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ABSTRACT

The effect of zinc sulfate and ferric sulfate on the pyrolysis process of lignin was studied at three different heating
rates by using the thermogravimetric analysis technique. It was found that the pyrolysis of pure lignin is barely affected
with the change of heating rates between 10 to 100 °C/min, which is unexpected because of the kinetic nature of
pyrolysis. The pyrolysis kinetics of this major component of biomass was studied by using three fitting methods: the
differential method with reaction order model n, the isoconversional method, and the distribution of activation energies
model, DAEM. The best fit, which allowed calculating acceptable kinetic parameters, was obtained using the last
method. The results show the influence of the catalysts and the heating rate on the lignin pyrolysis processes in the
presence of the sulfates under study, which is confirmed by obtaining different kinetic parameters. The results suggest
that zinc sulfate and ferric sulfate change the kinetic mechanism of lignin pyrolysis.
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Biomass of lignocellulosic origin is the most abundant organic ma-
terial on earth; its sources are forests, agricultural crops, crop residues
and other industrial wastes'®’. It consists mainly of cellulose, hemicellu-
lose and lignin'®”. To systematically characterize the pyrolysis behavior
of biomass, it has been chosen to initially investigate the pyrolysis of
each of these three components, using characterization techniques such
as thermogravimetric analysis (TG), simultaneous analysis of thermo-
gravimetry and gas chromatography (TG—GC) and simultaneous anal-
ysis of thermogravimetry and Fourier transform infrared spectroscopy
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(TG-FTIR)™”. Usually in more advanced stages of
research (using these same techniques) the interac-
tions that occur between the indicated components
have been studied, as well as the interactions that
take place between each of them with some alkaline

1 and metallic

[11]

minerals, alkaline earth minerals
salts such as zinc and nickel chlorides

The transition metals, Fe and Zn, are elements
that are naturally present in lignocellulosic biomass,
however, their concentrations present variations that
may depend on environmental factors as well as on
the species under study. On the other hand, it is to
be expected that the electronic properties of these
metals play a fundamental role in the thermal de-
composition processes in each of the biomass com-
ponents. In order to analyze the influence of Fe and
Zn (minority components), which can act as cata-
lysts in thermal conversion processes, it is essential
to study their effects on cellulose, hemicellulose
and lignin (majority components). Fe and Zn added
in higher proportions than those naturally present,
could favor the thermal conversion process or im-
prove the quality of the products (liquid or gaseous
fuels). Therefore, this work aims to evaluate wheth-
er Fe and Zn have catalytic effects on the pyrolysis
of lignin, for which the kinetics of devolatilization
of this major component was investigated in the
presence and absence of ferric sulfate Fe,(SO,), and
zinc sulfate ZnSO,, by applying the Friedman dif-
ferential method with a reaction order model n, the
Ozawa, Flynn and Wall (OFW) or isoconversional
method, and the distribution of activation energies
model, DAEM. In the implementation of this work,
the TG technique was used as the experimental
analysis method.

2. Methodology
2.1 Kinetic models

2.1.1 Reaction order model n

Under isothermal conditions, the solid biomass

.. . 12
decomposition rate equation can be expressed as'':

do:_
=

“Eg

Ae’FT f(a) ©)

Where A4 is the pre-exponential or frequency
factor, E, the activation energy, R the universal gas
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constant, 7" the absolute temperature, f{a) is the ki-
netic function representing the kinetic model and is

the conversion. Introducing the heating rate f = %

for the case of non-isothermal tests, equation (1) be-

COIl’leS[13]Z

da_

dt

da
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B
Equation (2) is the fundamental expression
commonly used in the calculation methods of kinet-
ic fitting models with thermogravimetric data. Ap-
plying logarithm to the above expression, one has:

o (804) < ()

fl@)y/

Assuming a reaction model f(a)=(1—a)",
typically used in this type of analysis'"*, the modifi-
cation of equation (3) is obtained:

2
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2.1.2 Isoconversional method

The isoconversional method does not require
knowledge of the reaction mechanism to calculate
the activation energy. For this reason, it is called
model-free method'"”! and constitutes an integral
isoconversional technique, in which the activation
energy is related to the heating rate and temperature
at constant conversion' ', The respective equation
is:

Eq

Ing = ¢, — RT &)

Where C, is a constant.

2.1.3 Activation energy distribution model,
DAEM

The activation energy distribution model,
DAEM, assumes a series of irreversible parallel first
order reactions, characterized by a continuous distri-
bution of activation energies that can be represented
by the distribution function Dj(E)m’ls]. This model
describes pyrolysis processes, in which the fraction

of unreacted material x,(2), at this time ¢ is!"”:

oo

x(t) = fo D; (E)X;(t, E)dE (6)



Where Xj(¢, E) is the solution of the first order
kinetic equation for a specific activation energy''”,

and is represented by the following equation:

_dX;(t, E)

D (7

= 4jexp (RT(t)) % (4 E)

For each pseudocomponent a kinetic equation is
assumed as equation (1). The weight loss rate curve
(DTG) is the weighted sum of the individual reac-

tion rates!"”

, which is calculated using the following
equation:

M

calc dxf

=1

®)

Where x; is the unreacted fraction of the materi-
al represented by the j-th kinetic equation, C; corre-
sponds to the contribution of the j-th partial reaction
of the measured quantity and M is the number of
pseudocomponents used for the fit'®. Each curve of
equation (8), can be obtained from equation (6) as
follows:

dx; (t) )

f D;(E) df (t,E)dE

To make possible the use of available numerical
integration techniques, it is required to change the
lower limit of integration of the right-hand member
of this equation £ = 0 to £ = —o. Assuming usual
pre-exponential factor values, obtaining results of £
=0 or £ < 0 would correspond to events that would
take place below ambient temperature. Given this
analysis, changing the integration limit does not re-
sult in any significant change in the value of the in-
tegral®”. Assuming a Gaussian distribution function
D(E), normally used for this type of processes'**"
with an average apparent activation energy £, and a
standard deviation o, it is obtained that:

(E - Ey)’
202

“ o1

Introducing the change of variable proposed
by"", the Gauss-Hermite quadrature rule and the
rescaling proposed by [22] (consisting of a factor
between 0.3 and 0.5) to increase the efficiency of

(10)

the formula, we have

N
1
%) = m;w,- exp[0.75u,2] X; (¢, 1) du (a1
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Where w, represents the weighting values. In
this case, the rescaling factor 0.5, suggested by [20],
has been chosen. Furthermore, in this equation 80
has been used as the number of partitions N of the
Gauss-Hermite quadrature formula™.

To perform the least squares curve fitting, a
nonlinear method of the same type (least squares)
was used, where for the set of experimental curves,

calc

Y™ and calculated curves, Y,“, the value of the

following expression is minimized:

Ny

S = Z[yobs () - ycﬂIC(ti)]z (12)

Where N, represents the number of points of the

i-th evaluated curve™.

2.2 Materials

Alkaline lignin, with low sulfonate content,
(96%) was purchased from Sigma-Aldrich and used
without further purification. The catalysts zinc sul-
fate (99%) and ferric sulfate (75%) were obtained
from PanReac. Lignin/catalyst mixtures containing
3% by weight of catalyst were prepared by weigh-
ing, using appropriate masses of each of the com-
ponents. The prepared samples, which were shaken
until uniformity was achieved, were isothermally
dried at 105 °C for 24 h and then stored in a desic-
cator.

2.3 Thermogravimetric analysis

Thermogravimetric analysis of pure compo-
nents and lignin/catalyst mixtures were carried out
on a TGA 2950 thermogravimetric balance (TA
instruments). Three heating rates were used: 10,
30 and 100 °C/min. Helium (purity grade 5) with a
constant flow rate of 100 mL/min was used as purge
gas. In order to reduce heat and mass transfer ef-
fects!'”, the mass of the samples loaded on the ther-
mobalance was adjusted to the range 2—15 mg. The
effect of heating rate and catalyst type on the DTG
peak temperature of lignin pyrolysis was studied.

2.4 Fitting to kinetic models

The experimental results were analyzed with
several widely recognized methods'*"'®. Specif-
ically, to determine the kinetic parameters of the
decomposition of lignin and its mixtures with the
study catalysts, the reaction order n model, the iso-



conversional method and the activation energy dis-
tribution model, DAEM, were used.

2.4.1 Reaction order n model

To obtain the kinetic parameters, the left—-hand
side of equation (4) is plotted as a function of 1/T;
this allows the activation energy (£,) to be obtained
from the slope and the pre-exponential factor (A4)
from the intercept with the ordinate. To find the best
fit, the order n of the reaction of equation (4) that
gives the value closest to unity for the coefficient of
determination R’ is sought. To make this calculation
we used the Find Target tool and the functions in-
cluded by default in the MS Excel® software.

2.4.2 Isoconversional method

According to equation (5), the activation energy
can be calculated from the slope of Inf as a func-
tion of 1/7. The temperature measurements were
obtained for fixed conversions at the different heat-
ing rates. Then, the activation energy for the pyrol-
ysis process was calculated from the slopes (—E,/R)
of the graphs for different conversion values.

2.4.3 Activation energy distribution model,
DAEM

The construction of the necessary codes for the
implementation of the DAEM model was coded in
the Matlab® programming language. In this model,
the sum of equation (11) is evaluated having as ac-
ceptance criterion the minimization of the value of
equation (12).

3. Results and discussion

Subfigures (a), (b) and (c) of Figure 1 show the
TG curves of lignin and lignin with each catalyst
(ferric sulfate and zinc sulfate) at the respective
heating rates 10, 30 and 100 °C/min. These curves
present a behavior similar to that reported in pre-

41 When comparing these results for

vious studies
lignin, with those reported in literature for the other
components of lignocellulosic biomass"™, lignin
exhibits a slow degradation rate, even up to tem-
peratures as high as 540 °C. In these results, it is
possible to appreciate that the addition of the cata-
lysts does not affect the percentage of carbonization
at the heating rates 10 and 30 °C/min. However,

when the samples are heated at 100 °C/min, the
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Figure 1. Thermograms of lignin pyrolysis with and without
catalysts at three heating rates.

percentage charring is higher with both catalysts
when compared to the pyrolysis of pure lignin.

Subfigures (a), (b) and (c) of Figure 2 present
the DTG thermograms obtained for lignin with and
without catalysts at the respective heating rates 10,
30 and 100 °C/min. These show a first event corre-
sponding to the release or detachment of water®,
followed by a second event corresponding to the
first thermal degradation event. Depending on the
heating rate and the catalyst used, such event pres-
ents different retarding effects.

A comparative analysis of the DTG curves ob-
tained at the different heating rates, specifically for
the first thermal degradation event (after water re-
lease), shows that the lignin without catalyst has the
lowest peak temperature regardless of the heating
rate. In the thermogram of the lignin sample with
zinc sulfate heated at 100 °C/min, the aforemen-
tioned retarding effect is seen in greater proportion,
observing that the maximum peak temperature is
shifted 32 °C towards higher temperatures with re-
spect to the peak of pure lignin. This contrasts with
the 18 and 19 °C shift obtained at the lower heat-
ing rates of 10 and 30 °C/min, respectively. Upon
addition of ferric sulfate, it is observed that when
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Figure 2. DTG thermograms of lignin pyrolysis with and with-
out catalysts at three heating rates.

the sample is heated at 10 and 30 °C/min, the peak
temperature remains virtually constant at 331 °C.
However, by increasing the heating rate to 100 °C/
min, the maximum rate of weight loss occurs at 360
°C.

This indicates that rapidly heating a lignin sam-
ple with ferric sulfate magnifies the retarding effect
of the iron catalyst.

The addition of ferric sulfate, regardless of the
heating rate, produced a significant reduction in the
maximum degradation rate. An opposite behavior
was obtained when zinc sulfate was added, since
this catalyst slightly increased the maximum degra-
dation rate of lignin. On the other hand, according
to Figure 2, when lignin is heated at 100 °C/min,
at 556 °C a third event occurs that is not observed
at the other heating rates. This suggests that at this
particular heating rate a change of mechanism in the
chemical kinetics takes place. This event disappears
under the presence of the two catalysts involved in
the present investigation, evidencing that they affect
the pyrolysis of lignin.

3.1 Effect of the heating rate and the
catalysts studied

Using analysis of variance, the influence of cat-
alysts and heating rates on the DTG peak tempera-
ture of the most significant event in lignin pyrol-
ysis was analyzed. This task was performed using
Statgraphics Centurion XVII statistical software.
The values of the statistical analysis for lignin are
presented in Table 1. The results show that the pres-
ence of the catalysts significantly affects the DTG
peak temperature of the main pyrolysis event, while
the effect of heating rate is statistically not signifi-
cant. This is surprising since it is well known that
pyrolysis is a kinetic phenomenon. Precisely for this
reason the experiment was repeated multiple times
in order to examine if any systematic error could
take place, however, the results confirm that this is
the thermal response of the samples.

3.2 Kinetic analysis
3.2.1 Reaction order model n

The coefficient of determination R* obtained us-
ing the reaction order n model for all the trials was
greater than 0.9, indicating a good fit of the data (in
Figure 3). However, as noted in Table 2, the reac-
tion orders obtained in several trials are very high
from a kinetic point of view.

This demonstrates low reliability in the rela-
tionships established by the model, and therefore,
it prevents obtaining solid conclusions. Although
the model offers little reliability, it should be not-
ed that a change in the reaction orders can be seen
when catalysts are added. For example, for lignin
without the addition of any catalyst, the order is

Table 1. ANOVA for lignin

Source Sum of Middle Ratio—F Value-p
squares square

Main effects

A: Catalyst 1,192.86 2  596.431 9.54 0.0301

B:Speed (B) 559416 2 264708 423 0.103

of heating

Residuals 250.184 4 625.461 - -

Total (Cor-

rected) 1,972.46 8 - - -
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Figure 3. Fit to the n reaction order model for lignin with and
without catalysts.

approximately 3; however, with the addition of fer-
ric sulfate the reaction order is 5, 1.5 and 1.7 when
the samples are heated at 30, 10 and 100 °C/min,
respectively. The addition of zinc sulfate to lignin
results in a change in reaction order from 3 to ap-
proximately 2 regardless of the heating rate, which
represents an interesting result when applying this
model. This suggests a change in the mechanism of
the reaction kinetics of lignin pyrolysis in the pres-
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Table 2. Fit of experimental data to the n reaction order model

Samples B (°C/min) n R f(o)
10 3 0.972 (1-0)**
Lignin 30 35 0.959 (1-0)**
100 3 0.959 (1-0)**
10 1.5 0.99 (1-)"?
11;5?5“6; 30 5 0.904 (1-0)™°
100 1.7 0.957 (1-a)"”
10 1.8 0.989 (1-a)'*
Iz‘ilgsn(i)r;* 30 22 0986 (1-a)*?
100 23 0.974 (1-0)**

ence of the catalysts involved in this work.

3.2.2 Isoconversional method

Figure 4, which plots Inp as a function of 1/7,
represents the application of this method to DTG
thermogram data for lignin with and without cat-
alyst. For the lignin sample there is a slight shift
to the right of the points measured at the highest
heating rate. Such a shift is evident, as the expected
linear behavior is altered”™”. Indeed, the coefficients
of determination R’ correspond even to values as
low as 0.8. This suggests that at high heating rates
a change of kinetic mechanism takes place. On the
other hand, the samples with catalyst exhibit a good
fit for conversions higher than 30%, presenting R’
values very close to 1; this suggests that the reaction
mechanism in the presence of the catalysts is inde-
pendent of the heating rate within the range studied;
which contrasts with the case of pure lignin. An av-
erage activation energy of 328 kJ/mol was obtained
for lignin with zinc sulfate and 240 kJ/mol when
ferric sulfate was added. These values correspond
to the average of the results that present a fit with R’
of at least 0.9. The values obtained are higher than
those reported by other authors for lignin (207 kJ/
m01[28—30])‘

3.3 Activation energy distribution model,
DAEM

Taking into account that during the pyrolysis of
the studied systems numerous species are produced
(polycyclic aromatic hydrocarbons, phenolic com-
pounds and oxygenated organic species”"), it was
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Figure 4. Isoconversional method for lignin with and without
catalysts

decided to choose the number of reaction sets or
pseudocomponents that offered the best fit. In most
cases, this was achieved when selecting 3 pseudo-
components, which is atypical because lignin is a
pure component. In the case of lignin samples with
and without catalyst heated at 30 °C/min, the best
fit was obtained using 2 pseudocomponents. Also
in this case it was necessary to use more than one
pseudocomponent to describe the lignin pyrolysis
process.
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The obtained settings are shown in subfigures
(a), (b) and (c) of Figure 5, corresponding respec-
tively to heating rates 10, 30 and 100 °C/min.

The results of the kinetic parameters obtained
with this model for lignin without catalyst at the
different heating rates (see Table 3) show activation
energies that are within the ranges reported by the
literature (35-361 kJ/mol)***.

The curves that were fitted for the lignin sam-
ples with catalysts, at the different heating rates, are
presented in Figure 6.

The data in Table 3 show that the addition of
sulfates affects the kinetic parameters of one or
more of the reaction sets, mainly on the pre-expo-
nential parameter, which in most cases decreases,
causing the partial DAEM curve to shift towards
higher temperatures. These results reiterate a change
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Figure 6. Fit of DAEM to lignin DTG curves with Fe,(SO,), and ZnSO,, at three heating rates.

in the reaction mechanism of lignin pyrolysis in the
presence of the catalysts under study in the present
investigation.

4. Conclusions

In this work, the thermal decomposition pro-
cess of one of the main components of lignocellu-
losic biomass, lignin, was studied in the presence
of ferric sulfate and zinc sulfate. The analysis of
variance showed a significant effect of the presence
of sulfates on the maximum decomposition rate
temperature of the main pyrolysis event. In contrast,

pyrolysis of pure lignin was found to be affected
very little by changing heating rates between 10 and
100 °C/min, which is unexpected because of the ki-
netic nature of pyrolysis. In general terms, zinc and
ferric sulfates retard the lignin pyrolysis process.
This retarding effect is more pronounced in the case
of ferric sulfate and is magnified at high heating
rates (100 °C/min). These suggest that the effect of
zinc and ferric sulfates is more pronounced on the
pyrolysis mechanism at high heating rates than on
the dominant mechanism at low heating rates.

The reaction order model n, showed a good fit
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Table 3. Parameters of DAEM for lignin with and without catalysts

- Lignin +  Lignin + - Lignin +  Lignin + - Lignin +  Lignin +

Parameters  Lignin Fe,(SO,), ZnSO, Lignin Fe(SO,), ZnSO, Lignin Fe(SO,), ZnSO,
B =10 °C/min B =30 °C/min B =100 °C/min

c, 0.079 0.0245 0.0328 0.1436 0.5825 0.7463 0.5834 0.3485 0.0979
A (s 9.08E+09  6.66E+09 5.64E+09 7.83E+10 5.95E+15 2.59E+15 3.75E+16 2.67E+16 5.72E+10
Ey (kJ/mol)  182.7 112.2 112.3 182.3 198.3 198.3 198.3 198.4 185.1
o, (kJ/mol) 1.758 1.758 1.719 7.83 16.09 17.01 14.4 11.3 1.8
[ 0.4219 0.6329 0.5936 0.8073 0.4169 0.2931 0.0403 0.0562 0.275
A, (s 2.64E+14  1.10E+14 7.70E+13 4.36E+15 4.60E+12 8.09E+11 6.97E+16 1.65E+15 6.37E+14
Ey, (kJ/mol)  182.8 182.8 182.8 198.3 198.3 198.3 228.9 200.1 182.8
o, (kJ/mol) 11.1 14.3 11.6 17.3 20.3 19.5 0.001 0.001 124
s 0.4593 0.451 0.3834 - - - 0.426 0.6658 0.6178
Ay (s 1.54E+14 141E+12 1.07E+12 — - - 2.52E+13  2.96E+13 4.57E+14
Ey; (kJ/mol)  198.3 198.3 198.3 - - - 198.3 198.3 198.3
o5 (kJ/mol) 19.2 20.4 21.9 - - - 19.1 17.9 18.3
to the experimental data, but in some cases, very Acknowledgements

high and therefore unrealistic reaction order values.
The isoconversional method did not fit the data for
lignin pyrolysis without catalyst, but it did fit the
data for lignin in the presence of zinc and ferric
sulfates, which made it difficult to interpret the re-
sults of the effect of catalysts on lignin pyrolysis.
To describe the kinetics of lignin pyrolysis with and
without catalysts, with the DAEM model, it was
necessary to use three pseudocomponents, which
shows that it is a complex process and can hardly
be modeled as a single decomposition reaction. This
has strong implications for lignocellulosic biomass
decomposition models. The three kinetic models
used to analyze the thermogravimetric data showed
that the kinetic parameters of the pyrolysis of pure
lignin change if it is mixed with zinc sulfate or fer-
ric sulfate, which in turn suggests a change of reac-
tion mechanism.
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