Journal of Analytical and Applied Pyrolysis 99 (2013) 170-177

JOURNAL u
ANALYTICAL
APPLIED PYR

Contents lists available at SciVerse ScienceDirect

Journal of Analytical and Applied Pyrolysis

journal homepage: www.elsevier.com/locate/jaap

Pyrolysis of orange waste: A thermo-kinetic study

M.A. Lopez-Velazquez?, V. Santes?, ]. BalmasedaP, E. Torres-Garcia %*

3 Depto. de Biociencias e Ingenieria, CIIEMAD, Instituto Politécnico Nacional, Calle 30 de junio de 1520, Col. Barrio la Laguna Ticomdn, Gustavo A. Madero, México, D.F. 07340, Mexico
b Departamento de polimeros, Instituto de Investigaciones en Materiales, Universidad Nacional Auténoma de México, México, D.F. C.P. 04510, Mexico
¢ Instituto Mexicano del Petréleo, Eje Central # 152, México, D.F. 07730, Mexico

ARTICLE INFO ABSTRACT

Article history:

Received 29 May 2012
Accepted 30 September 2012
Available online 8 October 2012

Thermal and kinetic decomposition of orange waste have been investigated by simultaneous TGA-DSC
and TGA-FTIR analysis techniques under nitrogen atmosphere. Thermal profile degradation can be inter-
preted as the resultant of multiple, parallel and simultaneous reactions, related to: (i) dehydration process
for temperatures <120 °C; (ii) pyrolytic cracking, from 125 to 450 °C, stage where the ligno-cellulosic com-
ponents are degraded reaching a maximum the evolved gaseous products and delivery energy; and (iii)
to latest stage of lignin degradation, at temperatures >450°C. The volatile compounds evolved from 50
to 600°C were mainly: H,0, CO, and CO, besides of a mixture organic product composed by: carboxylic
acids, aldehydes or ketones (C=0), alkanes (C—C), ethers (C—0—C), alcohols (C—0O—H), phenolic com-
pounds (C—O) and aliphatic and/or unsaturated aromatic compounds (C=C). Kinetic parameters were
calculated by two kinds of model-free kinetics algorithms, Friedman (F) and Kissinger-Akahira-Sunose
(KAS) methods at different heating rates (5, 10 and 15°Cmin~1). The results in terms of activation energy
show the complex Eq(«) on « dependence, which evidences an multi-step kinetic processes during the
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1. Introduction

Increasing environmental concerns about excessive net carbon
dioxide emissions, the steadily decrease of easily accessible fossil
fuels, and the rising demand for a secure supply of fuel, chemical,
and energy have increased the interest in renewable and sustain-
able sources [1,2].

Citrus fruits crops are the most abundant in the world, pro-
ducing over 120 million tons of oranges, lemons, grapefruits and
mandarins [3]. In Mexico, orange farming is both an important
industry and also a paramount source of financial incomes in zones
of high production. Only in 2010, the orange production reached
about 4 million tons, from which the 40% (about 1.6 million tons of
the total produced), are converted into wet solid residues, corre-
sponding approximately to 800,000 tons of dry residue [4]. In this
context, the disposal of any waste is a worry in the area of envi-
ronmental protection and sustainability. Therefore, citrus wastes,
which are generated during industrial process to produce juices,
are seen as a problematic but unavoidable by-waste. As a resid-
ual byproduct of the juices industry, these citrus wastes do not
find commercial applications and are largely disposed of in open
dumps. Among the most traditional option for disposal is its appli-
cation to land, thus providing a source of slow-release nutrients
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and microelements, as underutilized cattle feed, or in the cosmetic
industry. In general, the citrus fruit residues represent an abundant,
inexpensive and readily available source of renewable biomass and
their utilization are attracting increased interests around all over
the world. This is because that the ligno-cellulosic waste, repre-
sent a suitable sustainable source for production of conventional
and new chemicals and fuels [5,6]. Therefore, developments of new
methods to treat citrus waste are urgently required.

Recently, many researchers have carried out characterization
studies of ligno-cellulosic biomass such as pyrolysis, thermoly-
sis, gasification, and combustion in order to design efficient and
environmentally sustainable processes. Biomass properties can sig-
nificantly influence both heat transfer and reaction rates, such that
the optimal operating conditions are highly variable [7-9]. Pyrol-
ysis is one of the most employed methods to convert biomass
and organic residues into diverse products [4,5]. Its application
may essentially diversify the energy-supply in many situations,
leading to a more secure and sustainable global energy-supply
chain. Therefore, research on the pyrolysis process of a specific
ligno-cellulosic waste, would be beneficial for a better under-
standing of the pyrolytic-cracking mechanism and to improve its
transformation and application as bio-fuels, chemical products and
bio-materials [10-13]. So, among the many reasons for quantifying
the rate of a chemical reaction, the thermo-kinetic behavior of the
biomass is of high importance during the degradation of its main
components, which allow control the reaction rate as a function
of temperature, pressure, and composition. Hence, the information
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about biomass pyrolysis kinetics is necessary to accurately predict
reactions behavior, as well as to optimize and control the process
of conversion toward products during the pyrolytic degradation.

Regardless of the numerous studies on biomass pyrolysis kinet-
ics, only a few studies have been focused on the processes taking
place during the pyrolysis of orange waste [14,15]. However, an
analysis of the kinetic data and detailed research on the pyrol-
ysis gaseous products at different reaction temperatures has not
been reported. The situation is particularly complicated, because
the thermal degradation of the orange waste is a complex process,
where a number of consecutive and parallel reactions are involved.
In correspondence, the aim of this work s to provide a detailed anal-
ysis of the thermal degradation kinetics, along with the evolution
of the volatile products for each step of the pyrolytic process.

2. Materials and methods
2.1. Samples preparation

The orange waste (pulp) used in this study as ligno-cellulosic
biomass was supplied by a juice production industry of the Alamo
municipality, Veracruz State in Mexico. Orange waste sample was
submitted to several treatments before analysis. Firstly, it was dried
at room temperature during eight days. Secondly, it was dried
in a furnace at 110°C in air static for 24 h. The moisture content
after these two steps was 7%, which was determined at 100 °C via
TGA. Finally, the orange waste was ground to size <1 mm using
a Hobar cutting mill model FT100. The resulting samples were
sieved on a Retsch sieve shaker model AS 400 for 10 min and frac-
tions between 300-180, 180-150 and <150 pm, were collected and
stored in sealed polyethylene bags.

2.2. Samples characterization

To determine the chemical characteristics of orange waste, ele-
mental and proximate analyses were carried out, and the main
information is summarized in Tables 1 and 2. Proximate analy-
ses of the samples were performed based on ASTM methods E871,
E872-82 and D1102-84. Meanwhile, the elemental analysis was
performed in a CHN/O Vario EL analyzer using the ASTM D5291
method. The sulfur content was determined in a HORIBA SLFA-1800
equipment by ASTM D4294 method. Ash content was obtained
following the ASTM D482 method in Limberth muffle. Chlorine
content was measured in a Mitsubishi X-10 by using the EPA
953 method. The oxygen content was obtained by a mass balance
among C, H and N.

Table 1

Ultimate analysis of orange waste.
Elemental composition (dry basis) wt.%
Carbon 47.0
Hydrogen 6.9
Nitrogen 1.3
Oxygen? 44.71
Sulfur 0.09
Chloride 0.001

2 The oxygen content is calculated by difference.

Table 2

Proximate analysis of orange waste.
Components wtk
Volatile matter 74.6
Fixed carbon 16.68
Ash 3.02
Water 5.7

The FTIR spectra were employed to analyze the original orange
waste. The samples were mixed with KBr powder and dried in an
oven at 100°C for 24 h. FTIR spectra were recorded in a Nicolet
Nexus Spectrometer.

2.3. Thermal analysis (TGA-DSC)

Thermal degradation of orange waste samples was carried out
in a simultaneous TGA-DSC (NEZTZSCH STA 409 PC). To mitigate
the difference of heat and mass transfer, the sample mass was kept
at ~5mg. The samples were heated from room temperature up to
700°C at a constant heating rate of 10°Cmin~!, using an ultra-dry

nitrogen atmosphere and a flow rate of 100 mL min—!.

2.4. TGA-FTIR simultaneous measurements

Evolved gas analysis of waste pyrolysis was carried out in NICO-
LET Protégé 460 FTIR spectrometer coupled to a TA Instrument’s
2950 thermogravimetric analyzer. The transfer line and gas cell
of the spectrometer were heated to 240°C to avoid condensa-
tion or adsorption of semi-volatile products. Each IR spectrum was
recorded every 5 s from 4000 to 500 cm~1.

TGA experiments were performed at different heating rates of 5,
10,15°C min~! and the DTG data collected at different heating rates
were used to obtain information about the amount, magnitude and
nature of the different processes and to estimate the apparent acti-
vation energy involved in each stage and its dependence on the
degree of reaction extent . The mass samples were about 10 mg in
all cases and the sensitivity of the balance was 107 g.

3. Kinetic study
3.1. Model-free method

Model free kinetics is based on an isoconversional method
where the activation energy is a function of the conversion degree
of a chemical reaction. Applications of model-free methods are
highly recommended by the Kinetics Committee of the Interna-
tional Confederation for Thermal Analysis and Calorimetry (ICTAC
Kinetics Committee) [16]. To validate this recommendation, the
ICTAC Kinetics Committee has conducted an extensive comparison
study between different methods and found that the model-free
and multi-heating rate methods are particularly successful in
describing the multi-step kinetic processes.

In this work, we have combined two kinds of model-free-
kinetics algorithms to predict the pyrolytic cracking kinetics of
orange waste.

Both are based on Eq. (1):

da

= KIY@) =Aexp (— 12 ) (@) ()

RT

where « is the degree of conversion, flor) is the reaction model, T (K)

is the absolute temperature, A (s—1) is the pre-exponential factor, E,

(kJ/mol)is the activation energy, and R is the universal gas constant.
All isoconversional methods have their origin in the isocon-

versional principle which states that the reaction rate at constant

extent of conversion is only a function of temperature [17].

d In(da/dt),  Eq 2)
dT-1 R

where o denotes the extent of reaction, t is time, T is absolute tem-
perature, R is the gas constant and E, is the activation energy as a
function of the extent of degradation.



172 M.A. Lopez-Velazquez et al. / Journal of Analytical and Applied Pyrolysis 99 (2013) 170-177

By rearranging and integrating Eq. (2), one can easily arrive at
Eq. (3).

In (%)a = constant — 1%]" 3)
which is the basis of the differential isoconversional method of
Friedman [18]. The apparent activation energy can be obtained
from the slope of the linear plot of In(de/dt), vs 1000/T for each
value of conversion, ¢, where the slop equals E4/R.

Another model-free-kinetics algorithms choice was the
Kissinger-Akahira-Sunose (KAS) method [19], which simply
consists of extending the Kissinger method [20]. The KAS method
requires the temperature values T,(8) at which an equivalent
conversion degree of reaction occurs for various heating rates 8
(B=dT/dt=const). The equivalent transformation is either defined
as the stage at which a fixed amount is transformed or as the stage
at which a fixed fraction of the total amount is transformed.

Such that:

o da _A T 7Ea/RT _AEa Eﬂ
of(a)_ﬂ/Toe ar =75 »(z7) “@

Since the integral p in Eq. (4) does not have an analytical solution it
can be solved taking into account the following approximation on
the p function [21]:

gla) =

E o—Ea/RT
p(fr)~ ®
(—Eq/RT)
The logarithm of Eq. (4) gives:
Bj [ (A(ak)'R) } Ea(oy)
In[{ = | = |In{ =—“— ) —In glog)| - =2 6
Tﬁ{ Ea(ak) g( k) RTjk ( )

where the apparent activation energy Eq(o,) and the pre-
exponential factor A(ay) are expressed for a given conversion
degree o and the temperatures Tj; are the temperatures at which
the conversion «y is reached at a heating rate f;. If o = const and
reaction is independent of the heating rates, then g(wy) is also
constant for a given conversion degree and temperature. During
a series of measurements the heating rates are 8= 81.,.. ., B;.... The
apparent activation energy can be obtained from the slope of the
linear plot of ln(,Bj/szk) against 1000/Tj, for each value of conver-
sion, a, where the slop equals —Eg()/R.

The purpose of choosing those two kinds of models-free kinetics
algorithms was to validate and to corroborate the consistence of
our results through two different algorithms: the differential one
of Friedman (F) and the integral one of Kissinger—Akahira—Sunoe
(KAS).

4. Results and discussion
4.1. Characterization of the initial ligno-cellulosic biomass

FTIR spectrum of the dried orange waste is shown in Fig. 1. The
spectrum analysis indicates the presence of characteristic bands
corresponding to cellulose, as well as of lignin [9,22]. The most
intense band in the high energy zone (3000-3600 cm~!) is assigned
to the existence of free and intermolecular bonded hydroxyl groups,
related to a large amount of OH groups from carbohydrates and
those of lignin, as well as to the symmetric and asymmetric stretch-
ing vibrations associated with H,O molecules. The intense band at
1045 cm~! corresponds to the link C—O—H or C—O—R (alcohols or
esters), while the distinctive band at 2925cm™! is related to the
presence of C—H stretching vibration together with bending vibra-
tions around 1428 cm~! of aliphatic chains (—CH,— and —CH3—)
forming the basic structure of these ligno-cellulosic materials [23].
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Fig. 1. FTIR spectrum of the dried orange waste sample.

The peak at 1736cm™! is attributable to carboxylic acid and/or
carbonyl groups of esters. Finally, the band at 1620cm~! can be
attributed to aliphatic and/or unsaturated aromatic compounds
[24].

4.2. Thermal behavior

A typical thermal profile of the dried orange waste, obtained
by simultaneous TGA-DSC in nitrogen, is shown in Fig. 2, which
depicts the experimental TGA-DSC thermograms for an experi-
ment performed at =10°Cmin~!. In general, the main thermal
processes up to 700°C, are related to the dehydration process
and thermal degradation of the ligno-cellulosic biomass [25,26].
Orange waste is considered to be composed of various constituents
(hemicelluloses, cellulose and lignin), which decompose at differ-
ent temperature regions [8,9,27]. Initial mass loss of 7.5 mass?%, for
temperatures lower to 120°C, is related to the release of weakly
bonded water molecules (physically adsorbed water molecules),
without excluding the simultaneous evolution of some organic
volatile compounds. This explains the origin of the exothermic
behavior at temperature below 100 °C (see DSC curve, Fig. 2).

After the dehydration process, several overlapped weight losses
with identified maxims at 165°C, 212°C, 254°C and 328°C; as
well as a prolonged weight loss from 380 to 550°C are detected.
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Fig.2. Simultaneous TGA-DSC curves of the thermal decomposition of orange waste
under flowing dry N, (100 mLmin~1) and heating rate of 10°Cmin~!.
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Accordingly, the DSC curve shows several and overlapped exother-
mic processes around from 50 to 600 °C. The delivery energy, as
well as the weight losses in this wide temperature interval can
be related to biomass degradation, essentially, to its main com-
ponents (hemicelluloses, cellulose and lignin) [8,9]. The first stage,
from ~125 to 250°C, associated to a 28% weight loss, is attributed
essentially to the decomposition of hemicelluloses. Following, one
contiguous and/or simultaneous process between 250 and 360 °C,
with a 30.4% weight loss, is ascribed to the cellulose degradation.
It should be noted that although these two stages are mainly char-
acterized by the degradation of both hemicelluloses and cellulose,
lignin simultaneous decomposition is also present at that tempera-
ture interval. Finally, a prolonged weight loss of ~11 mass %, in the
380-550°C range, with a maximum at ~485°C in the DTG curve,
might be attributed to the last stage of degradation of lignin. That
behavior has been previously reported by others [25,28].

In summary, during the pyrolytic process up to 700°C, around
77 wt.% of the ligno-cellulosic biomass can be volatilized, with a
22% of residual materials, besides about ~7 wt.% of water.

4.3. Effect of particle size

The particle size effect is a very important experimental study to
predict, optimize and control any thermal degradation process such
as combustion, pyrolysis or gasification of biomass. The size of the
ligno-cellulosic biomass particle is one of the parameters that can
strongly affect the energy efficiency improvement, the completion
time of the pyrolytic process and the nature of the reaction products
(solids, liquid or gaseous).

In order to establish the influence of particles size on the
cracking pyrolytic process, three different particle size fractions
of orange waste (300-180, 180-150 and <150 wm) were studied.
Fig. 3a and b, display both the weight loss rates (represented in
their derivative form DTG) and the delivery energy through the
DSC curves.

In all samples the major degradation and maximum
devolatilization rate of the orange waste occurs between 120
and 400 °C. However, the heat released, as shown in the DSC curve,
presents a wide interval with several overlapped exothermic peaks
between 50 and 600°C. These experimental evidences suggest
that the particle sizes only have influence on the thermal behavior
at the start and end of pyrolysis process, especially for the samples
with particles size lower than <150 wm. This behavior can be
rationalized in terms of the heat- and mass-transfer phenomena,
which stems from the difference specific surface area among the
particle sizes studied.

The biomass conversion into different products during the
pyrolytic cracking process cannot be resolved based solely on a
TGA-DSC study, these techniques by themselves do not provide
specific information about of the nature of the chemical species
evolved, and the assignment and interpretation of each thermal

Table 3
The main functional groups identified by FTIR.
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Fig. 3. Effect of particles size on DTG and DSC thermal profiles.

event is not obvious. Therefore, we focused our attention on a more
detailed analysis of the possible specific chemical species, through
its identification by in situ IR (FT-IR) and we used as a model the
orange waste sample which particle size is in the 180-150 wm
range.

4.4. Evolved gas analysis (TGA-FTIR)

Simultaneous TGA-FTIR techniques were applied to obtain
information of the reaction sequences and the most relevant
gaseous products of decomposition between 50 and 600 °C. During
the pyrolytic cracking process the gases released in the TG were

Wave number

Functional group

Broad band 3760-3580cm™!

Bands about 3900-3700 cm~!

Doublet at 3327-2365cm™! and single peak at 670 cm™!
Doublet on 2200-2000 cm ™!

Peaks at 2937 and 2849 cm™!

Bands at 3014cm™!

Peaks at 1480 and 1450 cm™!
Bands at 1100-1030cm!
Peaks on 1800-1650 cm™!
Peaks at 1240 and 1185cm™!
1620-1580cm™! range

Symmetric and asymmetric stretching vibrations associated with H,O molecules
Rota-vibrational band of water vapor

CO, presence

CO presence

Symmetrical and asymmetrical C—H stretching vibrations of aliphatic —CH3; and
—CH,— groups

Characteristic of CHy

C—H bonds of hydrocarbons

Alcohols C—0—H bond involving a saturated carbon

Assigned to C=0 stretching vibrations of carboxylic acid and/or carbonyl
Assigned to C—O stretching vibrations of phenolic oxygen

Attributed to C=C group of aliphatic and/or unsaturated aromatic compounds
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as a function of time. (b) Stacked plot of FTIR spectra of the evolved gases for orange
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swept immediately to a gas cell, followed by FTIR analysis (see
changes in IR intensity as a function of time, Fig. 4a). The IR spectra
during all process are shown in Fig. 4b, where the temperature is

referred to that in the TGA. Based on the analysis of FTIR spectra,
the main functional groups identified are summarized in Table 3.

According to the FTIR study, the evolution of gaseous prod-
ucts, mainly H,0, CO,, CO and a mixture of organic products,
increases with the pyrolysis temperature, reaching its maximum
between 150 and 400°C. Generally, peaks between ~3760 and
3580 cm~! are assigned to the symmetric and asymmetric stretch-
ing vibrations of H,O molecules. Meanwhile, the signals about
3700-3900cm~!, may correspond to a rota-vibrational band of
water vapor [29].

The presence of CO, was identified by the doublet at
2365-3327 cm~!, which is confirmed by a singlet at 670 cm™!,
while, the doublet of 2200-2000 cm™1, is ascribed to CO. The peaks
at 2937 and 2849 cm~! were ascribed to symmetrical and asym-
metrical C—H stretching bands of the aliphatic —CH3 and —CH,—
groups [23]. An interesting observation is the presence of the
bands at 3014 cm~!, which are related to the release of CHy, which
increases with the temperature, between 400 and 650°C, reach-
ing its maximum around 500°C. It is well known that the peaks
in the FTIR spectrum at ~3040-2700 cm~! are assigned to a prod-
ucts mixture, which consist of C3Hg, C;Hg, C;H4 and C;H, whereas
the change in absorption intensity are associated with the rela-
tive change in concentration of the resulting C—H groups, which
could indicate modifications in the pyrolytic cracking mechanism
or recombination of gaseous products [30]. This behavior, between
400 and 650 °C, could probably be associated with the end stage of
lignin degradation, where one of the major products of the trans-
formation is CHy.

It is worth noting that at temperature about 100°C, small
amounts of CO, was detected, besides water, which suggests that at
the beginning of the process, the decarboxylation reaction (forma-
tion of CO,) in the ligno-cellulosic biomass is also favored. However,
as the pyrolysis temperature increases, between 180 and 350 °C, the
release of H,0, CO, and CO, besides of a mixture organics product,
augments significantly, in agreement with the maximums of the
weight loss rate, detected at 195 and 312 °C in the DTG curve (see
Fig. 4a). The detection of both, CO, and CO, in this range of tem-
perature suggests that the decarboxylation (formation of CO,) and
decarboxylation (formation of CO) reactions are simultaneously
favored in this stage of the pyrolysis.

Another observation during the qualitative analysis is the pres-
ence of a complex mixture of organic compounds, which displayed
bands in the regions of 1765-1715, 1505-1560 cm~1, as well as, at
1185 and 1100-1030 cm™!. This region of the spectrum is quite
unspecific, because most of the organic compounds have C—H
bonds or different oxygen functional groups, such as; C=0, COOH,
OH, O—C—0 and C—0—C, which, by reformation or cracking even-
tually decompose into CO, and CO [31]. It is also well known
that C—H bonds show important absorptions between 1480 and
1450 cm~!, which would indicate the presence of hydrocarbons
with two carbon atoms or more, or other moieties of other chemical
functionalities [27].

On the other hand, the bands at 1100-1030 cm~! are attributed
to alcohols C—0O—H bond involving a saturated carbon, formed
during the cracking pyrolytic process, so it is not related to the
carboxyl groups. Meanwhile the peaks found in the range of
1650-1800cm™! are assigned to C=0 stretching vibrations of the
carboxylicacid and/or carbonyl compounds, corresponding to alde-
hydes, ketones and esters. In addition, the absorption bands at 1240
and 1185cm™! are assigned to C—O stretching vibration, corre-
sponding to phenolic oxygen [32].

Finally, the bands in the range of 1620-1590 cm~" are attributed
to C=C group of unsaturated aromatic compounds, which could
be related essentially to the lignin degradation. Lignin is an amor-
phous cross-linked resin without specific structure and the analysis
from their intermediate components is especially difficult due to
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the formation of different organic complexes, aromatic hydrocar-
bons, phenolic, hydrophenolic or aliphatic and methoxy groups,
which could be the main products [33]. Furthermore, it should
be noted that the C=C stretching band is unique for olefins while
the C—H stretching bands, in the range of 3000-2850cm™!, are
caused by both olefins and paraffins [34]. Therefore, the presence of
absorptions bands attributed to C=C in the region of 1580 cm™!,
would be associated with the degree of insaturation (including
aromaticity) of the products.

4.5. Kinetic analysis

The thermal profiles of the decomposition of orange waste at
different heating rates (5, 10 and 15°Cmin~') in dynamic nitro-
gen atmosphere are shown in Fig. 5. For the sake of clarity, the TG
curves are presented in their derivative form DTG (dm/dT vs T). In
all cases it was observed that an increase in the heating rate only
shifts the DTG curves and peak temperature to higher values, with-
out changes in the thermal profile (see Fig. 5). From the kinetics
point of view, that thermal behavior suggests that the reaction rate
is only function of the temperature and that the pyrolytic cracking
mechanism of the reaction is independent of the heating rates, at
least under the experimental conditions used in this study.

In order to simplify the analysis through DTG curves (Fig. 5)
three large stages during the degradation process were defined:
dehydration process for temperatures lower than 120 °C, pyrolytic
cracking, from 125 to 450 °C, stage composed by simultaneous and

Fig. 6. Apparent activation energy Eq,(«) as a function of the extent of reaction
«, determined by the Friedman (F) and Kissinger-Akahira-Sunose (KAS) methods
during thermal pyrolysis of the orange waste, between 50 and 420°C. Note: An
experimental error below 10% is also considered (error bars).

complex process, where the main components, hemicellulose, cel-
lulose and lignin are degraded and a maximum release of volatile
matter occur, and, finally, the secondary or last degradation of the
lignin, at temperatures above 450 °C. In general, the thermal degra-
dation of orange waste can be depicted according to Scheme 1.

Analysis in terms of activation energy shows the complex Eq(o)
on « dependence (Fig. 6), and revealed the typical behavior of
complex reactions, involving multiple, parallel and consecutives
process during the degradation of biomassic waste in nitro-
gen atmosphere [35-38]. Fig. 6 shows only the values in the
0.02 <« <0.92 range, corresponding to the temperatures between
50 and 420°C, because to the results for « <0.02 and « >0.92 are
not accurate enough.

It should be noted the excellent agreement between results
obtained by both models-free kinetics algorithms, with devia-
tions lower than 10% between the differential Friedman (F) and
integral Kissinger—Akahira-Sunose (KAS) methods. This agreement
validates not only the above-proposed hypothesis but also the reli-
ability of the performed calculations and confirmed the excellent
predictive power of the direct methods.

The first stage, related to the orange waste dehydration process,
between room temperature and ~120°C, at & <0.1, shows that the
activation energy is independent of the extent of reaction «, with a
value ~80 kJ/mol. It should be noted that the Eq(«) values obtained
by the application of both methods, are 2-3 times the energy bar-
rier for water diffusion necessary to overcome the van der Waals
interactions or the average energy involved in the typical hydrogen
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: Pyrolytic [ Hemicelluloses Pyrolysis -Alkanes (C-C)
Biomass Reliydostion . cracking | (125-250°¢) products -Ethers (C-0-C)
Orange waste ) ™= ( Biomass dry Cellulose = | -Alcohols (C-0-H)
120°C 2125°C & -Phenolic compounds (C-0)
(260-380°C) e e
- - -Aliphatic andlor
Endothermic Exothermic | Lignin unsaturated aromatic
process process (150-550°C) compounds (C=C)

Scheme 1. Stages in ligno-cellulosic orange waste pyrolysis.

[ chars residue and ashes ]
=




176 M.A. Lopez-Velazquez et al. / Journal of Analytical and Applied Pyrolysis 99 (2013) 170-177

bonding [39,40]. That result suggests that the dehydration stage is
kinetically controlled by an energy barrier that comprises multi-
ple processes; i.e., breaking hydrogen bonds, water evaporation or
water diffusion among others [41]. However, the values of Eq(«)
during the dehydration process are in agreement with others values
reported for similar processes [37,42].

The dependence of E;(«) on « associated essentially with hemi-
celluloses degradation beside simultaneous degradation of lignin
hindered by the decomposition of hemicelluloses for temperatures
between 125 and 250°C, shows that initially the activation energy
is essentially independent of the degree of transformation (), with
values about 117 kJ/mol, as @ changes from 0.1 to 0.25. That behav-
ior suggests that the step that always limits the speed of the reaction
is unique and that the pyrolytic breaking reaction occur on well-
defined sites. The justification for this behavior it might be related
to the lineal polymeric structure of the hemicelluloses. If so, thermal
degradation can start rather easily on the weakly link sites inherent
to the polymeric lineal chain. Then initial step, related to lower and
constant values of activation energy are most likely associated with
the initiation of the process that occurs at these weak links. By con-
trast, during the second step of degradation, as « change from 0.25
to 0.4, an increase in the E,(«) values is observed, as the reaction
proceeds, revealing a typical behavior between competitive reac-
tions [43,44]. Once the weaker bonds are broken, the limiting step
of degradation shifts toward to degradation by random scissions of
lineal chain, which typically promote an increase in the activation
energy [45,46]. Therefore, the existence of this zone, with slope
changes at «=0.25, is a clear indication that reveals a change of
mechanism of the pyrolytic breaking bonds and suggest that the
energetic barrier necessary to overcome different interactions dur-
ing the last step of hemicelluloses pyrolysis degradation, comprises
multiple and simultaneous processes [47-49]. This behavior may
be attributed to the cross-linked nature of the residual solid, com-
posed essentially by cellulose and lignin, besides residual products
of the hemicelluloses degradation, where the main problems will
be associated to heat- and mass-transfer processes.

As it can be observed the contiguous stage, between
0.4 <« <0.60, shows a progressive increasing in the E;() values,
from ~200 kJ/mol corresponding to the end step of hemicelluloses
degradation, up to reach an average of 250 kJ/mol. Curiously, dur-
ing this stage both the evolved energy (see DSC curves, Fig. 2) and
gaseous products (see FTIR results, Fig. 4b) reach a maximum. How-
ever, the DTG curve of biomass degradation show a wide and very
slow weight losses, with a gently sloping baseline that makes diffi-
cult to define a particular behavior or assignation. The justification
for this behavior on this intermediate stage it might be related to the
simultaneous contribution of the three main components of ligno-
cellulosic biomass (hemicelluloses, cellulose and lignin) [8]. In this
sense, the result indicates the competitive character of the pro-
cesses during that stage and that the activation energy behavior is
likely associated with the process of cross-linked polymer degrada-
tion. Therefore, these results denote that degradation mechanism
correspond to the breakage of weak bonds inside of a cross-linked
polymer matrix and diffusion of gaseous species.

The Eq(a) curve from 270 to 350 °C, show that the values of E; (o)
decreases from about 250kJ/mol at «=0.60, until an average of
205 Kk]J/mol for o=0.70. This dependence of E,(«) on « is typical
of a multiple-steps reaction initially limited by a diffusion mech-
anism [45,47]. Similarly, the pyrolysis degradation of cellulose in
the matrix could also be affected by the presence or simulta-
neous degradation of lignin and residues from the hemicelluloses
degradation. The initial decrease may be caused by the diffus-
ional limitations of the released gaseous species, generated before
and during the pyrolytic cracking, leading to continuous changes
in the solid residual composition. Afterwards, the E,(«) values
reach a minimum and the activation energy is essentially constant,

~205K]J/mol, as o changes from 0.70 to 0.78. Again, this behavior
indicates that the degradation mechanism has unique character-
istics and that the pyrolysis degradation of cellulose occurs on
functional groups energetically equivalents, inside of the polymeric
matrix. These considerations suggest that the degradation of cel-
lulose starts on the weak bonds of the functional groups in the
polymeric network and that pyrolytic decomposition in an inert
atmosphere occurs in such a way that they tend to preserve the
structure, thus bond breaking inside the polymer requires a large
amount of energy.

Finally, an increase of Eq(«) on « values up to a maximum value
of approximately 260 kJ/mol for @ <0.92, near the end of the reac-
tion was observed. That interval was attributed to the last stage
degradation of lignin. The decomposition of the polymeric struc-
ture in the lignin starts at relatively low temperatures, about of
150-200°C, and the main process occurs around 400 °C, with the
formation of aromatic hydrocarbons, phenolics, hydrophenolics
and guaiacyl/syringyl-type compounds, besides products having
phenolic —OH groups [48,49]. The analysis during this step is
especially difficult because complex phenolic species from lignin
decomposition leads to CO, release from the carboxyl groups, H,O
from the hydroxyl groups, CO from the weakly bound oxygen
groups, such as aldehyde groups, and H, from the aliphatic and
methoxy groups. The situation is especially complicated, by the fact
that the gaseous products and the inhomogeneities in the network
structure are strongly influenced by the reaction temperature, heat-
ing rate and degradation atmosphere. All these difficulties, besides
of the high amount of residual matter until this point, are probably
responsible for the particular shape of the activation energy pro-
file during the last stage of process and reveals the typical behavior
between competitive reactions, comprising of multiple and simul-
taneous processes.

In general, the observed activation energy values in the
120-250Kk]J/mol range from are similar to those reported by other
authors for the pyrolysis degradation of ligno-cellulosic biomass
[25,28,50,51]. However, it should be noted that to our best knowl-
edge, this is the first report that described a systematic and detailed
thermo-kinetics study of each stage, together with gaseous prod-
ucts, during the pyrolytic process of a raw material ligno-cellulosic
derivative from orange waste.

5. Conclusions

The thermal behavior of the orange waste decomposition can
be interpreted as a multiple and simultaneous processes, due to its
complex composition and structure, which difficult their assigna-
tion and interpretation.

Simultaneous TGA-FTIR analysis revealed that the volatile com-
pounds evolved between 50 and 600°C are mainly: H,0, CO,
and CO, besides of a mixture of organic products composed
by carboxylic acids, aldehydes or ketones (C=0), alkanes (C—C),
ethers (C—0—C), alcohols (C—0—H), phenolic compounds (C—0)
and aliphatic and/or unsaturated aromatic compounds (C=C).

The results according to the model-free-kinetics algorithms
used in this study shows the complex E,;(«) on « dependence and
revealed that the main processes during the degradation of biomas-
sic waste in nitrogen atmosphere can be summarized as:

- Dehydration process, between room temperature and ~120°C, at
o <0.1 with activation energy values E;(c¢) ~ 80 kJ/mol.

- Hemicelluloses degradation, between 125 and 250°C, process
that takes place in two consecutive stages: (i) pyrolytic breaking
on well-defined sites, where the E,(«) values ~117 kJ/mol, are
independent of the degree of transformation («), for & between
0.1 and 0.25; and (ii) as « change from 0.25 to 0.4, where
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activation energy values increase up to 200 kJ/mol, revealing a
typical behavior between competitive reactions.

An intermediate interval, between 0.4 <« < 0.60, characterized
by a wide and very slow weight losses, shows a increases in the
Eq(a) values from about 200 k]J/mol up to 250Kk]/mol related to
the simultaneous contribution of the three main components in
the ligno-cellulosic biomass.

Cellulose degradation, between 260 and 380 °C, where the values
of Eq(ar) decreases from 250 kJ/mol at & = 0.60, until 205 kJ/mol for
a=0.70, describing the typical behavior of a multi-step reaction,
initially controlled by diffusion. As o changes from 0.70 to 0.78
and E4(«) values reach a minimum ~205 kJ/mol, the degradation
mechanism is unique and the degradation occurs on functional
groups energetically equivalents, inside of polymeric matrix.
Finally, during the last stage, the increase of E;(o¢) on o values up to
~260k]/mol for @ < 0.92, is attributed to the last stage degradation
of lignin and the particular shape of the activation energy profile
can be related to the inhomogeneities in the network structure
and high amount of residual solid.
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