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Abstract

The thermal behavior of L-leucine under inert conditions was investigated by TGA, FTIR and TG-FTIR. The TG results showed that only one
mass loss stage of more than 99% happened when L-leucine was under program heating with temperature ranging from 30 to 600 °C. The apparent
activation energy, pre-exponential factor and the most probable model function were obtained by using of master plots method. The results of
kinetic study showed that the decrease in mass of L-leucine was due to subliming rather than decomposing. And this was proved by the FTIR
spectrum analysis and the directly observed subliming phenomenon. The results of TG-FTIR experiments showed that there was only one stage
of decomposition process that happened after the subliming of leucine. The gas products were CO,, NH3, CO and some organic compounds such

as 3-methyl-1-butanamine, and the main primary decomposition was decarboxylation.
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1. Introduction

Due to their crucial biological importance, amino acids have
remained a classic subject for pyrolytic studies for decades
[1-18]. Many techniques, suchas UV [14,16], IR [3,5,8], Raman
[8], NMR [3,17], HPLC [13,14,16], GC-MS[1,3,4,6,15,17,18],
GC-FTIR-MS[13,16], TG [17], DSC[9] and TG-DSC [10-12]
have been used to identify the products and the mechanisms
of their thermal decomposition. Now it is well known that
their decomposition products are mainly simple inorganic com-
pounds (CO2, H20, NH3 and CO), with a variety of volatile
organic compounds (amines, nitriles, amides, hydrocarbons,
etc.) and some less-volatile organic compounds (piperazine-
2,5-diones and other complex cyclic compounds). The thermal
fragmentations of various amino acids are considered as very
complicated processes, which involved many pathways such
as decarboxylation, deamination, dehydration and condensation
reactions.
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The former thermogravimetry research [10-12] of amino
acids showed an interesting phenomenon. Firstly, the TG curves
of most amino acids have multiple mass loss stages, while those
of the aliphatic a-amino acids have only one mass loss stage
except for glycine. Secondly, most amino acids lost only partial
mass even at 600 °C, while the aliphatic amino acids lost mass
completely below 400 °C. As we known, the decomposition of
amino acids is a complicated process. So it is easy for us to
understand why the TG curves of most amino acids exhibit a
multistage decomposing process. But for the aliphatic a-amino
acids, single-stage decomposition results seem to be abnormal
and worthy of investigating.

Although lots of articles have been published on the experi-
mental and mechanistic aspects of amino acids pyrolysis, little
information is available on the kinetic aspects of these processes.
And the kinetic studies reported were very simple, in which a 1st
order chemical reaction model was used arbitrarily [10-12]. A
more precise kinetic method should be used to investigate their
thermal behavior.

The thermal decomposition mechanism was investigated
based upon off-line products detection in previous studies. By
using such methods as MS technique, products of different
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reaction steps will mix together, and cannot provide much infor-
mation about the sequences these reactions. In present work, the
TG-FTIR technique, which can conduct simultaneous and con-
tinuous real time analysis [19-23], is used. It can provide more
information about the reaction sequences and the relevant prod-
ucts.

This paper is focused on the kinetic analysis of the thermal
behavior of L-leucine under programming heating. The “kinetic
triplet”: apparent activation energy, pre-exponential factor and
the most probable model function were obtained by the iso-
conversional method and the master plots method. And the
TG-FTIR technique was used to monitor the decomposition pro-
cesses online. The results show that when L-leucine is heated, it
sublimes and then decomposes in gas phase. The mass loses in
TG measurement is caused by the subliming of L-leucine.

2. Theoretical

For a reaction under non-isothermal condition, its kinetic
function can be described as the following form:

2% ) ®
BR
where « is the extent of conversion, 8 the heating rate, E,
the apparent activation energy, R the gas constant, A is pre-
exponential factor, g(«) is the integral expression of kinetic
model function, and P(u) = [ —(e"/u®)du, u = Ea/RT.
Because the exponential integral, P(u), has no analytical solu-
tion. An approximation formula of high accuracy [24] was used.
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Inserting Eg. (2) into Eq. (1), one can obtain:
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The first term at the right side of Eq. (3) is a constant corre-
sponding to a given value of «. So for a series of experiments
at different heating rates, the plot of In(8/71-89466100) versus 1/7
with the same conversional ratio should be a line with the slope
of —1.00145033 E/R. Then, the apparent activation energy E,
can be calculated from the slope.

Inserting « = 0.5 into Eq. (1), one can get:

€08 = 2 Pluos) @

where ug 5 = Ea/RTy 5, To 5 is the temperature when o equals to
0.5. When Eqg. (1) is divided by Eq. (4), the following equation
is obtained:
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By plotting g(«)/g(0.5) against « according to different theoreti-
cal model functions, the theoretical master plots can be obtained
for different kinetic mechanisms. With E, calculated from Eq.
(3), the experimental master plots of P(u)/P(ups5) against o
could be drawn from the experimental data obtained under dif-
ferent heating rates. Eq. (5) indicates that, for arbitrary «, the
experimental value of P(u)/P(ug5) and theoretically calculated
values of g(«)/g(0.5) are equivalent when an appropriate Kinetic
model is used. So this integral master plots method can be
used to determine the reaction kinetic models of non-isothermal
reactions.

Then, the pre-exponential factor A can be estimated form the
slope of the plot of g(«) versus EaP(u)/SR.

3. Experimental

Commercially available 1-leucine (Analytical Grade,
Duchefa) was used without further purification.

TG measurements were performed on a Setaram Setsys
16 TG-DTA/DSC Instrument, France. Instrument calibration
was performed with standard indium, tin, lead, zinc, silver and
gold samples of known melting temperature. All standards
were of purity >99.99%. For the kinetics measurements,
about 5mg sample was weighted into an open alumina
crucible. The furnace temperature was programmed to rise
from ambient temperature to 600°C linearly at the rates of
2, 5, 10, 15 and 20K min~L. The reaction atmosphere was
nitrogen gas of high purity (>=99.999%) with a flow rate of
50 mlmin—1.

The subliming detection was carried out in a beaker full of
N>. About 1g r-leucine was used in this experiment. Lots of
white solid condensate was collected. FTIR measurements of
both the condensate and pure L-leucine were carried out with a
Thermo Nicolet 360 Fourier Transform Infrared Spectrometer.
The data was collected at a resolution of 4cm~1 in the range
4000-400 cm~1 using KBr pellet technique.

The TG—FTIR system composed of the Setaram Setsys 16
TG-DTA/DSC Instrument and a Thermo Nicolet Nexus 670
Fourier Transform Infrared Spectrometer. For TG-FTIR mea-
suring, about 10 mg sample was weighted into an open alumina
crucible. The heating rate of the TG furnace was 20 K min~1,
and nitrogen gas of high purity (=99.999%) with a flow rate
of 100mImin—! was used as carrier gas. The sample was
heated from ambient temperature to 600 °C. The transfer line
used to connect TG and FTIR was a 1 m long stainless steel
tube with an internal diameter of 2mm, of which the tem-
perature is maintained at 200°C. The TGA accessory of the
IR Spectrometer was used, in which the 45ml gas cell with
a 200mm path length was also heated at a constant tem-
perature of 200°C. The IR spectra were collected at 8cm—1
resolution, co-adding 8 scans per spectrum. This resulted in
a temporal resolution of 4.32s. Lag time that the gas prod-
ucts went from furnace to gas cell was about 7s. The FTIR
spectra have been identified based on the FTIR reference spec-
tra available on the World Wide Web in the public spectrum
libraries of NIST [25] and SADTLER Standard Infrared Spectra
[26].
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4. Results and discussion
4.1. The result of thermal kinetics analysis

TG curves corresponding to the thermal mass-loss process
of L-leucine at five different heating rates 2, 5, 10, 15, and
20K min~! are shown in Fig. 1. The thermal behavior of L-
leucine is characterized by a single stage with mass percent loss
(mass%) of almost 100% at 207-355 °C.

The values of @ among 0.2-0.8 with an increment of 0.05
were chosen for kinetic calculation. Plotting In(g/7%-89466100)
against 1/T using a linear regressive of least-square method, we
got the values of E, at different conversions which were listed in
Table 1. As shown in Table 1, all these plots had linear correla-
tion coefficients larger than 0.99. The apparent activation energy
did not vary with the increase of conversion ratios and the aver-
age value is 137.95 + 2.66 kJ mol 1. This value is very close to
the literature values of 129.91 kJmol~1 [10] and 135 kJ mol—1
[11,12]. Little dependence of the activation energy on the extent
of conversion suggests that the reaction took place through a
single-step reaction mechanism.
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Fig. 1. TG curves of L-leucine at different heating rate, N, flow rate 50 ml/min.
Table 1

The apparent activation energy E, and the correlation coefficients r of linear
regress at different conversions «

o E,/kImol—1t r

0.20 143.03 0.9905
0.25 140.57 0.9919
0.30 139.84 0.9923
0.35 139.40 0.9927
0.40 139.11 0.9927
0.45 138.91 0.9936
0.50 138.74 0.9935
0.55 137.64 0.9941
0.60 137.06 0.9941
0.65 136.20 0.9943
0.70 134.36 0.9938
0.75 134.32 0.9938
0.80 134.20 0.9942

Table 2
The 40 model functions for the determination of the most probably model
function

No. g(@) Reaction type

1 o?

2 a+(l—a)In(l—a)

3 6 (11_ (2%3010:)()1 ;r;)ylslz, 1/3;,m=1/2,2 Diffusion

8 @+ 0[)1/3 _ 1)2

9 - a)—l/B _ 1)2

10-20 —In(1—w)", n=1/4,1/3, 2/5, 1/2, 2/3, Nucleation and nucleus
3/4,1,3/2,2,3,4 growth

21-25 o', n=1/4,1/3,1/2,3/2,2 Power law

26 o Phase

27-31  m(1—1 —a)"), (m, n)=(1,1/4), (1,1/3),  bound-
(3,1/3), (1,1/2), (2,1/2) ary

32-34 1-(1—a),n=23,4 (Baemical

35-37 (1—a),n=-1,-1/2, -2 teae-

38 1—a) 11 tion

39-40 In(e"),n=1,2 B5gsdnent law

To determine the most probable mechanism, 40 basic model
functions in Table 2 were tested. According to the value of Ej,
the theoretical master plots of g(«)/g(0.5) versus « and the exper-
imental master plots of P(u)/P(ug5) versus o were obtained, as
shown in Fig. 2. The superposition of experiment master plots at
different heating rates indicates that the kinetics process of ther-
mal mass loss of L-leucine can be described by a single model
function. It can be easily seen from Fig. 2 that the most prob-
able model function is the No. 26 function, g(«) = «, which is
used to describe one-dimensional phase boundary reaction. This
result indicates that it is improper to use the 1st order reaction
model function for the kinetics calculation as done in literatures
[10-12].

By plotting g(«) against E;P(u)/BR at different heating rate
(shown in Fig. 3), the pre-exponential factor InA =23.83 +0.10
is obtained. This value is different from the literature values of

9()/g(0.5)
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Fig. 2. The theoretical master plots (—) and the experimental master plots
at heating rates of 2 K/min(+), 5K/min(v), 10 K/min(A), 15 K/min(CJ) and
20 K/min(Q). Models that have been used to describe the sublimation process
are labeled as: (16) 1st order reaction model; (26) one-dimensional phase bound-
ary model; (28) three-dimensional phase boundary model: contracting sphere;
(30) two-dimensional phase boundary model: contracting cylinder.
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Fig. 3. The curves of g(«) against E; P(1)/ BR at the heating rate of 20 K/min(O),
15 K/min(d), 10 K/min(A), 5 K/min(v), 2 K/min(+) and the result of linear fit-
ting (-).

26.26 [10] and 27.4 [11,12]. This difference is mainly caused by
the different model function used, which could affect the value
of the pre-exponential factor remarkably.

4.2. The result of subliming detection

According to the result of kinetic analysis, the whole mass
loss process of leucine abides the single step reaction mecha-
nism. And the one-dimensional phase boundary model is sat-
isfied with this mechanism. As we know, this model is used to
describe the reaction whose rate is proportional to the surface
area of the interface. With consideration of the nearly 100%
mass loss, we believe that the process is the subliming process
of leucine.

The subliming detection was carried out to verify this pos-
tulation. L-Leucine at the bottom of the beaker disappeared
completely when heated, and white solid can bee seen condensed
where the gas was cooled. The IR spectrum of the solid conden-
sate is the same as that of L-leucine (shown in Fig. 4). This
indicated that the condensate is pure L-leucine and not contains
the decomposition products. This experiment shows that leucine
will sublime when heated.

4.3. Evolved gas analysis by online-coupled TG-FTIR

Identity and evolution dynamics of the evolved gaseous
species from thermo gravimetric apparatus have been described
by means of online-coupled FTIR. With consideration of the
lag time from furnace to gas cell, the DTG curve and the
Gram-Schmidt curve are shown in Fig. 5. Both of them have only
one peak. It can be easily seen that the peak of Gram-Schmidt
curve is at higher temperature than that of the DTG curve.
And the onset point of Gram-Schmidt curve is 302.56 °C,
which is also higher than the onset point of the DTG curve,
294.66 °C. This result indicates that for r-leucine, the mass
loss process and thermal decomposition process do not take
place simultaneously. The mass loss process takes place ear-
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Fig.4. The FTIR spectrums of the pure L-leucine and the solid condensate gotten
by the subliming experiment: (a) the FTIR spectrum of pure Leu; (b) the FTIR
spectrum of solid condensate.

lier than decomposition. With consideration of the results of
kinetics analysis and sublime detection, it can be concluded
that the mass loss in TG detection is caused by subliming of
leucine.

So we propose that the r-leucine sublimes at 294.66°C
and the decomposition of the gaseous leucine takes place
at 302.56°C. This phenomenon could not be noticed by
researchers merely using TG measurements [10-12], for TG
alone cannot distinguish between subliming and decomposing.
And for the researches done by GC-MS, due to the fast heating
rates used, which were 50-80°C/s [1,3,4,6,15,17,18] typically,
the tiny difference between subliming temperature and decom-
position temperature can hardly be noticed.

The IR absorption spectra of the evolved gases at different
time are shown in Fig. 6. And a typical spectrum obtained at
346.15°C is shown in Fig. 7. From this figure, three small
molecular inorganic gaseous species, CO2, NH3 and CO, are
easily identified by their characteristic peaks: carbon dioxide
at 2361 cm~1; ammonia at 965, 930 cm~1; carbon monoxide at

334.33°C
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i ]
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Fig. 5. The curves of TG, DTG and the Gram-Schmidt of evolved gases, gotten
during the leucine pyrolysis process by TG-FTIR, heating rate 20 K/min, Ny
flow rate 100 ml/min.
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Fig. 6. The 3D surface graph for the FTIR spectra of the evolved gases produced
by L-leucine pyrolysis (heating rate 20 K/min; N2 flow rate 200 ml/min).
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Fig. 7. FTIR spectrum of evolved gases from r-leucine decomposed in Ny,
measured at 346.15 °C by online-coupled TG-FTIR (heating rate 20 K/min; N,
flow rate 100 ml/min).

2181, 2112 cm~1. And the quantity of CO> is much larger than
that of the other two species.

The organic gaseous species are complex. The IR absorp-
tion in the 1600-1800 cm~1 region gives the presence of several

+

NH,
-CO,
(CH5),CHCH,CHCOO"
NH,"
-NH;
(CH;),CHCH,CHCOO
NH;*
-H,0
(CH3),CHCH,CHCOO

— (CH3)2CHCH2CH2NHZ

different C=0 groups, which indicates that esters (1805cm~1),
aldehydes (2728 cm~1, 1736 cm~1), acidamides (1676 cm™1)
and amines (1624 cm™1) exist in the evolved gas. The strong
absorption of CO, means that the reaction of decarboxylating
to yield 3-methyl-1-butanamine is the main primary decompo-
sition reaction. The existence of 3-methyl-1-butanamine can be
ascertained by appropriately relative absorption intensity of IR
absorption peaks in the Fig. 6: vc_y 2850-2960 em~Y Sen
1469cm~1,1379cm 1, 8n_p 1624 cm L, vo_y 1069 cm 1, and
Sn-H 780cm~1L. This result is consistent with Simmond’s report
[3]. And it is difficult to identify esters, aldehydes and aci-
damides for their weak IR absorption.

Nitriles and alkenes as products of pyrolysis of leucine have
been verified by GC-MS [3,4]. But in our experiment, the
absence of IR absorption of C=N stretch region, which is about
2250cm~1, indicates the absence of nitriles. And no absorp-
tion in the region of 3100-3000 cm~? gives the absence of the
C=C group. We believe these were caused by their low con-
centrations. Although the absorbance in the C—H stretch region
of 2960-2800cm~! is very strong, the existence of alkanes
cannot be ascertained for most of organic compounds exhibit
absorbance in this region.

The plots of IR absorbance at several characteristic wavenum-
bers versus temperature are shown in Fig. 8. These curves
indicate the evolution rates versus temperature for each gaseous
product. The peak temperatures, which represent the tempera-
ture of the maximum evolution rate, show that the release of
COs, is a little earlier than the other gaseous products. And in
the evolved gases, amine was detected in large quantities. All
these indicate that the decarboxylating is the main primary step
in thermal decomposition of leucine. It is well known that amino
acid can exist in a Zwitterion form,

N

NH, NH;3

(CH3),CHCH,CHCOOH ==—— (CH;),CHCH,CHCOO

and we think that is why decarboxylation is greatly favored
for the aliphatic a-amino acids. We suggest that the following
reactions may be included in the thermal decomposition of -
leucine with consideration of Simmond’s report [3,4].

(the main primary reaction) 1)

-CO

—— (CH,),CHCH,CH—C=—=0 ———> (CH;),CHCH,CHO

0 (2

H

- (CH3)2CHCH3CQ—/C:0 — 2 »  (CH;),CHCH,CH,CNH,

N
H ©)
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Fig. 8. Absorbance at different wave numbers vs. temperature curves of evolved gases from r-leucine decomposed in N2, measured by online-coupled TG-FTIR
(heating rate 20 K/min; N flow rate 100 ml/min).
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5. Conclusions

When heated, solid r-leucine begins to sublime at 294 °C
and then decomposes in gas phase. The mass decrease in TG
measurement is caused by subliming, not decomposition. The
decomposition temperature of leucine is higher than its sub-
liming temperature. The TG-FTIR study shows that the main
gaseous products are CO2, NH3, CO, 3-methyl-1-butanamine
and some other organic compounds. The decomposition process
of L-leucine includes decarboxylation, deamination, dehydra-
tion and some other reactions. The decarboxylation is believed
as the main primary reaction.

This work indicates that the thermogravimetric analysis can-
not be used to distinguish between subliming and decomposing
because the mass loss happens in both of the two processes.
A detailed research needs the combined using of more specific
techniques such as IR or MS.

The kinetic analysis of TG curves in this paper does not fol-
low rigorously 1st order kinetic model. And the Kkinetic triplets
were obtained by iso-conversional method and the master plots
method. The present work proves that the one-dimensional phase
boundary reaction can fit the kinetic data better than the 1st order
reaction model (shown in Fig. 2). And the 1st order reaction
model has also been demonstrated inapplicable for the subli-
mation of ammonium nitrate [27] and ammonium perchlorate
[28]. In these papers, models of contacting cylinder and con-
tracting sphere, which represent two- and three-dimensional
phase boundary reaction, are used to describe the kinetics of
sublimation process. We believe that sublimation process can
be described by the phase boundary reaction model.

The TG-FTIR technique brings us important information
about the gaseous products of leucine pyrolysis online, such
as the species of gaseous products, their quantities and evolu-
tion rate versus time. Although it is difficult to identify every
species in the mixture of gas products for the overlapping of
their IR absorbance, some gas products with very specific IR
absorption, such as CO,, CO, and NHs, can be identified easily.
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