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Abstract

The effects of three retardants, W€, (NH,4),SO, and NH,H,POy, on the thermal decomposition of wood-derived rayon fiber have been
investigated by thermogravimetry—mass spectrometry (TG-MS) analysis. The main thermal decomposition of pure wood-derived rayon fiber,
like other cellulosic materials, takes place rapidly over a narrow temperature range. When wood-derived rayon fiber is impregnated with the
fire retardants, there is a shift in the temperature of maximum rate of weight loss to the values lower tH@ywate the amount of char
residue formed is increased. The fire retardants have resulted in the increase of the intensity (peaknérea)l8fand 28 MS signals, but
the decrease of the intensity Wi’z = 44 MS signals. Furthermore, it appears with a relative decrease of the intensity ef 60 and 68
MS signals, which means that low levels of levoglucosan and levoglucosenone are recorded in the presence of the fire retardants. Finally, the
relationship between char residue formation and the relative quantity of levoglucosan is determined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction temperatures, the decomposition proceeds in two compet-
ing pathways. The first pathway dominates at temperatures
Although decades of research on cellulosic materials havebelow 300°C, including dehydration, rearrangement, for-
generated a wealth of knowledge and understanding on themation of carbonyl and carboxyl groups, evolution of water,
thermal degradation and chemical kinetics of these materi- carbon dioxide, carbon monoxide, and formation of char
als, the kinetics and mechanisms of cellulose pyrolysis re- residue. The second pathway involves a depolymerization
actions are not completely known, probably because of the of cellulose by end group depolymerization, which yields
complex nature of cellulose pyrolysis, which involves a large primarily volatile tarry products containing levoglucosan,
number of reactiongl—4]. Furthermore, there are extensive with minor contribution of other anhydromonosacharites.
publications dealing with thermal decomposition of various  Cellulose and regenerated cellulose treated with various
cellulosic materials, but less attention is paid to the thermal inorganic compounds have been reported to catalyze the de-
decomposition of wood-derived rayon fiber untreated and hydration reaction and thus, to enhance the first pathway
treated by fire retardants. [5,6]. In this way, the evolution of pD, CO, is increased
According to the most commonly accepted Broide— at the expense of flammable volatiles and thus, the flamma-
Shafizadeh mechanisfi—4], at low temperatures, a reduc- bility is decreased. Furthermore, the increased amount of
tion in the degree of polymerization of cellulose with only a char residue formed from the first pathway acts as a ther-
small weight loss takes place, leading to the formation of the mal barrier, reducing heat transfer to the interior, and also
so-called “anhydrocellulose” or active cellulose. At higher obstructing the outward flow of combustible gases and thus,
reducing the extent of cellulose decomposition.
* Corresponding author. Tel486-351-7560941,; It h?‘S b.e reported that (NBIZSO“ and (NHl)ZH_F_)O“' as
fax: +86-351-7560941. effective fire retardants can shift the decomposition temper-
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loss rate) to values of lower than 300 in order to en- the TG analyzer was calibrated using Alumel and Nickel

hance the first decomposition pathway and consequently in-Curie point standards.

crease the amount of char residue formed and non-flammable The mass spectrometer consists of an MS OmniStar 200

volatiles such as kD and CQ [4]. In addition, in the pres-  of Switzerland Balzers Inc. with an ion source of electron

ence of the fire retardants relative low levels of levoglucosan impact at 70eV electron energy. The connection between

are recorded and relative increases of levoglucosenone arghe thermobalance and the mass spectrometer is done by

observed4]. However, when we have investigated the ef- means of a stainless steel capillary, maintained at°C50

fects of the fire retardants such as NH, (NH4)>SO4, and The intensities of the several selected ions are monitored.

NH4H2PO, on the decomposition of wood-derived rayon The MS intensities were normalized on the sample mass and

fiber by TG-MS analysis, we found some interesting phe- the intensity of8Ar isotope of the flushing gas. It should be

nomena somewhat inconsistent with those results. noted that the intensity data must not be compared between
The purpose of the present work is to provide a prelim- the different compounds due to the different sensitivities of

inary investigation on the decomposition of wood-derived the mass spectrometer. However, the intensity values of a

rayon fiber untreated and treated with three retardants,given ion are comparable between the samples because they

NH4Cl, (NH4)2S0Q4, and NHH2P Oy, respectively, by us-  were normalized to the carrier gas and the sample ffitass

ing the TG-MS technique. The criteria on TG-MS system

performance in the present work are like those described

in the previous work, e.g. a high-glow stability through the 3 Reguits and discussion

TG-MS system is necessary in order to ensure reproducible

results[4]. Furthermore, the intensity of the MS signal 317G and DTG curves of pure wood-derived rayon fiber

should not be affected by the temperature increase in the(designed as RW)

TG furnace and the heating rate applied in the TG analysis.

The dynamic gravimetric (TG and DTG) curves of the
) pure wood-derived rayon fiber (designed as RW) are shown
2. Experimental in Fig. 1. The TG and DTG curves of RW are similar to the
typical dynamic gravimetric curves of other cellulosic mate-
rials. The rate of weight loss of this material is very high at
) ) a narrow range of temperatures. Following a plateau region
Itis known that cellulose has altogether five types. Rayon 290°C, the wood-derived rayon fiber rapidly decomposes
fiber, which is a kind of regenerated cellulose, has cellulose patween 300 and 35@, corresponding to a weight loss of
Il structure. In this work, the cellulosic material used is pure 5round 84% at 350C. After this sharp weight loss, there

wood-derived rayon fiber, made in Belorussia. This rayon s 5 gradual but constant weight loss (additional around 7%
fiber has a degree of polymerization of 350-400, and €on- of siarting material) up to 80CC. The first derivative plot,

tains less than 0.15% ash. In order to remove any adsorbethTg indicates that the maximum rate of weight loss is at
impurity, this wood-derived rayon fiber has been washed 3350¢ The “smooth” dynamic gravimetric curves indicate
with warm distilled water, and then dried overnight in a vac- that the transition from char dominating to tar dominating

uum environment. reaction is gradual. In the pyrolysis of cellulosic materials,

All of the (NH4)2S0s, NH4Cl, and NHHoPOs used are  ohars formed at lower temperatures have a higher aliphatic
of p.a. grade (>99.0%) from BJ, TJ and CHD Chemical-

Reagents Corp. in PR China, respectively. Impregnation with
NH4Cl, (NH4)2SQq, and NHiHoPQy, respectively, is car-
ried out by immersing the rayon fiber in 1.0 mol/l warm
solution of the corresponding fire retardant for 20 min, fol-
lowed by overnight vacuum drying. Finally, there are around
0.15mol fire retardant retained on per 100 g wood-derived
rayon fibers.

2.1. Preparation of sample
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The experiments were carried out like those descriptions 20

in a previous worK7]. The thermogravimetric analyzer used 10

was a model SETARAM TGA92 of France. The atmosphere oI . : : : : 0
used for pyrolysis was ultra high pure argon (99.999%) at a 200 300 400 500 600 700 800

low pressure of 150 kPa. Approximately 10 mg sample was Temperature / °C

heated at 5C/min from ambient temperature up to 8@in Fig. 1. TG and DTG curves of wood-derived rayon fiber untreated (RW)

the dynamic experiments. In order to obtain accurate results,and treated with the fire retardants (RC, RS and RP).
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content, and are more easily decomposed. Thisis a possible
explanation of the slow but constant weight loss observed
in Fig. 1 after the main decomposition step.

3.2. TG and DTG curves of wood-derived rayon fiber
treated with NHCI, (NH4)2SQy and NHH>POy (designed
as RC, RS and RP, respectively)

The dynamic gravimetric curves of the wood-derived
rayon fiber treated with NH4Cl, (NH4)2S04 and NH4H2PO4
(designed as RC, RS and RP, respectively) are also shown
in Fig. 1. As mentioned earlier, the temperature of decom-
position is shifted to lower side and the formation of char
residue is increased due to the enhancement of the first
decomposition pathway when the wood-derived rayon fiber
is treated with the fire retardant materials. The DTG curve
of RC presents two maximums, one at 186 °C and the other
at 310°C, indicating two steps in the decomposition reac-
tion. Furthermore, the char residue is increased to 27.6%
at 800°C, while the maximum rate of the decomposition
reaction is less than that of pure wood-derived rayon fiber.
From the gravimetric curves of RS, it can be seen that the
decomposition involves primarily one step at 230°C, and
the maximum rate of the decomposition reaction is higher
than that of RC, in addition to there is a higher char residue
of 31% at 800°C. The DTG curve of RP presents one max-
imum around equa to that of RC, indicating one step in
the decomposition reaction at around 227 °C. The weight
loss continues at higher temperatures, but with a small rate,
leading to a char residue of 40.0% at 800°C.

It can be seen that NH4Cl, (NH4)2S04, and NH4H2PO4
are effective fire retardants for the decomposition of the
wood-derived rayon fiber. These fire retardant materials can
shift the decomposition temperature to values lower than
300 °C and decrease the maximum rate of weight loss, while
increase the char residue formed. In conclusion, the four
different samples have the following order of char residue
formed: RW < RC < RS < RP,; order of decomposition
temperature: RC < RP < RS < RW; and order of maxi-
mum rate of weight loss: RC ~ RP < RS < RW.

3.3. MS analysis of the decomposition of wood-derived

rayon fiber untreated (designed as RW) and treated with

NH4Cl, (NHz)2SQy and NHH2PO4 (designed as RC, RS
and RP, respectively)

In Figs. 2-6, them/z = 18, 28, 44, 60 and 68 MS signas
of wood-derived rayon fiber untreated (designed as RW) and
treated with the fire retardants (designed as RC, RS and RP)
are shown in arbitrary unit, respectively. The predominant
ion observed is m/z = 18 (Fig. 2), which is attributed to
water. The abundances of m/z = 28 (Fig. 3) and m/z = 44
(Fig. 4) ions have the same order magnitude, but an order
of magnitude lower than that of m/z = 18 and two orders of
magnitude higher than that of m/z = 60 (Fig. 5) or m/z = 68
(Fig. 6). It has been reported that the MS signal of m/z = 44

RS
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Fig. 2. MS response of m/z = 18 ion of TG—MS analysis of the decom-

position of wood-derived rayon fiber untreated (RW) and treated with the
fire retardants (RC, RS and RP).
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Fig. 3. MS response of m/z = 28 ion of TG—-MS analysis of the decom-

position of wood-derived rayon fiber untreated (RW) and treated with the
fire retardants (RC, RS and RP).
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Fig. 4. MS response of m/z = 44 ion of TG—-MS analysis of the decom-
position of wood-derived rayon fiber untreated (RW) and treated with the
fire retardants (RC, RS and RP).
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Fig. 5. MS response of m/z = 60 ion of TG-MS analysis of the decom-
position of wood-derived rayon fiber untreated (RW) and treated with the
fire retardants (RC, RS and RP).

increases again after 580 °C for pure cellulose [4]. However,
we have not observed this phenomenon in the case of the
wood-derived rayon fiber (RW). It isinteresting that the ion
of m/z = 28 observed increases again after around 585°C
for wood-derived rayon fiber treated by the fire retardant of
NH4H2PO4 compound (RP).

It should be noted that m/z = 28 is mainly due to CO
and to a lesser extent aiphatic molecules in the pyrolysis
of cellulosic materials. It is known that aliphatic molecules
produce m/z = 28 and 27 ionsin comparable amounts. How-
ever, the abundance of m/z = 28 is much higher than that of
m/z = 27 (Fig. 7), indicating that the formation of aliphatic
fragments is less significant in cellulosic materials decom-
position. In the same way, m/z = 44 is mainly attributed to
carbon dioxide, though m/z = 44 is, to an extent, due to the
presence of acetaldehyde. Since double peaks separated by
one mass unit are typical of aldehydes, and the abundance of
m/z = 43 (Fig. 8) ismuch lower than that of m/z = 44, thus,
m/z = 44 can be thought to mainly attribute to CO; in order

m/z 68
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Fig. 6. MS response of m/z = 68 ion of TG—-MS analysis of the decom-
position of wood-derived rayon fiber untreated (RW) and treated with the
fire retardants (RC, RS and RP).
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Fig. 7. MS response of m/z = 27 and 28 ion of TG-MS analysis of the
decomposition of wood-derived rayon fiber untreated (RW).

to avoid complexity. Levoglucosan has primary ionization
fragment ions of m/z = 43, 47, 57, 60, 70, 73, 98, and 144
[4,8,9]. Although m/z = 60 might also be attributed to the
presence of acetic acid and to an extent, to the presence of
hydroxyacetaldehyde, theion of m/z = 60 isan indicator for
levoglucosan [4,8]. Levoglucosenone is amajor dehydration
product of levoglucosan. Additionally, m/z = 68 is mainly
attributed to levoglucosenone and can be regarded to be
representative of levoglucosenone with ionization fragment
ions of m/z = 39, 42, 52, 53, 68, 96, 98 and 126 [4,8].

In order to avoid complexity and conveniently compare
relative quantities of volatiles, we have designed the rela-
tive intensity values (peak areas) of individual ions of the
wood-derived rayon fiber (RW) as 100%, while the relative
intensity values of individual ions of RC, RS and RP are
based on those of corresponding ions of RW. As previously
mentioned, although theintensity data must not be compared
between the different compounds due to the different sen-
sitivities of the mass spectrometer, the intensity values of a
given ion are comparabl e between the samples because they
were normalized to the carrier gas and the sample mass.

5
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8 m/z 44
g -
e}
c
3
<
7 m/z 43

T T T T T T T
100 200 300 400 500 600 700 800
Temperature / °c

Fig. 8. MS response of m/z = 43 and 44 ion of TG-MS analysis of the
decomposition of wood-derived rayon fiber untreated (RW).
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Table 1
Relative peak areas of individua ions of the samples measured by TG-MS
anaysis

lon (m/z) RW (%) RC (%) RS (%) RP (%)
18 100 106 104 138

28 100 112 114 101

44 100 88.2 69.9 56.5
60 100 58.3 4238 313
68 100 56.1 30.6 14.7

Based on the intensity of corresponding individual ions of RW, which is
designed as 100%.

Table 1 compiles the intensity values (peak areas) of in-
dividual ions for al the samples. It can be seen that the fire
retardants of NH4Cl, (NH4)2SO4, and NH4H2PO4 can re-
sult in the increases of the decomposition products such as
H20 (m/z = 18) and CO (m/z = 28). However, the inten-
sity of m/z = 44 is decreased in the presence of the fire re-
tardants, which is not consistent with those previous results
[4]. In addition, it has been reported that a relative increase
of m/z = 68 is observed, indicating that the evolution lev-
oglucosenone is favored, while m/z = 60 was eliminated,
meaning the decrease of levoglucosan [4]. But in this work,
the intensity values of m/z = 60 and 68 are both observed to
decrease for the decomposition of wood-derived rayon fiber
in the presence of the fire retardant materials. Furthermore,
the rate of intensity values of m/z = 68 versus m/z = 60 is
also decreased, indicating that the decrease of m/z = 68 is
sharper than that of m/z = 60. Clearly, al of the fire retar-
dantsof NH4Cl, (NH4)2S04, and NH4H2PO4 can reduce the
formation of levoglucosan and levoglucosenone at the same
time. Since m/z = 60 is an indicator for levoglucosan, thus,
the peak area of m/z = 60 should present the relative quan-
tity of levoglucosan. The relationship between char residue
formation at 800°C and the relative quantity of levoglu-
cosan, which is based on that of pure wood-derived rayon
fiber (designed as 100%), is shown graphicaly in Fig. 9. It
can be seen that, if the formation of levoglucosan were equal
to zero during the decomposition of wood-derived rayon
fiber in the presence of the “best” effective fire retardant,
the amount of char residue formation would be next to the
theoretical value of 44.4%.

Itisknown that, in some case, M Ssignals arising from or-
ganic materials may be measured with lower precision than
the MS signals of the inorganic materials. Nevertheless, this
would only introduce a systematic error in the measurement
of the amount of these volatiles evolved from the decom-
position of the wood-derived rayon fiber, but it would not
affect the conclusions resulting from the comparative study
of these samples.
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Fig. 9. Relationship of char residue formation and levoglucosan obtained
by TG-MS analysis, based on the relative quantity of levoglucosan (de-
signed as 100%) of RW.

4, Conclusions

The ammonium salts of NH4Cl, (NH4)2SO4, and
NH4H2PQOg4, as effective fire retardants, can shift the de-
composition temperature of the wood-derived rayon fiber
to values of lower than 300°C, decrease the maximum rate
of weight loss, and increase the amount of char residue
formation. MS analysis shows that the amount of water and
carbon monoxide are increased at the expense of depoly-
merization, which results in the formation of levoglucosan
in the presence of the fire retardants. Furthermore, it ap-
pears that relative decreases of m/z = 44 and 68 ions are
also observed in the presence of the fire retardants. The
relationship between char residue formation and the rel-
ative quantity of levoglucosan approximately follows an
inverse-ratio linear relation.
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