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Abstract

The pyrolysis behaviors of leathers tanned with hydrolyzable tannins
(Tara and Chestnut extracts), and condensed tannins (Quebracho
and Mimosa extract) were studied by Thermogravimetric (TG)
analysis in the present work. The TG/derivative thermogravimetry
(DTG) results showed that the thermal stability of Tara- and
Chestnut-tanned samples is poorer than that of Quebracho- and
Mimosa-tanned ones. In order to study pyrolysis kinetics, TG
experiments at different heating rates were carried out. Two methods
of Flynn-Wall-Ozawa (FWO) and Friedman (FR) were employed to
calculate the pyrolysis activation energy (E,) of the samples. It was
found that the average E, of the vegetable-tanned samples is located
at the range of 191.7-206.1 kJ/mol. The thermodynamic parameters
(pre-exponential factor, Gibbs free energy, enthalpy, and entropy) of
the samples were subsequently calculated based on the average E,
by the FR method. The Gibbs free energies of the Chestnut-, Tara-,
Quebracho-, and Mimosa-tanned leathers were 176.9 kJ/mol, 179.8
kJ/mol, 179.3 kJ/mol, and 178.2 kJ/mol, respectively. The difference
between the average enthalpies and the E, is less than 5 kJ/mol, which
indicated that the pyrolysis process is conductive to the product
formation. The mean entropy (AS) of the four vegetable-tanned
samples is all positive, which suggested that the pyrolysis of the
samples could easily take place. This work might provide theoretical
guidance for the optimization of vegetable-tanned leather waste

pyrolysis.

Introduction

As a collagen-based composite, leather has been widely used in our
daily life. Generally, leather is made from raw skins/hides by a series
of processes, such as beamhouse, tanning, dressing, and finishing.
Plenty of solid tannery waste is generated during these processes, i.e.,
trimmings, shavings, or buffing dust.! It has been reported that by
processing 1 ton rawhide, 200 kg of tanned leather is obtained, while
200-250 kg of tanned waste, and 190-350 kg of non-tanned waste are
generated.” Nowadays, chrome tanning with chromium (III) salts is
the most commonly used method. However, the trivalent chromium
in leather might be converted into hexavalent chromium, which is

toxic and harmful to the health of humans.** Therefore, traditional
vegetable tanning has attracted more and more attention because
of its environmental friendliness and plasticity.” With the increase
of vegetable-tanned leather waste output, it is of great significance
to reasonably deal with the vegetable-tanned leather waste for the
sustainable development of the leather industry.®

So far, landfill and partial treatment are the main waste management
practices of tanneries. The innovative development of treatment
methods based on biology, chemistry, heat, and immobilization
provided a new technical solution for the treatment of leather
waste.”'® Among them, by the pyrolysis technology, the tannery
solid waste could be converted into useful gas, liquid, and solid
fuel. The proportion of pyrolysis product components is affected by
factors such as final temperature and heating rate."'? Therefore, it is
necessary to investigate the pyrolysis kinetics of vegetable-tanned
leather, by which the pyrolysis conditions could be optimized.
Some reported research on pyrolysis kinetics of leather were mainly
focused on the pyrolysis of chrome-tanned leather waste. Guan et
al. investigated the pyrolysis of chromium-tanned leather shavings,
and they found that the chromium-tanned leather shavings may
be potential candidates for bioenergy production and carbon
preparation.”® The chrome-tanned leather wastes are toxic and hard-
to-degrade due to the presence of hazardous chromium salts. So
Zhang et al. studied a new way, by which the chrome-tanned leather
scrap was treated to extract chromium salts, and then the pyrolysis
of the acid-treated chrome-tanned leather scrap took place more
easily in an inert atmosphere.” Beltran-Prieto et al. found that with
sodium hydroxide as the hydrolysis agent, the chromium might be
easily recycled from solid leather waste in order to a produce tanning
liquor.”®

Liu et al. investigated the pyrolysis kinetics of vegetable-tanned calf
leather and found that the average pyrolysis activation energy (E,)
of vegetable-tanned leather was 241.9 kJ/mol.'® Gil et al. studied the
pyrolysis process of a mixture of the three most abundant solid wastes
from vegetable tanning, including shavings, trimmings, and buffing
dust, by which they found that the heating rate did not significantly
affect the kinetic parameters and the weight loss.! Sebestyén et al.
found that the thermal stability of leather tanned with hydrolyzable
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vegetable tannins was lower than that tanned with condensed
vegetable tannins.”” Onem et al. reported that the thermal stability
of leather was dependent on the types of tanning agents.”® Hu et al.
pointed out that the pyrolysis process of vegetable-tanned leather
was complex and different for different types of vegetable tanning
agents."” Carsote et al. found that the animal species used for leather
making affected the thermal behaviors of the resulted leather.”
However, the study of pyrolysis kinetics of vegetable-tanned leathers
is still limited and mostly focused on the pyrolytic stability of calf
leather. So, further studies are still needed on the pyrolysis kinetics
of vegetable-tanned sheepskin leather.

In the present paper, the pyrolysis kinetics of sheepskin leather samples
tanned with Chestnut, Tara, Quebracho, and Mimosa extracts were
investigated by Thermogravimetry analysis (TGA), which has been
proved an effective method to study the pyrolysis kinetics of materials.
The purpose of this work is to comprehensively evaluate the pyrolysis
kinetics and determine the difference between the sheepskin leathers
tanned with different vegetable tannins. The results obtained in this
paper might provide valuable guidance for the favorable treatment
and reuse of solid vegetable-tanned leather waste.

Experimental

Sample preparation and characterization

Pickled sheepskins were provided by Henan Prosper Skin & Leather
Enterprise Co. Ltd. (Jiaozuo, China). After the pH of pickled
sheepskins was adjusted to 5-8 with sodium thiosulfate, tanning was
done with 50 wt.% Tara, Quebracho, Chestnut, and Mimosa extracts.
Sodium thiosulfate (Na,S,0;) was purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. (Tianjin, China). Tara and Quebracho
were purchased from Hengrongze Trading Co., Ltd. (Zhengzhou,
China). Chestnut and Mimosa extracts were purchased from Bosi
Chemical Co., Ltd. (Xinji, China). The percentage of the tanning
agents were based on the weights of the pickled sheepskins. After
being tanned for 7 days, leather samples were washed with distilled
water to remove the non-reacted tanning agents and were dried at
room temperature. Then, the obtained leather samples were kept in
a desiccator for subsequent use.

Nicolet iS5 (Thermo Scientific, USA) Fourier transform infrared
(FTIR) spectrometer was used to record the FTIR spectra at room
temperature. Infrared spectrometry was performed on samples
using the potassium bromide (KBr) tablet method. The spectra were
collected from 4000 to 400 cm™ at a resolution of 4 cm™.

Shrinkage temperature (T;) of the samples was measured by the
MSW-YD4 shrinkage instrument (Sunshine Electronic Research
Institute of Shanxi University of Technology, China).'>?' After being
immersed in water for 24 h, the samples were heated in water with a
heating rate of 2.0 £ 0.2°C/min. In this work, the T; of each sample
was the average of at least three measurements.
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The data were repeated at least three times and expressed as mean
value + standard deviation. Statistical differences were analyzed
by one-way ANOVA and Student’s t-test. P<0.05 was considered as
statistical significance.

Thermogravimetric analysis (TGA)

Pyrolysis measurements were carried out using a TGA/
DSCI(METTLER TOLEDO, Switzerland). Samples of 5-10 mg
were placed into an open aluminum crucible. The temperature was
increased from 30°C to 600°C in a nitrogen atmosphere with a gas flow
rate of 40 mL/min. The pyrolysis tests of vegetable-tanned samples
were performed at heating rates of 10, 30, and 50°C/min, respectively.

Pyrolysis kinetic analysis
In the iso-conversional methods, the pyrolysis process of solid
materials can be expressed by Equation 1.7

doa
o = K(T)f(@) Q0

The K(T) in Equation 1 represents the reaction rate constant, which
can be defined as Equation 2.

E

K(T)=A -
(1) =Aexp(--) @
From Equation 1 and 2, the Equation 3 is obtained.
do E
A - 3
7= AP )f (@) ©)

Where A is the pre-exponential factor,” E, is the activation energy,
R is the gas constant (8.314 J/Kmol), T is the absolute temperature,
fl@) is the mechanism function, and « is the conversion, as defined
in Equation 4.

moy—m;

- @
Where m, is the initial sample weight, and m;is the sample weight at
the end of the pyrolysis; m, is the sample weight at the time ¢ (given
in min).

The thermal degradation process is temperature dependent, which
increases with time at a fixed heating rate. Thus, the heating rate § =
dT/dt was introduced to Equation 3 to yield Equation 5 for the non-
isothermal thermal degradation process of solid materials.

pAE= hexp( )@ )

Integrating Equation 5 gives Equation 6:

AE,
BR

Since the P (y) in Equation 6 has no explicit solution, the Doyel

o da A (T -E
g(lx){o]@ :B JO exp(ﬁ)dT:

P(x) ©)

approximation was used by Flynn-Wall-Ozawa (FWO) method to
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determine the E,.** The FWO equation is shown in Equation 7.2
The E, was calculated from the slope of the In  vs. 1000/T.

In(B) =1 AB: o 3311050 L
n(f)=In -5.331-1.
g(@R RT

@)

Friedman (FR) method was also applied in this work to determine
the E, with no information of pyrolysis mechanism needed in
advance, which is defined by Equation 8.% Then, E, can be obtained
by the slope of In(f-da/d¢) vs. 1000/T.

In(B4%) = In[Af(@) - 2 ®

2.4 Thermodynamic parameters

The activation energies obtained from the above mentioned iso-
conversional models were used to calculate the pre-exponential
factor (A) in the Arrhenius equation (Equation 1 based on Equation
9). T, is the peak temperature of the DTG curve.

E.

A:ﬁE“exp(RTm

)/(RT?) ©)

The thermodynamic parameters including the enthalpy change
(AH), Gibbs free energy change (AG), and entropy change (AS) can

be calculated by the following equations:*’ 2

AH=E,-RT (10)
KBTm

AG=E, +RT,I 11

n( A ) (11)

ASZAHT;‘G 12)

Where Kj is the Boltzmann constant (1.381 x 102*J/k), and h is the
Planck constant (6.626 x 10-*].S).

Results and Discussion

Characterization of different tanned leather samples

Asavery useful and popular instrument, FTIR is sensitive to protein
structure information. The ATR-FTIR spectra of the untanned and
the Chestnut-, Tara-, Quebracho-, and Mimosa-tanned leather
samples are shown in Figure 1. For all the samples, the characteristic
absorption bands of collagen could be obviously observed, such as
amide A (Vo = 3310 cm™), amide B (Vo) = 3077 cm™), -CH; (v
asc-m = 2917 cm™), ~CH, (U o5c.1y = 2848 cm™?), amide I (vc-0) = 1637
cm™), amide II (g and vy = 1544 cm™), and amide IIT (S g
and v = 1234 cm™) %7 In addition to the characteristic peaks
of collagen, the bands of Chestnut and Tara were also observed, the

V(e=o) = 1720 cm™ and vy = 1450 cm™.*

The shrinkage temperature (T;) of the samples is shown in Figure
2. The T, of untanned sample is 58.8 + 0.9°C. After tanning,
the crosslinking degree of skin collagen fiber increases, which
is manifested by the increase of T;. The high T, indicates good
hydrothermal stability and tanning effect.!> ** In Figure 2, the T;
of the Chestnut-, Tara-, Quebracho-, and Mimosa-tanned leather
samples are 78.7 £ 0.4°C, 72.7 £ 1.7°C, 81.3 £ 0.8°C, and 79.7 £ 0.9°C,
respectively. The hydrothermal stability of the samples tanned with
condensed tannins (Quebracho, Mimosa) are higher than those
tanned with hydrolyzable tannins (Chestnut, Tara). For Quebracho
and Mimosa extracts, all aromatic rings are linked by carbon-carbon
bonds, by which a stable link-lock structure with collagen is formed.
For Chestnut and Tara, however, the polyols and phenolic acids
in them are linked by ester bonds. Ester bonds are easier to break
than carbon-carbon bonds. The T, of Quebracho- and Mimosa-
tanned leather sample are higher than those of leathers tanned with
Chestnut and Tara. The molecules of Tara have linear structure with

Chestnut-tanned leather
Tara-tanned leather
e Quebracho-tanned leather
e Mimosa-tanned leather

e | ntanned
8 Amide A 3310 cm!
(o _/\Aﬁ_
< . -1
Na) Amide B 3077 cm
S T = AA___
o
w0
'-2 -CH, 2 cm
—~"~(CH, 2848 cm '

Amide I 1637 cm’™
Amide II 1544 cm™

C=0 1720 cm™
mide Il 1234 cm™'

y
/

4000 3500 3000

2000 1500

1000 500

Wavenumber(cm ™)

Figure 1. ATR-FTIR spectra of the untanned and the Chestnut-, Tara-, Quebracho-,
and Mimosa-tanned sheepskin leather samples

JALCA, VOL. 118, 2023



318

Study on the Pyrolysis Kinetic Behaviors

140 4 .
1
1204 *k
1004 o n.s.
' 813
787 79.7
80 - 72.7
O N
PN \
40
204
0
et & & &5
0&““ 6\6& o ™ c\"‘?’&
(<) (<) (¥ ()
0,\%“‘\ ‘Wx‘&“o o W@“Q
X
e I N
Q

Figure 2. Shrinkage temperatures of the untanned sample and the Chestnut-, Tara-, Quebracho-, and
Mimosa-tanned samples. The “n.s.” indicates no significant difference, **P < 0.01, **P < 0.001.

poor stiffness, while those of Chestnut have body structure with
good stiffness. The tanning agent with good stiffness might make it
difficult for the tanned collagen fibers to move relatively, resulting in
higher T; of the tanned leather. Therefore, the T; of Chestnut-tanned
leather is higher than that of Tara-tanned leather.

TG/DTG analysis

Figure 3 shows the TG/DTG curves of the samples at a heating
rate of 10°C/min. The TG curves showed two successive weight
loss trends in the temperature ranges of 30-150°C and 150-450°C.
Similar weight loss temperature range appeared in the TG curves
of samples before and after vegetable tanning. The final residual

mass percentage of the untanned sample is 25.98 wt.%, which was
increased to 36.97 wt.%, 31.46 wt.%, 36.55 wt.%, and 37.59 wt.% for
Chestnut-, Tara-, Quebracho-, and Mimosa-tanned leather samples,
respectively. Compared with chrome-tanned leather (28.4 wt.%), the
final residual ratio of vegetable-tanned leather is high."* Thus, the
vegetable-tanned leather wastes have potential as a raw material for
bio-char production.

According to the DTG curves of the samples, the pyrolysis process
ofall the samples could be divided into three distinct stages, namely,
the dehydration stage (stage 1, 30-150°C), the fast devolatilization
component stage (stage 2, 150-450°C), and the carbonization stage
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Figure 3. TG/DTG curves of (a) untanned, (b) Chestnut-tanned, (c) Tara-tanned, (d) Mimosa-tanned,
and (e) Quebracho-tanned samples.
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(stage 3,450-600°C). Stage 1 is mainly related to release of moisture
and absorbed water in the samples, and the weight loss of the
untanned sample at this stage is 7.47 wt.%, based on the original
weight of the sample. Approximately 8.00 wt.% weight loss was
found below 150°C for the samples tanned with Chestnut, Tara,
Quebracho, and Mimosa. Stage 2 is a fast devolatilization (150-
450°C), which is the main pyrolysis stage of the samples. From
Figure 3 (a), the stage 2 of the untanned sample was composed of
two weight loss zones (Zone 1 and Zone 2), and the weight loss in
Zone 1 and Zone 2 were 22.94 wt.% and 39.50 wt.%, respectively.
At stage 2, the total weight loss of the untanned sample was 62.44
wt.%. Vegetable tanning decreases the weight loss of the samples at
this stage. The weight loss of the Mimosa- and Quebracho-tanned
leather sample is around 49.00 wt.%. The weight loss of Tara-
tanned leather is about 57.00 wt.%, greater than that of Chestnut-
tanned leather (about 44.00 wt.%). The gases released by the
pyrolysis of vegetable-tanned samples in nitrogen atmosphere are
CO,, H,0, NH;, phenol derivatives, and nitriles."” ** Stage 3 is the
carbonization stage (450-600°C), and the weight loss of all samples
slowly increases with increasing the temperature. According to
the DTG curves of the untanned sample and the vegetable-tanned
leather samples, the difference between the dehydration stage and
the carbonization stage is nearly negligible, while some differences
do exist in the fast devolatilization stage. In Figure 3 (a), two peaks
appeared at 256°Cand 322°C in the fast devolatilization stage of
the untanned sample. The pyrolysis peak at 256°C may be due
to the partial hydrolysis of the pickled sheepskin, and the one
around 322°C can be classified as the peak of collagen.'® **-¢ For
the vegetable-tanned leather, the main pyrolysis takes place at
stage 2. However, there appeared a small peak or shoulder at 200°C
as shown in Figure 3 (b-e), which might be because of the partial

pyrolysis of tannins."”

For the maximum pyrolysis rate (DTGy.y), the DTGy, of the
Chestnut-, Tara-, Quebracho-, and Mimosa-tanned leather samples
were alllower than that of the untanned sample. So, vegetable tanning
might be able to decrease the DTG x. The DTGy, of sample tanned
with hydrolyzable tanning agents of Chestnut and Tara is higher
than those tanned with condensed tanning agents of Quebracho and
Mimosa. The temperature of DTGynax (Tpea) Of the samples tanned
with Chestnut, Tara, Quebracho, and Mimosa are 303°C, 303°C,
312°C, and 306°C, respectively. All the vegetable-tanned leather
samples had lower T}, than the untanned sample (322°C). The Tk
of the leathers tanned with hydrolysis tanning agents of Chestnut
and Tara is significantly lower than those tanned with condensed
tannings of Quebracho and Mimosa. The condensed tanning agent
might provide leathers with higher thermal stability than hydrolysis
tanning agent.

Pyrolysis kinetic analysis

Thermodynamic parameters are critically important in order to
know the pyrolysis mechanism of materials. By the model-free
iso-conversional methods, the thermodynamic parameters can be
calculated with no need to build an accurate reaction model.'® TG/
DTG curves for the pyrolysis of untanned and four vegetable-tanned
leather samples at three different heating rates (10, 30, 50°C/min) are
shown in Figure 4. With the increase of temperature, the curves of
the samples slightly move towards high temperature. The shape of
the curves does not change significantly, indicating that the heating
rate does not affect the pyrolysis mechanism of the samples. The iso-
conversional methods were applied to calculate the thermodynamic
parameters. Since stage 2 (150-450°C) corresponds to the main
pyrolysis process, the TG curve was transformed into the form of
conversion and temperature (a vs. T) to study the kinetics of this
stage, as shown in Figure 5 (a, d, g, j, m).
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Figure 4. TG/ DTG curves of the samples at different heating rates: (a) untanned, (b) Chestnut-tanned,
(c) Tara-tanned, (d) Mimosa-tanned, and (e) Quebracho-tanned samples.
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In this work, both methods of FWO and FR were used to calculate
the main thermodynamic parameters including E,. The relations of
In(f) vs. 1000/T (FWO) (Figure 5 (b, e, h, k, n)) and In (B-da/dT)
vs. 1000/T (Figure 5 (¢, f, 1, 1, 0)) (FR) were obtained according to
Equation 7 and Equation 8. The slopes of the lines were obtained by
the method of ordinary least squares, which were used to calculate
the E,. In order to know the dependency of E, on a, the range of
conversion rate was chosen from 0.2 to 0.8 with a step length of 0.05.
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Figure 5. Conversion (a) curves with temperature; plots of In 3 vs.
by methods of FWO and FR: (a, b, ¢) untanned, (d, e. f) Chestnut-tanned, (g, h,

1000/T and In (B-da/dT) vs. 1000/T
i) Tara-tanned, (j, k, 1)

Quebracho-tanned, and (m, n, 0) Mimosa-tanned samples.

The R? of four vegetable-tanned leather samples was above 0.99, and
the R? of the untanned sample was above 0.98, indicating the good
accuracy and reliability of E,, as well as the reasonableness of the
model studied here.*

E, is defined as the minimum energy needed for the reaction.”
In Figure 6 (a, c, e, g, i) and Table I, the E, of untanned sample
and different vegetable-tanned leather sample showed obvious
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fluctuation of conversion, indicating that their pyrolysis is unlikely
to be dominated by a single-step mechanism.* In Figure 6 (a), the
E, of the untanned samples increases gradually with the increase
of conversion. Figure 6 (c) showed that the E, of Chestnut-tanned
leather sample decreases first in the conversion range of 0.2-0.5 and
then, gradually increases with further increasing the conversion.
Compared to the Chestnut-tanned leather sample, the E, of Tara-
tanned leather sample (Figure 6 (e)) showed complex fluctuation
with the increase of conversion. In Figure 6 (g, i), the E, of
Quebracho- and Mimosa-tanned leather samples showed the same
trend with the increase of conversion, although the specific value of
E, at different conversions is dissimilar. Vyazovkin et al. proposed
that the pyrolysis of materials was a complex reaction process. At
the absolute deviation &g (¢5 = |E,—Eo| X100/ E,, %) of less than 30%,
the pyrolysis reaction was considered a single reaction.?® In Figure 6
(b, d, f), the average ¢z of the untanned sample, Chestnut- and Tara-
tanned leather samples were all less than 30%, suggesting a one-step
reaction. For the Quebracho- and Mimosa-tanned leather samples,
the average ey was close to 30%, as shown in Figure 6 (h, j). The
e values of untanned sample and the Chestnut- and Tara-tanned
leather samples are higher than 30% at the a of more than 0.8,
whereas the ¢; values of Quebracho- and Mimosa-tanned leather
samples are higher than 30% at the a of more than 0.75. The possible
reason is that more unstable free radicals might be generated in
the pyrolysis reactions at high conversions, which might cause
more side reactions to take place.” So there should be secondary
reactions between the gaseous products and pyrolyzed char, and
the complexity of the pyrolysis was indicated.'®*

The mean E, is in the range of 191.7-206.1 kJ/mol for untanned
sample. After being vegetable-tanned, the mean E, of samples is
increased. Among them, the E, of the Quebracho-tanned leather is
the highest (333.2-363.8 kJ/mol), followed by those of the Chestnut-
(310.0-315.3 kJ/mol) and Mimosa-tanned (282.7-309.0 kJ/mol)
leather samples. The E, of Tara-tanned leather sample (209.2-220.6
kJ/mol) is the lowest among the four vegetable-tanned leathers
samples.

The introduction of different tanning agents in the leather causes
the differences in the E, of vegetable-tanned leathers due to their
cross-linking (stabilization) effect. Thus, it is necessary to discuss
the influence of tanning agents on leather. Compared with Tara-
tanned leather samples, the E, of Chestnut-tanned samples is
higher, which may be because of the different molecular structure.
The Chestnut tannins are ellagitannins, and Tara tannins are
gallotannins.® The E, of Quebracho- (333.2-363.8 kJ/mol) and
Mimosa-tanned (282.7-309.0 kJ/mol) sheepskin leather is higher
than that of Mimosa-tanned calf leather (250.0-272.7 kJ/mol),” but
lower than those of chrome-tanned calf leather (348.8-391.8 kJ/
mol).”” The E, of vegetable-tanned leather in this paper was higher
than that of chlorella vulgaris (156.2-158.1 kJ/mol),” as well as those
agricultural waste, such as rice husk (48.6-54.2 kJ/mol),** peanut
husk (96.9-109.9 kJ/mol),* and wheat straw (130.0-175.0 kJ/mol).*?
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Figure 6. The relationship between E, and absolute deviation (°g) of (a, b)
untanned, (¢, d) Chestnut-tanned, (e, f) Tara-tanned, (g, h) Quebracho-tanned,
and (i, j) Mimosa-tanned samples with conversion (a) by FWO and FR methods.
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Table I
Pyrolysis activation energy (E,, kJ/mol) by methods of FWO and FR for the samples
Untanned sample Chestnut-tanned sample Tara-tanned sample Quebracho-tanned sample | Mimosa-tanned sample

¢ FWO R? FR R? FWO R? FR R? FWO R? FR R? FWO R? FR R? FWO R? FR R?

0.2 162.3 | 0.981 | 164.8 | 0.984 | 397.8 | 0.997 | 379.7 | 0.997 | 222.6 | 0.999 | 226.0 | 0.999 | 297.2 | 0.999 | 281.5 | 0.999 | 263.7 | 0.994 | 254.8 | 0.993
0.25 | 164.0 | 0.988 | 168.1 | 0.990 | 344.6 | 0.999 | 299.2 | 0.996 | 229.3 | 0.999 | 222.2 | 0.999 | 274.2 | 0.999 | 263.2 | 0.999 | 254.7 | 0.993 | 240.4 | 0.993

0.3 1709 | 0.988 | 175.6 | 0.993 | 324.0 | 0.995 | 292.2 | 0.994 | 220.8 | 0.999 | 208.0 | 0.996 | 272.6 | 0.999 | 268.6 | 0.999 | 240.9 | 0.998 | 239.7 | 0.998
0.35 | 167.7 | 0.994 | 166.2 | 0.997 | 293.8 | 0.998 | 251.1 | 0.990 | 196.4 | 0.998 | 168.0 | 0.999 | 268.1 | 0.999 | 265.1 | 0.999 | 242.0 | 0.997 | 243.1 | 0.998

0.4 176.9 | 0.993 | 170.7 | 0.991 | 273.9 | 0.998 | 244.6 | 0.995 | 186.3 | 0.999 | 184.9 | 0.992 | 259.6 | 0.999 | 259.8 | 0.999 | 236.0 | 0.996 | 225.2 | 0.999
0.45 | 178.6 | 0.995 | 191.8 | 0.999 | 263.8 | 0.997 | 240.2 | 0.999 | 189.4 | 0.999 | 212.7 | 0.995 | 269.1 | 0.999 | 271.6 | 0.999 | 233.3 | 0.997 | 223.4 | 0.998

0.5 179.2 1 0.999 | 178.9 | 0.999 | 248.2 | 0.999 | 236.5 | 1.000 | 196.5 | 0.999 | 212.3 | 0.999 | 265.0 | 0.999 | 280.4 | 0.999 | 223.8 | 0.999 | 211.8 | 0.999
0.55 | 184.6 | 0.998 | 209.8 | 0.999 | 248.5 | 0.999 | 241.1 | 1.000 | 195.5 | 0.996 | 196.5 | 0.996 | 277.6 | 0.999 | 302.6 | 0.999 | 2174 | 1.000 | 216.6 | 0.999

0.6 194.7 | 0.999 | 231.1 | 0.999 | 248.2 | 0.999 | 263.3 | 0.999 | 197.0 | 0.999 | 1957 | 0.999 | 293.4 | 0.999 | 344.2 | 0.999 | 224.2 | 1.000 | 249.5 | 0.999
0.65 | 203.7 | 0.999 | 232.5 | 0.999 | 256.3 | 0.999 | 296.5 | 0.994 | 201.3 | 0.999 | 209.8 | 0.998 | 338.9 | 0.999 | 420.1 | 0.999 | 247.8 | 1.000 | 304.8 | 0.999

0.7 2159 | 0998 | 2354 | 0.997 | 2953 | 0.999 | 366.5 | 0.999 | 206.4 | 0.999 | 220.4 | 0.999 | 396.7 | 0.999 | 477.3 | 0.999 | 292.6 | 0.996 | 388.6 | 0.992
0.75 | 233.8 | 0.999 | 241.7 | 0.983 | 363.6 | 0.999 | 4357 | 1.000 | 218.6 | 0.999 | 271.2 | 0.997 | 504.5 | 0.999 | 591.1 | 0.998 | 394.0 | 0.990 | 492.3 | 0.993

0.8 259.7 | 0998 | 312.8 | 0.997 | 471.6 | 0.996 | 553.0 | 0.992 | 259.2 | 0.995 | 339.7 | 0.992 | 614.3 | 0.999 | 703.9 | 0.999 | 605.3 | 0.994 | 726.7 | 0.998
Mean | 191.7 206.1 310.0 315.4 209.2 220.6 333.2 363.8 282.7 309.0

Table I1

Pre-exponential factor (A, min™) by the FR methods of Chestnut-, Tara-, Quebracho-,

and Mimosa-tanned samples

« Untanned Chestnut-tanned Tara-tanned Quebracho-tanned | Mimosa-tanned
0.2 1.63x10" 3.66x10°! 1.79x10" 1.33x10* 8.68x10"
0.25 3.25x10" 1.45x10* 8.02x10' 2.89x10% 4.15x10%
0.3 1.53x10" 3.29x10% 3.96x10" 8.92x10% 3.59x10"8
0.35 2.17x10" 5.28x10" 7.97x10" 4.30x10%° 7.43x10'8
04 5.62x10" 1.33x10" 2.93x10" 1.43x10%° 1.65x10"
0.45 4.42x10% 5.23x10' 1.09x10' 1.68x10* 1.14x10Y
0.5 3.07x10" 2.36x10'® 9.82x10" 1.06x10%* 9.68x10"®
0.55 1.86x10" 6.36x10' 3.46x10" 1.09x10* 2.65x10'¢
0.6 1.50x10" 7.06x10%° 2.95x10™ 6.40%x10% 2.88x10"
0.65 2.03x10" 8.12x10% 5.82x10" 4.72x10* 3.41x10*
0.7 3.68x10"7 2.26x10% 5.55%x10' 6.76x10% 1.57x10*
0.75 1.34x10'® 4.99x10% 2.53x10* 1.22x10%° 4.48x10"
0.8 3.02x10* 2.74x10% 4.64x10% 1.70x10° 9.09x10%*
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Figure 7. Thermodynamic parameters (AH, AG, and AS) at various conversion (a) of (a, b, ¢) untanned,
(d, e, ) Chestnut-tanned, (g, h, i) Tara-tanned, (j, k, 1) Quebracho-tanned, and (m, n, 0) Mimosa-tanned samples.

So vegetable-tanned leather waste might be co-pyrolyzed with
several other biomass resources.

The differential FR method is more accurate than the integral
FWO method when the E, varies greatly with conversion.** So the
FR method was used in this paper to calculate the thermodynamic
parameters including pre-exponential factor (A), enthalpy (AH),
entropy (AS), and Gibbs free energy (AG). The thermodynamic
parameters obtained are shown in Table II and Figure 7. The pre-
exponential factor (A) indicates the degree of collision per minute.
The value of A represents the complexity of the chemical reaction.

The A for untanned sample is located in the range from 10" to 10*.
After vegetable tanning, the range of A for the Tara-tanned leather
samples is increased to 10"-10”. The values of A for Chestnut-
tanned leather (10'8-10%), Mimosa-tanned leather (10'°-10%?), and
Quebracho-tanned leather (102°-10°°) were all greater and distributed
over a wider range. In addition, the trend of A is similar to that of
E..** While the lower A-values (< 10° s!) show largely a surface
reaction, the higher ones (= 10° s™') show a complex reaction.* In
Table I1, the A-values for all the samples obtained by the FR method
are greater than 10° s™. So the complexity of the reaction process was

clearly indicated. *
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AH is an important parameter of thermodynamics related to
the energy consumed in the conversion of products such as gas
and carbon during the pyrolysis reaction. In Figure 7, the AH of
Chestnut-tanned sample (d, 310.48 kJ/mol), Quebracho-tanned
sample (j, 358.88 kJ/mol), and Mimosa-tanned sample (m, 304.18
kJ/mol) were higher than the Tara-tanned sample (g, 215.79 kJ/mol)
and untanned sample (a, 201.28 kJ/mol). This can be explained by
the fact that more energy is needed to destroy the body structure of
the samples. During pyrolysis, AH and E, have the similar tendency.
A slight difference (~5 kJ/mol) between AH and E, was found, which
indicated that the pyrolysis could easily take place.*>*” The positive
value of AH suggested that the pyrolysis is an endothermic reaction.

The AG represents the increase in total energy of the reaction
during the formation of the activated complex.*** The average
AG of untanned sample is 185.2 kJ/mol (Figure 7 (b)). The average
AG of Chestnut- and Tara-tanned leather samples are 176.9 kJ/
mol and 179.8 kJ/mol, respectively (Figure 7 (e, h)), while those for
Quebracho- and Mimosa-tanned leather samples are 179.3 kJ/mol,
and 178.2 kJ/mol respectively (Figure 7(k, n)). Compared with the
untanned sample, the AG of the four vegetable-tanned leathers were
all decreased, with the Chestnut-tanned sample of the lowest. All the
AG values are positive, indicating non-spontaneous, endothermic
and energy absorbing for the pyrolysis.**

AS might indicate the disorder degree of the active complex
during pyrolysis. In Figure 7, the average AS of all the sample is
positive. The AS of untanned sample is 26.99 J/mol, and those
for Chestnut-, Tara-, Quebracho-, and Mimosa-tanned leather
samples are all positive, that is, 231.8 J/mol, 61.96 J/mol, 306.91
J/mol and 217.57 J/mol, respectively. The AS is found to be less than
0 for both untanned and Tara-tanned sample at the « of less than
0.5 and 0.35, respectively, which may be due to the complicated
pyrolysis mechanism. There might be a transition state with a
more ordered structure in the pyrolysis reaction.’® Therefore, the
AS can be negative at low conversion, and similar results were
obtained in the study of leather tanned with the vegetable tanning
agent of fig tree.””* With increasing the conversion, the AS of the
samples increases, suggesting a high reactivity in the later stage
of pyrolysis.

Conclusions

In this study, the pyrolysis kinetic behavior and thermodynamic
parameters of leather tanned with different vegetable tanning
agents under nitrogen were investigated by TGA at the heating
rates of 10, 30, and 50°C/min. The results showed that the pyrolysis
process can be divided into three such stages as dehydration, rapid
devolatilization, and carbonization. Both methods of FWO and FR
were used to investigate the dependence of the E, on conversion.
The mean E, of untanned sample is 191.7- 206.1 kJ/mol. Vegetable
tanning increases the E, value. The E, of Chestnut-tanned leather

JALCA, VOL. 118, 2023

is higher than that of Tara-tanned. The difference in E, may be due
to the differences in the molecular structures. For Quebracho- and
Mimosa-tanned leather samples, the E, is increased to 333.2-363.8
kJ/mol and 282.7-309.0 kJ/mol respectively. In the « range from 0.2
to 0.8, the pre-exponential factor (A) of the Chestnut- and Tara-
tanned leather samples is lower than those of the Quebracho- and
Mimosa-tanned leather samples. The average AH, AG and AS of
the four vegetable-tanned samples are all positive while the AS of
the Tara sample appeared negative at the a of less than 0.35. The
difference between the E, and AH is about 5 kJ/mol, which indicated
that the pyrolysis of the samples could easily take place. These results
of the thermodynamic parameters might provide a reference for the
design of the thermochemical conversion processes for vegetable-
tanned leather wastes.
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