST 08, NISTI 08S, NIST 05, and NIST 05S, present in
the GC-MS Post-run Analysis library software. Retention
times were also recorded. Those compounds that showed
a degree of similarity higher than 85% were identified.
The bio-oils were analyzed by spectroscopy in
the medium infrared region with transformed Fourier
(MID-FTIR), in a wavenumber range of 4000-400 cm™,
for the determination of the organic groups present in these
samples using an FTIR equipment with ATR (attenuated
total reflectance) diamond accessory for liquid samples
and transmission cell for solid samples (ARIS-ZONE
ABB Bomen, MB Series (Bomen, Quebec, Canada)).
Solid samples were prepared in KBr pellets, and, for liquid
samples, three drops were used for each analysis.

RSM

The responses and corresponding factors are modeled
and optimized using RSM. The RSM technique is aimed at
(7) design of experiments to provide adequate and reliable
response measurements, (ii) developing a mathematical
model having the best fit to the data obtained from the
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experimental design, and (iii) determining the optimal
value of the independent variables that produce maximum
or minimum response values. Therefore, RSM was used to
determine the optimum and experimental design matrix in
this study specified according to the central composite design
(CCD) method. For CCD, it is necessary to carry out a new
design centered on the best experiments. In this case, we
will work on the points 30% (m/m) and 15 g for the quantity
of catalyst and biomass, respectively. When two variables
are involved in CCD, the design is called a star. Star design
consists of a complete or fractional two-level factorial design
with a center point with more star drawing. In star design,
the levels o (the same goes for any coded value x;) need to
be decoded for the experimental values of the levels of the
variables to be studied.” Therefore, equation 1 is used:

X, = (X, — PO/(AX/2) (1

real
where X, = coded value, X ., =real value, PC =real value
at the center point, AX = difference between the maximum
real value and the center point. The correspondence
between coded and correct values of the variables is listed in
Table 3. Table 4 presents the design matrix used to construct
the response surface using CCD. The values chosen were
based on the preliminary results obtained in the design of
the experiments.

Table 3. Values and levels of the variables used in the CCD

Variation levels

Variable 141 (~a) -1 0 +1 141 (+a)
Catalyst / (% m/m) 2 10 30 50 58
Biomass / g 1 5 15 25 29

o the levels of the points of a factorial design are =1 and those on a “star”
design are +o, where lal 2 1.

The response surface can be generated after processing
the data in the Statistica 7.0 software developed by
StatSoft.2® The critical point, maximum or minimum
produced by this curve, can be determined empirically.
The quadratic model is the most adequate to describe
the response surface’s critical point since it can be
adapted to various surfaces.”’” The polynomial model of a
quadratic function is represented by two variables using
equation 2.27%
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Table 4. Values and levels of the variables used to construct the response
surface

Experiment Catalyst Biomass
1 -1 -1

2 1 -1

3 -1 1

4 1 1

5 0 0

6 0 1.41

7 0 -1.41
8 -1.41 0

9 1.41 0

Considering N, flow: 300 mL min™!, furnace heating rate: 200 °C min™.

Y =b, + b, X, + b,X, + b, X2 + b, X% + b, X, X, )

in which b,, b, b,, b, b,,, and b, are constants determined
from matrix equations involving the variables X,, X,, and
y; (responses).

Coefficients of the models for one response were
estimated with multiple regression analysis. The fit
quality of the models was analyzed from their coefficients
of correlation and determination. The adequacy of each
model was also checked with the analysis of variance
(ANOVA) using the Fisher F-test. This test determines the
relationship between the response variable and a subset of
the independent variables.

Results and Discussion
Characterization of biomass sorghum

The biomass sorghum was initially characterized
for its hemicellulose, cellulose, and lignin contents and
the carbon, nitrogen, and oxygen contents present in its
structure. The oxygen composition was determined by
subtracting the sum of carbon, hydrogen, and nitrogen
percentages from 100%.3%3! The results obtained from this
characterization are shown in Table 5.

Sorghum is a C4 plant belonging to the Poaceae
family. Sorghum emerges as an alternative to the biomass
supply chains for bioenergy and biorefining and has a high
potential for biomass production.’** Previous studies*
reported that cellulose and hemicellulose contents varied

Table 5. Elemental and lignocellulosic composition of biomass sorghum BRS 716

Sample C/% H/ % N/ % O0*/ %

NDF / %

ADF/%  Hemicellulose / % Cellulose/ % Lignin/ %

Sorghum 41.40 4.30 0.20 54.1

70.48 44.49 25.99 37.95 6.54

*0 = 100 — C(%) — N(%) — H(%). C: carbon; H: hydrogen; N: nitrogen; O: oxygen; NDF: neutral detergent fiber; ADF: acid detergent fiber.
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significantly with location, while lignin content remained
relatively constant. According to Table 5, hemicellulose,
cellulose, and lignin contents are close to the results found
by de Oliveira et al.3*

The pyrolysis of the raw sorghum resulted in a product
consisting of three fractions, that resulted in one liquid
(condensed phase) 35.0% m/m, one gas (non-condensable
phase) 35.0% m/m, and one solid (residual) 30.0% m/m.

TG and DTG analysis

TG and DTG of pure and impregnated sorghum with
different proportions of zeolite (ZSM-5, 5-30% m/m) were
performed to verify the mass loss behavior as a function
of temperature (Figure 1) to choose the best temperature
for pyrolysis. A similar degradation profile is observed
in all cases, differing only in intensity at the maximum
degradation peak and in the residual amount at the end of
the process. As for pure biomass, they all presented two
main stages of mass loss comprised in a temperature range
of 165-205 and 260-400 °C, corresponding to the content
of hemicellulose and cellulose degradation, respectively.?

— Sorghum
— +5% ZSM
—+10% ZSM
+20% ZSM
—+30% ZSM

1004

40
20
0 T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800
Temperature (°C)
0.8
] (®) — Sorghum
074 — +5%ZSM
o i — +10% Z5M
0.6 —+20% ZSM

— +30% ZSM

dM/AT (%°C)

T ——TT
0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 1. (a) TG and (b) DTG curves in nitrogen atmosphere from biomass
sorghum, and sorghum + ZSM-5.

Costa et al. 117

Lignin degrades in a higher temperature range that varies
between 200-800 °C. A mass loss is still perceived between
0-100 °C, which can be attributed to the moisture in the
samples. It is also observed that, as the amount of catalyst
mixed with biomass increases, the residue (biochar) at
the end of the process also increases since the amount of
catalyst remains the same at the end of the process.

From the thermogravimetric analyses, it was possible to
define the temperature used in the pyrolysis process, which
was 500 °C, since, at this temperature, all hemicellulose
and cellulose would be degraded, and the production of
bio-oil would be ceased.

Despite the similarity observed in the degradation
profile, it can be seen that there is a decrease in the intensity
of the maximum degradation peak referring to cellulose
and in the residual amount at the end of the process as the
percentage of catalyst increases. This can be explained due
to the deoxygenation reactions taking place in the catalyst,
which remove oxygen from pyrolysis vapors such as CO,
CO,, and H,0. The yield of the solid product is increased
due to the formation of coke deposits on the surface and
in the pores of the catalyst.

Experimental design in fast pyrolysis

The experiments were run after setting the pyrolysis
temperature and design parameters. After performing all
the experiments, the values of the response variables could
be put into the Statistica software. This software analyzes
which variables were significant for the desired response
(hydrocarbon content) and builds the surface. Table 6
illustrates the response values obtained for the experiments.
Figure 2 shows the Pareto chart obtained.

The Pareto chart (Figure 2) shows the influence of
the studied factors and their interactions on the reaction
system.”” An effect is considered significant when it
is greater than the standard error at 95% significance
(p > 0.05), which is indicated in the vertical line of the
graph. Thus, the amount of catalyst proved to be the most
significant variable for obtaining a bio-oil with higher
hydrocarbon content. Moreover, the variable amount of
biomass was also significant for this response and the
interaction between it and the amount of catalyst. Therefore,
only these two variables were considered to continue the
construction of the response surface.

Characterization of bio-oils
FTIR analysis

Figure 3 shows the infrared spectra of the bio-oils
from the pure biomass and experiments 7 and 15. They
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Table 6. Responses obtained from design of experiment for hydrocarbon
content

Experiment Hydrocarbon content / %
1 0.0
2 0.0
3 0.6
4 3.0
5 44
6 19.4
7 25.7
8 234
9 0.0
10 0.8
11 1.1
12 0.0
13 18.2
14 229
15 25.5
16 21.0
17 10.3
18 11.9
19 10.2

Response variable: HC (%)
Pure error: .8706

(3) Catalyst amount | 41.5319

(2) Total mass | 0.2409
2by3 |7.2153
1by2 - 6.9649
2by4 -6.1918
3by4 4.3753
1by4 -4.0377

(1) Heating rate || 3.9787

(4) Nitrogen flow | 3.5179
1by3 2.8427
p=.05

Figure 2. Pareto chart for hydrocarbon content (HC) in bio-oil from
sorghum biomass.

present profiles similar to each other but with some notable
differences. There is not a very intense band typical in all
three cases in the region of 3600-3200 cm™, a specific
region that indicates the presence of the —OH group
in the structure, in this case, characteristic of phenolic
compounds. In the region of 2800-3000 cm™', bands
indicate the presence of the functional group —(CH)n,
typical of alkyl, aliphatic, and aromatic compounds, and it
is possible to verify a significant difference in the intensity
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of these bands for each bio-oil. The bands result from the
symmetric (v,) and asymmetric (v,,) angular deformation
vibration of the —-CH, and —CH, groups, respectively. The
bio-oil from pure biomass shows higher intensity in the
band at 3005 cm™, corresponding to the bond stretching (v)
C-H of carbon sp?, and lower intensity in the bands located
at2954,2922, and 2852 cm™!, that are assigned to the bond
stretching C—H of the sp® carbon. With the bio-oils derived
from experiments 7 and 15, the opposite occurs, i.e., they
present a lower intensity in the band located at 3005 cm™
and higher intensity in the bands corresponding to the C—-H
bond stretching of the sp? carbon. The band at 2440 cm™ fits
CO, present in the atmosphere, common in all three cases.
The intense band at 1716 cm™ is attributed to the stretching
vibration of the carbonyl (-C=0) of ketones, aldehydes,
and carboxylic acids, corresponding to the greater presence
of ketonic compounds. It is possible to observe a greater
intensity of this band in the bio-oil derived from pure biomass
with other bio-oils. The band at 1507 cm™' corresponding to
the C—C bond of aromatic compounds is more intense and
visible in the bio-oil from pure biomass. The intense bands
at 1215 and 740 cm™ correspond to the stretching vibration
of the C—O bond of phenolic compounds and the C—H bond
of aromatic compounds, respectively.

Biomass Sorghum

Exporimont 7

160

140

100 4w - ... Expariment 15
80 {

60 -
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Figure 3. FTIR (ATR) spectra of bio-oils from raw biomass sorghum
and experiments 7 and 15.

GC-MS

The chemical characterization of the bio-oils was
performed by gas chromatography coupled with mass
spectrometry.

Table 7 illustrates the distribution of compounds found
in the bio-oil obtained from pure biomass. The use of zeolite
as a catalyst in the pyrolysis process shows a tendency to
reduce the content of oxygenated compounds in the bio-oil.
However, these are still predominant. The hydrocarbons
are mostly naphthalenes belonging to the polyaromatic
hydrocarbons (PAHs) class.
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Table 7. Chemical characterization of bio-oil from pure biomass: molecular formula, group, retention time, area, mean, standard deviation, and relative
standard deviation

i Area/ %
No. Name Molecular Group l.ietentlo.n Mean SD RSD
formula time / min P1 P2 P3
1 3-ethoxy-prop-1-ene C;H,,0 alkene 39.033 0.92 0.58 0.83 0.78 0.18 0.23
2 cyclopentanone C;H;O ketone 41.758 0.00 0.88 1.40 0.76 0.71 0.93
3 3-furaldehyde C,H,0, aldehyde 43.442 0.00 0.20 0.24 0.15 0.13 0.88
4 2,5-furandione C,H,0; ketone 44.850 0.27 0.44 0.49 0.40 0.12 0.29
5 2-cyclopenten-1-one C;H,O ketone 45.017 0.90 2.10 241 1.80 0.80 0.44
6 furfural C;H,0, aldehyde 45.283 2.81 4.50 4.94 4.08 1.12 0.28
7 1,2-ethanediol,diacetate C.H,,0, ester 47.342 1.30 0.96 1.07 1.11 0.17 0.16
8 3 4-dihydropyran CH,0 ar;’;‘::rnc 50.217 2.14 2.12 2.64 230 0.29 0.13
9 2-cyclopenten-1-one,2-methyl C.HO, ketone 51.542 1.50 1.42 1.84 1.59 0.22 0.14
10 ethanone, 1-(2-furanyl) C:H,O, ketone 51.917 1.39 0.98 1.03 1.13 0.22 0.20
11 2(3H)-furanone,5-methyl CH,0, ar;’:;‘:rt'c 52.642 2.55 1.77 1.82 2.05 0.4 021
12 3,3-dimethyl-butan-2-one C.H,,0 ketone 54.875 0.57 0.65 0.58 0.60 0.04 0.07
13 2-butanone, 1 -(acetyloxy) CH,,0, ketone 55.083 0.61 0.43 0.38 0.47 0.12 0.26
14 2-furancarboxaldehyde,5-methyl ~ C.H,O, aldehyde 55.750 1.95 2.53 2.84 2.44 0.45 0.19
15 phenol CHO phenol 57417 5.51 6.71 8.18 6.80 1.34 0.20
16 3,4-dimethyl-pent-3-en-2-one CH,,0 ketone 57.942 0.48 0.76 0.99 0.74 0.26 0.34
17 3’4'd‘m°thyl"(’)yncel"pem'Q'en'1' C,H,,0 ketone 58.275 0.00 0.30 0.49 0.26 0.25 0.94
18 6-methyl-hept-3-yne CH,, alcyne 58.683 0.01 0.39 0.63 0.34 0.31 0.91
19 tetrahydro-2furanmethanol C,H,,0, alcohol 58.958 1.05 1.62 1.70 1.46 0.35 0.24
20 cyclooctene CH,, alkene 60.217 0.10 0.62 0.54 0.42 0.28 0.67
g1 Zoyelopenten-l-one2-hydroxy- (o o ketone 60.583 3.66 3.03 3.23 3.31 0.32 0.10
3-methyl
22 2,3-dimethyl-2-cyclopenten-1-one  C;H,,0 ketone 61.633 0.65 0.98 1.11 0.91 0.24 0.26
23 tetrahydrofurfurylalcohol C,H,,0, alcohol 62.542 3.56 1.27 1.35 2.06 1.30 0.63
24 o-cresol C,H,;O phenol 62.933 1.35 2.62 275 2.24 0.77 0.35
25 p-cresol C,H,O phenol 64.233 2.61 391 4.13 3.55 0.82 0.23
26 4,5-dimethyl-hex-a-en-3-one CH,,0 ketone 64.850 0.47 0.27 0.26 0.33 0.12 0.36
27 guaiacol C,H,0, phenol 65.408 6.04 7.47 7.14 6.88 0.75 0.11
ag  ethyl-2hydroxy-cyclopent-2- -y o e 67.117 2.06 2.05 1.84 1.98 0.12 0.06
en-1-one
29 3-ethyl-phenol CH,,0 phenol 70.442 5.54 8.17 8.14 7.28 1.51 0.21
30 4-methyl-2-methoxy-phenol C¢H,,0, phenol 72.217 1.47 2.10 1.88 1.82 0.32 0.18
31 2,3-dihydro-benzofuran CH,0 ar;’:}rl‘grt‘c 73192 2358 1466 1331  17.18 558 032
32 2-methoxy-4-ethyl-phenol C.H,,0, phenol 77.217 293 5.30 4.45 4.23 1.20 0.28
33 2-methoxy-4-vinyl-phenol C,H,,0, phenol 78.892 9.34 8.75 6.96 8.35 1.24 0.15
34 2,6-dimethoxy-phenol C¢H,,0, phenol 80.108 8.69 6.35 6.16 7.07 1.41 0.20
3-methoxy-4-hydroxy-
35 benzaldehyde C,H;0, aldehyde 82.358 1.79 0.84 0.75 1.13 0.58 0.51
36 2-methoxy-4-(1-propenyl)-phenol C,H,,0, phenol 85.050 2.20 2.27 1.50 1.99 0.43 0.21

SD: standard deviation, RSD: relative standard deviation.
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Uemura et al.*® separately carried out the pyrolysis
in the presence and absence of the protonated zeolite of
cellulose, hemicellulose, and lignin. It was observed that
the major conversion of oxygenated compounds present
in the pyrolysis vapors into aromatic and polyaromatic
hydrocarbons comes mainly from the compounds derived
from cellulose and hemicellulose, where cellulose is the
majority. This is explained because the C—O bond between
the aromatic ring and the hydroxyl group in the phenol
molecules derived from lignin is refractory to zeolite.
This also explains the significant presence of phenolic
compounds in the bio-oils obtained in this study, even
with zeolite.

RSM

Response surface for hydrocarbons

Figure 4 shows the response surface that relates the
hydrocarbon content in the bio-oils with the amount of
catalyst and biomass used from CCD. Equation 3 shows
the function representing this surface.
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Figure 4. Response surface for the percentage of hydrocarbons present
in the bio-oils.

J. Braz. Chem. Soc.

The quadratic function representing this surface is
given by:

¥ =-1.360 — 0.283x, — 0.642x, + 0.034x3 + 0.048x3 —
0.024x,x, 3

where x, = catalyst amount (% m/m); X, = biomass
amount (g); ¥ = percentage of hydrocarbon in the bio-oil.

Such a function can be generated from the coefficients
obtained by the matrix equations cited above. These are
shown in Table 8.

According to Figure 4, there is a critical minimum point
where x, = 8.456 g (biomass amount) and x, =7.024% m/m
(catalyst). This means that even using large amounts of
catalyst in the process, it is difficult to favor the formation
of hydrocarbons. The data show that, with this biomass
in the pyrolytic process, the major forms of oxygenated
compounds prevail, partly due to the complexity of the
structure of lignocellulosic biomass and the difficulty in
promoting deoxygenation reactions.*>*¢ However, there
is a curvature that tends to optimal values of hydrocarbon
formation, but they are very high values for the parameters
evaluated, which in industrial terms, would not be
interesting to use since catalysts generally have a high
value, generating large costs for industries.

Response surface for phenolic compounds

Since the tendency shown for this process is the
production of oxygenated compounds, and since these
are primarily phenolic, another response surface was
constructed (Figure 5), as these compounds can be used as
antioxidants, phenolic resins, solvents, wood preservatives,
monomers for plastics, etc.”’

The response surface provides a maximum critical
point, i.e., the optimal condition of the amount of biomass
and catalyst that provides the highest percentage of
phenolic compounds in pyrolysis. The quadratic equation
(the coefficients again were obtained by matrix equations,
Table 9) is given by equation 4:

Table 8. Representation of the parameters used to obtain the response surface for hydrocarbons

Regression Confidence interval
Factor . Pure error t(1) P

coefficient (-95%) (+95%)
Intercept -1.360 1.515 -0.897 0.534 -20.611 17.891
(1) Catalyst amount (L) -0.282 0.068 —4.124 0.151 -1.154 0.588
Catalyst (Q) 0.034 0.000 35.165 0.018 0.021 0.047
(2) Biomass amount (L) -0.641 0.137 -4.681 0.133 -2.384 1.100
Biomass (Q) 0.047 0.003 12.182 0.052 -0.002 0.097
1L vs. 2L -0.024 0.002 —11.426 0.055 -0.050 0.002

t(1): Student’s r-test with 01 degree of freedom and p = 0.05; p: p-value 95%.
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Figure 5. Response surface to a percentage of phenolic compounds in
the bio-oil.

¥ =42.783 + 0.418x, + 1.759x, — 0.020x? — 0.062x3 +
0.009x,x, (@)

where x, = catalyst quantity (% m/m); X, = biomass quantity
(g); ¥ = percentage of phenolic compounds in the bio-oil.

Since there is a point of maximum curvature on
the surface to obtain the critical point coordinates,
each variable’s partial derivative is calculated as a
response function and set equal to zero (maximum point)
(equations 5 and 6).

Thus:
D 0,418 0.04x, +0.009x,= 0 )
aX]
V1759~ 0.124x, + 0.009x, = 0 (6)
X2

The critical point in the equation designates the response
surface of phenolic compounds is x; = 13.88% m/m of
catalyst and x, = 15.19 g of biomass, obtaining the
maximum percentage of these compounds present in
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the bio-oil. The value of 59.05% (area) of phenols is
found. The software Statistica predicts the values of
X, = 13.47% m/m of catalyst, x, = 15.20 g of biomass
and 58.96% (area) of phenols. Thus, comparing the two
results, they are remarkably close and a good fit for this
quadratic function.

Conclusions

The use of a unique critical quality attribute (CQA)
throughout the pyrolytic process (zeolite, ZSM-5) by
using a 2* full factorial design, followed by optimization
through a response surface methodology (RSM) based
on CCD involving samples of biomass sorghum BRS716
(Sorghum bicolor L. Moench) showed a different
composition of bio-oil obtained from catalytic pyrolysis
of this biomass.

The results obtained in this study showed the potential
use of sorghum biomass as an alternative renewable
source to fossil fuels for industrial applications. In
addition, it was possible to realize that the bio-oil obtained
through pyrolysis with this biomass is rich in oxygenated
compounds; the majorities are phenolic compounds, which
have potential use in biorefinery industries, such as in the
production of phenolic resins.

The design results made it possible to create a response
surface using CCD, searching for the best condition of
catalyst and biomass (optimal point) to obtain the best
product. Thus, it was possible to create a response surface
from these two variables (biomass and catalyst), in which
a minimum critical point was reached. The production
of a bio-oil rich in hydrocarbon compounds is possible,
but a large amount of catalyst was required because
the hydrocarbon content increases when the catalyst
concentration also increases from 5 to 30% m/m.

The response surface provides a maximum critical
point, i.e., the optimal condition of the amount of biomass
and catalyst that provides the highest percentage of phenolic
compounds in pyrolysis. Thus, obtaining the maximum

Table 9. Representation of the parameters used to construct the response surface for phenolic compounds

Regression

Confidence interval

Factor coefficient Pure error t(1) P Co5%) (195%)
Intercept 42.783 0.547 78.144 0.008 35.826 49.739
(1) Amount of catalyst (L) 0.417 0.024 16.860 0.037 0.102 0.732
Amount of catalyst (Q) -0.020 0.0003 -57.411 0.011 -0.024 -0.015
(2) Amount of biomass (L) 1.758 0.0495 35.489 0.017 1.129 2.388
Amount of biomass (Q) -0.061 0.0014 —43.382 0.014 -0.079 -0.043
1L vs. 2L 0.008 0.0007 11.428 0.055 -0.0009 0.018

t(1): Student’s r-test with 01 degree of freedom and p = 0.05; p: p-value 95%.
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rate of these compounds present in the bio-oil, the value
of 59.05% (area) of phenols is found.

Once a larger fraction of catalyst weight than biomass
is needed, it turns the technical feasibility of the pyrolysis
process at a large scale very low. Once again, the RSM could
be useful to find a practical zeolite concentration in biomass.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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