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Abstract

An online-coupled TG-FTIR evolved gas analysis (EGA) instruments have been used to identify and monitor the evolution of gaseous products
during the thermal decomposition of phenylalanine and tyrosine in flowing N, atmosphere up to 800 °C. The results indicate that the thermolysis
processes of these two compounds are similar. For both of them the main primary decomposition steps are two competing paths: the direct
decarboxylation and the concerted rupturing of C—C bonds. And the primary decomposition reactions also include deamination and dehydration.
The main secondary reaction is the crack of cyclic dipeptide which also presents two competing pathways. The main gaseous products are NH3,
H,0, CO,, CO, HNCO, HCN and some organic compounds. However, compared with tyrosine, the decomposition of phenylalanine is more
complete and involves less secondary reaction. That is caused by their different thermal stability and decomposition temperature.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Most of biomass fuels, such as bagasse, straw, rapeseed
and wood, contain nitrogen. Although the nitrogen content in
biomass fuels is low, it is still important since the biomass
nitrogen can be transformed into environmentally harmful gases
under combustion and coking. It was found that most of the nitro-
gen in biomass fuels comes from proteins. The main pyrolytic
gases from protein at high temperatures are HCN, NH3 and
HNCO. And their yields depend on temperature and also on
the protein’s amino acid composition [1]. Then the investigation
of the pyrolysis of amino acid can bring us helpful information
about the gaseous products released from protein and biomass
fuels.

The pyrolysis of amino acid has been extensively studied
in the last two decades [2-19]. Many techniques, such as UV
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[15,17], IR [4,6,9], Raman [9], NMR [4,18], HPLC [14,15,17],
GC-MS [2,4,5,7,16,18,19], GC-FTIR-MS [14,17], TG [18],
DSC [10] and TG-DSC [11,12,13] have been used to identify
the products and mechanisms of their thermal decomposition.
Now it is well known that their decomposition products include
simple inorganic compounds (CO2, H2O, NH3 and CO), with a
variety of volatile organic compounds (amines, nitriles, amides,
hydrocarbons, etc.) and lots of less-volatile organic compounds
(2,5-piperazinediones, lactams, hydantoins, etc.). And the ther-
mal fragmentations of various amino acids are considered as
very complicated processes, which involved many pathways
such as decarboxylation, deamination, dehydration and a num-
ber of intermolecular condensation reactions [14]. However,
the thermal decomposition pathways of the amino acid cannot
be interpreted clearly, and many reaction mechanisms remain
uncertain [4,5,11,12,14,18].

Recently, we have studied the solid-state decomposition pro-
cesses of some aliphatic amino acids in flowing N2 atmosphere
by TG-FTIR [20,21]. This paper is focused on determination of
the thermal decomposition reaction sequences of two aromatic
amino acid, phenylalanine and tyrosine, in the inert atmosphere.
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These two compounds have similar molecular structure. The
only difference between them is that tyrosine has a phenolic
hydroxyl group more than phenylalanine.

@/\‘/COOH /@/\rCOOH
NH NH
2 o 2

L-phenylalanine L-tyrosine

In previous studies of thermal decomposition mechanism
of amino acid, almost all investigations were based upon
off-line products detection [2-19]. By such methods, all prod-
ucts from different reaction steps were mixed together, which
brought many troubles to identify the sequences of the reactions
occurred. To give more details of thermal induced behavior,
an on-line monitoring method is needed. In present work, the
TG-FTIR technique, which can conduct simultaneous and con-
tinuous real time analysis [22-26] was used. And more specific
information about the sequence of reaction steps and the relevant
quantity of gaseous products can be obtained.

H

2. Theoretical

In present work, a semi-quantitative method was used to
determine the components of the gaseous mixtures (in follow-
ing description, two components are assumed) by IR absorbance
spectrum.

First, several wave numbers are selected for the characteristic
IR absorbance of this two components. From the standard IR
spectrum of the two components, the IR absorbance (4;) at these
wave numbers are gotten, respectively:

component 1 (i =1): Aj1, A12, A13, A14, ...
component 2 (i =2): Ap1, Az, A2z, Aoa, ...

Second, according to Lambert-Beer Law, a function can be
constructed as follows:

A = ecl

where A is the IR absorbance, ¢ is the absorption coefficient, c is
the concentration of this component and / is the light path length.
For the same standard spectrum, both ¢ and / are constant. Then
when it is assumed that the maximum of Ay; (=1, 2, 3, 4,...)
is Am and the maximum of Ap; (j=1, 2, 3, 4,...) is An, and
the corresponding absorption coefficients are ey and ey, one can

A A
component 1: kij = —= =1 g, =212
obtain: AM  em Am
A1 ez A

component 2: ky = — = , koo = =

L AN &N AN
Third, in the IR spectrum of the mixtures the absorbance

intensity at these selected wave numbers can be described as
follows:

Aj =e1jcrl + ezjc0l

= kyjcieml + ko jcoenl (j=1,2,3,4,..)

If we assume c1eml = ¢f, coenl = ¢y We canget A = kyjci +
ko jc,. Then a linear function group is obtained, by which the
values of ¢; and ¢/, can be determined. Because the values of ey

&
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and ey are determined by the species of the components, and /
is the instrument

ki1 ko1 Ay
k12 ka2 o Az
kiz ka3 | x L,l] = | A3
kia ko 2 Ay

constant, the values of ¢; and ¢, can represent the concentration
of the components. And the change of the values of ¢} and ¢}
can reveal the concentration changes of the components 1 and
2, respectively. But it should be noted that it is meaningless to
compare the value of ¢} with that of ¢, for they include different
absorption coefficients. Another noticeable thing is that the value
of k; can be impacted by the experimental condition. Then the
difference between the experimental condition in which the stan-
dard spectra were obtained and that in which the spectra of the
mixtures were obtained will affect the accuracy of calculation.

3. Experiment

Commercially available phenylalanine and tyrosine (Analyt-
ical Grade, purchased from Wako, Japan) were used without
further purification.

The TG-FTIR system composed of a 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 °C min—1,
and nitrogen gas of high purity (>99.999%) with a flow rate of
100 mImin~—! was used as carrier gas. The sample was heated
from ambient temperature to 800 °C. The transfer line used to
connect TG and FTIR was a 1 m long stainless steel tube with
an internal diameter of 2 mm, of which the temperature is main-
tained at 200 °C. The TGA accessory of the IR Spectrometer
was used, which has a 45 ml gas cell with a 200 mm path length.
It was also heated at the constant temperature of 200 °C. The
IR spectra were collected at 8 cm~1 resolution, co-adding eight
scans per spectrum. This resulted in a temporal resolution of
4.32s. Lag time that the gas products went from furnace to gas
cell was about 7s. The FTIR spectra were identified based on
the FTIR reference spectra available on the World Wide Web

A1z e13 Ay e14

kg =—=—, kig=—=—,...
AMm  &m Am  ewm
Axz &3 Ay e

kg =—=—, kopg = —=—,...
AN EN AN EN

in the public spectrum libraries of NIST [27] and SADTLER
Standard Infrared Spectra [28].

4. Results and discussion
4.1. Thermal decomposition of phenylalanine

Fig. 1 presents weight loss (TG), associated derivative ther-
mogram (DTG) and total infrared absorbance (Gram-Schmidt
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Fig. 1. The curves of TG, DTG and the total FTIR absorbance intensity of evolved gases gotten during the phenylalanine pyrolysis process by TG-FTIR (heating

rate 20 °Cmin~1; N, flow rate 100 ml min—1).

curve) profiles of phenylalanine as the function of temperature.
In this figure, the lag time of the evolved gases passing through
the IR cell has been subtracted. TG curve shows two distinct
weight loss stages. The first stage occurs in the temperature
range of 242-317°C with a sharp weight loss of 38.3%. The
second stage occurs in the temperature range of 317-452°C
with a weight loss of 57.4%. After that the phenylalanine keeps
slow weight losing, the total weight loss at 800 °C is almost
100%. Comparison of Gram-Schmidt curve with DTG curve
indicates that the temperature of IR absorbance peaks coincide
with that of DTG peaks. Gram-Schmidt curve shows two peaks
existing at 299 and 406 °C, and the DTG curve shows two peaks
at 291 and 404 °C.

The 3D FTIR spectrum of the evolved gases of pheny-
lalanine pyrolysis is shown in Fig. 2. In this figure, FTIR
spectrum of all the volatile pyrolysis products produced at dif-
ferent time are shown. And the characteristic spectra obtained
at 299, 346, 406 and 424 °C are shown in Fig. 3. From Fig. 3,
eight small molecular gaseous species are easily identified by

Absorbance

Fig. 2. The 3D surface graph for the FTIR spectra of the evolved gases pro-
duced by phenylalanine pyrolysis (heating rate 20°Cmin~1; N, flow rate
100 ml min—1).

their characteristic absorbance: CO, (vc=o 2358 cm™—1); NH3
(6N-H 965, 930cm™1); HoO (von 3400-4000cm—t, So_n
1300-1900 cm~1); CO (ve=o 2181, 2112 cm~1); HNCO (ve=n
2250cm1, ve—p 2280cm~1); HCN (ve_n 3330, 3270cm—1,
Sc-h 713cm™1); benzeneethanamine (v—c—y 3079, 3036,
ve-H 2933, 2859cm~?, ve—c 1606, 1493cm~L, s_c—y 1070,
1031 cm~1, y—c—p 741, 690 cm~1); toluene (v=c—n 3071, 3032,
ven 2933, 2868cm~1, ve—c 1598, 1498cm~1, y_c—n 728,
695cm—1). Due to the lack of standard infrared spectrum for
HNCO, we identified this species by comparing the spec-
tra with the HNCO vapor phase spectrum from literatures
[1,29].

Fig. 4 gives the evolution curves of all species of evolved
gases. In this figure the evolution curves of all the species
except HoO are shown as the IR absorbance at charac-
teristic wave numbers versus temperature. The evolution
curve of HyO is shown as the integral area in the range
of 3776-4000cm~1 versus temperature to avoid interfer-
ence of the absorbance of other species. And because the
characteristic infrared absorbance of benzeneethanamine and
toluene partially overlaps, the curves of benzeneethanamine
and toluene in Fig. 4 were obtained by the semi-quantitative
calculation mentioned above with the IR absorbance at
four characteristic wave numbers: 3079, 3036, 2933 and
2859cm—1,

Fig. 4 indicates that the pyrolysis process of phenylala-
nine is complicated. In the first stage main gaseous products
are CO,, NH3, H»O and benzeneethanamine. And from
Figs. 2 and 3 it can be seen that in this stage the char-
acteristic absorbance of CO, is far stronger than that of
NH3 and H»O. Then we believe that in this stage the yield
of CO; is higher than that of NH3 and H,O, consider-
ing that the IR absorption coefficients of these three species
are not very different. This suggests that the main primary
decomposition step of phenylalanine is decarboxylation which
produces CO, and benzeneethanamine, dehydration and deam-
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Fig. 3. The FTIR spectra of evolved gases from phenylalanine decomposed in N, measured at different temperature by online-coupled TG-FTIR (heating rate
20°Cmin~1; N, flow rate 100 ml min—1): (a) at 299 °C; (b) at 346 °C; (c) at 406 °C; (d) at 424°C.

ination is minor. That the absorbance of benzeneethanamine
was detected in our experiment also supports this opin-
ion.

In the second stage the gaseous products include NHs,
toluene, HNCO, HCN, CO and CO». Toluene instead of benze-
neethanamine becomes the main organic product in this stage.

And the formation of toluene takes place also accompanied by
the formation of CO». It seems that decarboxylation occurs
through two competing pathways: one is direct decarboxyla-
tion which produces bezeneethanamine and the other is the
concerted rupturing of carbon chain which produces toluene.
And in our experiment the decomposition temperature showed
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Fig. 4. IR absorbance vs. temperature curves of identified evolved gaseous species evolved from phenylalanine decomposed in N, measured by online-coupled

TG-FTIR system (heating rate 20°C min—1; N, flow rate 100 ml min—1).

great influence on the proportion between these two pathways.
At low temperature the decarboxylation is the main pathway.
And with increasing of the temperature, concerted rupturing of
C-C bonds occurs to a greater extent in phenylalanine pyrolysis
and participation of the decarboxylation intermediate, benze-
neethanamine, becomes less important. As we know, amino
acids will undergo a facile radical-catalyzed decarboxylation
when heated [30]. Patterson suggested that in fast pyrolysis

phenylalanine is decomposed by two competing paths: one
involving decarboxylation followed by decomposition of the
benzeneethanamine or its radical precursor (Eq. (1)) and the
other involving a concerted or nearly concerted rupturing of
bonds at positions a and b (Eg. (2)), which produced benzyl
radical [6,31,32]. Our results indicate that in slow pyrolysis
phenylalanine also decomposes by these two competing path-
ways.
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Dehydration mainly produces dipeptide, cyclic dipeptide
(DKP) and polypeptides. The peptide forming reactions occur
readily because they are simple dehydrations. And in the pyrol-
ysis of amino acids, the thermal conditions provide sufficient
energy to form intermediate peptides [18].

NHs3 can be formed from individual molecular reaction of
phenylalanine. But it may also be formed as a result of the sec-
ondary reactions [4]. Both the decomposition reaction of primary
amines and the bimolecular reactions between imine and amine
can produce NHg [5]. The rapid releasing rate of NH3 in the
first stage reveals that individual molecular reaction is the main
pathway of NH3 formation. And NHs in the second stage may
be produced in the secondary reactions.

The intermediate, 2,5-piperazinedione (DKP), can provide
an attractive explanation for the formation of HNCO, HCN
and CO. And HNCO also decomposes into HCN and CO in
substantial pyrolysis step [33].

ArCHzéH
a .
B /

.. H
ArHaC ComNw " 20

ArCH
AFCHQCHQ:NH

ArCH,CN

Hansson has suggested that in the process of protein pyroly-
sis HNCO and HCN are mainly formed from cracking of cyclic
amides and the selectivity toward formation of HCN over the
formation of HNCO is increased with the increase of temper-
ature [1]. In the process of glycine and its dipeptide pyrolysis
HNCO was observed to reach its maximum releasing rate at
400°C and HCN reached its maximum releasing rate at 700 °C
[21]. However, Fig. 4 indicates that in the process of phenylala-
nine pyrolysis HNCO and HCN were produced simultaneously
around 400 °C. We believe that that is caused by the low yield
of DKP from phenylalanine. Because dehydration contributes to
the formation of DKP, the low yield of H,O predicates the low
yield of DKP. And the small quantity of DKP will decompose
completely at 440 °C. So the changes in ratio of HNCO/HCN
cannot be observed in our experiment.

+ HNCO —

4.2. The thermal decomposition of tyrosine

The weight loss, the associated derivative thermogram and
the total infrared absorbance profile of the tyrosine are shown
in Fig. 5. Although tyrosine has similar molecular structure as
phenylalanine, the thermal decomposition process of tyrosine is
markedly different from that of phenylalanine. Three weight loss
stages can be found in the TG curve of tyrosine. Like phenylala-
nine, the first weight loss stage of tyrosine pyrolysis is sharp, and
takes place in a higher temperature range of 306-347 °C with
weight loss of 40%. This indicates that tyrosine has higher ther-
mal stability than phenylalanine. The second stage (347-431°C)
and the third stage (431-800 °C) overlap partially. And com-
pared with phenylalanine, the pyrolysis of tyrosine produces
more solid residua. The overall weight loss at 800°C is only

HCN, CO

HCN + Hp

+ H

80.6%. DTG curve and Gram—-Schmidt curve are correlated with
the weight loss observed in TG trace.

Fig. 6 is 3D FTIR spectrum of evolved gases of tyro-
sine pyrolysis, and Fig. 7shows the characteristic spectra
obtained at 334, 345, 378 and 635°C. From them, eight
gaseous species are easily identified by their characteristic
absorbance. Besides CO,, NH3, CO, HCN and H,O which were
also detected in phenylalanine pyrolysis, other three species
were detected: CHs (ve_n 3016cm™1, sc_y 1303cm™1); 4-
methylphenol (vo_n 3649 cm~1, ve_y 3026, 2936, 2880 cm—1,
ve=c 1611, 1514cm~1, ve o 1254cm~t, 6oy 1175cm~t
Sc-n 817cm™1); phenol (vo_n 3649cm—1, ve_y 3057cm~1,
ve=c 1611, 1514cm~1, veo 1254cm~1, So_y 1175cm—t
Sc_H 748, 684cm~1). The quantity changes of all species
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Fig. 5. The curves of TG, DTG and the total FTIR absorbance intensity of evolved gases, gotten during the tyrosine pyrolysis process by TG-FTIR (heating rate

20°Cmin~1, Ny flow rate 100 ml min—1).

versus temperature are shown in Fig. 8, of which the releas-
ing curves of 4-methylphenol and phenol are obtained by the
semi-quantitative calculation according to the IR absorbance at
seven wave numbers: 3029, 2936, 2882, 1603, 1511, 817 and
748cm~1.

Fig. 8 shows that the main gaseous products are CO2, NH3
and H,O in the first stage of the tyrosine decomposition, and the
yield of CO; is larger than the other two. It indicates that the
primary decomposition steps of tyrosine include decarboxyla-
tion, deamination and dehydration, in which the decarboxylation
is the main reaction. This is the same as that in the thermal
decomposition of phenylalanine. The tyrosine decarboxylation
will produce 4-(2-aminoethyl)phenol and CO,. However, no 4-

(2-aminoethyl)phenol can be detected in our experiment due to
its low volatility.

Absorbance

r(Cm_.,.)

400 0

Fig. 6. The 3D surface graph for the FTIR spectra of the evolved gases produced
by tyrosine pyrolysis (heating rate 20 °C min—1; N flow rate 100 mImin—1).

In the second stage the gaseous products include 4-
methylphenol, phenol, NH3, HCN and CO. The 4-methylphenol
can yield from tyrosine also by the concerted rupturing of C-C
bonds. This indicates that the tyrosine decomposes also by two
competing pathways as phenylalanine does. And Figs. 4 and 8
show that the formation of 4-methylphenol occurs at the
same temperature range as the formation of toluene from
phenylalanine does. The formation of phenol is probably the
result of the further decomposing of 4-methylphenolic radi-
cal. Although no HNCO was detected in our experiment, the
existence of CO, HCN and the dehydration reaction indicates
the formation of DKP intermediate in tyrosine decomposi-

tion.
HO : HO :

HCN, CO and CH4 are the main gaseous products in the
third stage. At 600 °C the max. releasing rate of CHg is reached.
And the max. releasing rate of HCN is reached at 700 °C. This
supports that the formation of HCN increases with the increas-
ing of temperature. Then the cracking of DKP intermediate
can be used to interpret the formation of HCN and CO. In
the process of tyrosine pyrolysis the temperature at which the
cracking of DKP starts is high, so the yield of HNCO should
be low. So no HNCO releasing was detected can be under-
stood.

The phenolic hydroxyl group in tyrosine can increase inter-
molecular force by forming hydrogen bond. This contributes to
its higher thermal stability than phenylalanine. So the tyrosine
begins to decompose at higher temperature than phenylalanine.
And the proportion of dehydration in the primary reactions will
increase with the increasing of temperature. Then the tyrosine
produces more condensate by dehydration than phenylalanine.
So tyrosine produces more residua than phenylalanine when
heated.
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In the processes of glycine and its dipeptide pyrolysis
HNCO and HCN was observed reaching their max. releasing
rates at 400 and 700°C, respectively [21]. Now in the pro-
cesses of phenylalanine pyrolysis HNCO is observed reaching
its max. releasing rates at 400°C. And in the processes of

tyrosine pyrolysis HCN is observed reaching its max. releas-
ing rates at 700°C. So we believe that in the processes of
phenylalanine, tyrosine, glycine and its dipeptide pyrolysis, the
formations of HNCO, HCN and CO occur though the same
pathway.
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Fig. 8. IR absorbance vs. temperature curves of identified evolved gaseous species evolved from tyrosine decomposed in N2, measured by online-coupled TG-FTIR

system (heating rate 20 °C min~1; N flow rate 100 mI min—1).

5. Conclusions

When heated under inert condition, the solid phenylalanine
and tyrosine are decomposed through the similar processes. The
processes are complicated, which include random bond cleav-
age, decarboxylation, deamination, dehydration and the crack of
cyclic dipeptide. And the main gaseous products are NH3, H20O,
CO2, CO, HNCO, HCN and some small organic molecules. For
both compounds the main primary decomposition steps are two
competing paths: the random bond cleavage and the direct decar-
boxylation, and both paths can produce CO;. At low temperature
(<350 °C) the direct decarboxylation is major, and the concerted
rupturing of C—C bonds become important with increasing of the
temperature. And for both compounds the crack of cyclic dipep-
tide isalso an important decomposition pathway which produces
HNCO, HCN and CO. Compared with tyrosine, the decomposi-
tion of phenylalanine produce less solid residuum and harmful
nitrogen containing gases, HNCO and HCN.

The TG-FTIR technique brings us more specific informa-
tion about the gaseous products of pyrolysis online, such as
the species of gaseous products, their quantities and evolution
rate versus time. It supplies a comprehensive understanding of
thermal events in a reliable and meaningful way as data are
obtained from a single sample under the same conditions. And
it is also a useful tool to determine the primary decomposition
steps. Although it is difficult to identify every species in the mix-
ture of gas products for the overlapping of their IR absorbance,
some gas products with very specific IR absorption, suchas COg,
CO, H20 and NHs, can be identified easily.
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