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Abstract-——Rayon derived from natural biomass fibers are extensively used in the produc-
tion of a wide range of commercial, industrial, and engineering products, especially rayon
clothes. The rayon discharged by textile industry, and consumers are becoming a large pro-
portion of wastes. The conversion of rayon to various useful materials such as lower mo-
lecular weight organic compounds (liquid fuels and combustible gas) and carbonaceous fi-
bers or activated carbons via pyrolysis not only solves the disposal problem but also
matches the wastes minimization and resource utilization. Before considering the thermal
treatment of utilization of rayon clothes, one should investigate the behavior of rayon alone
during the thermal treatment. The pyrolysis of rayon is thus examined with a thermal gra-
vimetric analyzer (TGA). The kinetics of the thermal pyrolysis of rayon is conducted using
nitrogen as the carrier gas in 378-800K and at various constant heating rates () of 5, 12,
and 20K/min. The results indicate that the entire pyrolysis process of rayon under the ex-
perimental conditions of this investigation can be described by two competitive reactions
forming volatiles and residues (including carbon). The corresponding activation energies (E),
reaction orders (n) and frequency factors (4) of volatiles and char formed by the two com-
petitive (parallel) reactions of pyrolysis of rayon are 171.6 and 191.8 kJ/mol of £, 1 and 1.5
of n,and 4.3 x 10" and 5.6 x 10'? 57" of 4, respectively. All this information is useful to the
proper design of a pyrolysis system of rayon.
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INTRODUCTION

Rayon derived from natural biomass fibers are
extensively used in the production of a wide range of
commercial, industrial, and engineering products.
The waste rayon from textile industry and consumers
are becoming a large proportion of wastes. There is
an attracting interest in developing resources utiliza-
tion process to produce useful products from biomass
waste of rayon, which can off-set the costs of waste
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disposal.

The pyrolysis kinetics of cellulosic materials has
been investigated by several investigators. The ther-
mal pyrolysis reaction of cellulosic materials is
mainly first order with the activation energy in the
range of 150-250 kJ/mol (Conesa et al., 1995; De-
vallencourt et al., 1996; Huang and Li., 1998; Yuan-
wen and Dillimore., 1998). Also, Liu et al. (2003)
investigated the thermal pyrolysis behaviors of two
types of rayon fibers derived from wood pulp and



624 J. Chin. Inst. Chem. Engrs., Vol. 35, No. 6, 2004

and cotton pulp in the temperatures range of
200-500°C by thermal gravimetry (TG) and differen-
tial TG (DTG) in an argon atmosphere. Results ob-
tained by the iteration method indicated that both
types of rayon fibers have the same reaction order n
(0.9) and similar kinetic behaviors, comparable with
those of other cellulosic materials. Determined by the
modified Friedman equation, the values of activation
energy £ and frequency factor 4 of wood-derived
and cotton-derived rayon fibers are 231.57 and
231.26 kJ/mol, and 2.66 x 10*' and 1.78 x 10*' min™,
respectively (Liu et al., 2003).

The production of activated carbon from waste
rayon is one of the major areas under investigation
(Pastor ef al., 1999; Rodriguez-Reinoso et al., 2000a,
2000b; Huidobro et al., 2001). The pre-formed acti-
vated carbon derived from the pyrolysis of biomass
natural fiber textile waste was studied (Williams and
Reed, 2003). Viscose rayon cloth was carbonized
under a wide range of experimental conditions, in-
cluding carbonization procedures (Pastor et al.,
1999), carbonization on CO, activation (Rodriguez-
Reinoso et al., 2000b), isothermal stage near the de-
composition temperature (Rodriguez-Reinoso et al.,
2000a), decomposition in air atmosphere (Liu ef al.,
2002), physical activation (Rodriguez-Reinoso et al.,
2000a), and chemical activation (Huidobro et al.,
2001). Impregnation of viscous rayon fabric with
different chemicals modified the pyrolysis process.
Highest increase in yield corresponded to AICI; and
H;P0O,. H3PO, developed the widest microporosity,
while Na,HPO, produced a large development of
mesoporosity (Huidobro et al., 2001). Also, Kumar
et al. (1997) pointed out that the pyrolysis of phos-
phoric acid pretreated viscose rayon cloth under a
carbon dioxide atmosphere leads to widening of
pores above 850°C. Referred to the kinetic study of
decomposition of viscose rayon in the presence of
inorganic additives, Venkateswaran et al. (1990)
studied the effect due to the addition of ammonium
chloride, calcium chloride, and a mixture of calcium
chloride and ammonium chloride through thermo-
gravimetry. The changes in the values of activation
energy, order of reaction, and char yield were also
examined. For the adsorption effects of polar methyl-
ethyl-ketone (MEK) and non-polar benzene vapors
on viscose rayon-based activated carbon fiber (ACF),
Huang et al. (2002) studied the gas adsorption on the
samples by the gravimetric method and fitted the ad-
sorption isotherms by Dubinin-Radushkevich (DR)
equation. However, the experimental results indi-
cated that ACF with different pore texture and sur-
face composition exhibited different adsorption and
desorption behaviors for polar and non-polar vapors.
Other researches on the utilization of rayon included:
(1) synthesis of silicon carbide whiskers (SiC (w)) by
the pyrolysis of rayon fibers impregnated with sol-

gel-derived SiO, (Vasantha et al., 2000) and (2) oxi-
dative chemical polymerization of aniline by using
peroxydisulphate and peroxomonosulphate as initia-
tors in an acidic medium in the presence of rayon
fiber (Anbarasan et al., 2001).

The above studies provided some useful infor-
mation of resources utilization and kinetics of pyro-
lysis and thermal treatment of rayon, however, gave
no data about the detailed kinetic model of pyrolysis
of rayon. It is thus the aim of the present work to
study the thermal pyrolysis of rayon with the view-
point of providing a kinetic model considering the
pyrolysis of rayon, and formation of volatiles and
carbon residue fraction from the pyrolysis of rayon.
The pyrolysis is performed by the use of a dynamic
thermogravimetric (TG) reaction system at various
temperature-programmed constant heating rates (5)
of 5, 12, and 20K/min in nitrogen atmosphere. The
corresponding activation energies (E), frequency
factors (4) and reaction orders (n) of reactions (for-
mation of volatiles and carbon) are determined.

EXPERIMENTAL

Materials

The material sample used in this study is com-
mercial-grade rayon. Nitrogen gas for the purge gas,
with 99.99% purity, is purchased from the Ching-
Feng-Harng Co. Ltd. in Taipei, Taiwan. The obtained
rayon is first cut for 0.5 x 0.5 cm square size and
dried in a recycle ventilation drier for 2 h at 378K
before use. The moisture, ash, and combustible of
rayon are 11.36, 0.13, and 88.51%, respectively. The
elemental analysis of the rayon sample is listed in
Table 1. From Table 1, the molecular formula of the
rayon sample is CH; 490g93 with the H/C mole ratio
of 1.99.

Thermogravimetry

The thermogravimetric system (Shimadzu TGA-
51) used for the kinetic studies, which is the same as
that employed in the previous study (Shie et al.,
2002b), is schematically shown in Fig. 1. It mainly
consists of electrobalance and furnace units. Some
specifications of balance mechanism are: balance
type of taut band, capacity of 10 g, resolution of 1 pug
and accuracy of 1% of each measuring range. The
furnace unit has an electrically heated reaction tube
of 20 mm in inner diameter and 170 mm in length. A
sample (5 £ 0.5 mg) is placed in a Pt cell of 6 mm in
diameter and 2.5 mm in depth. The cell is then put on
a Pt sample pan that is hung by a quartz suspension
wire (155 mm long) and connected to the balance
mechanism. The temperatures of furnace reaction tube
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Table 1. Elemental analyses of rayon and solid residues
at different temperatures. Heating rate (f) =

5K/min.

Dry Rayon [— 700K : i 800K i
e | g | s
H (g:gg) (3:3451) 0.45 (332) 0.29
N (8) (g:g;) 1o ((1):82) 0.13
o | 5163 |[2327] 39 | 505 0.61
CH| 602 |27.59 38.47

100¢ 17¢ 12¢

* Based on mass of residue.

® Based on mass of initial dry rayon.

° Numbers in parentheses are standard deviations (o;_;).

¢ Mass ratio of residue to initial dry rayon, in wt%.
Units: in wt% for C, H, N, O; in wt/wt for C/H ratio.

8. Furnace
9. Condenser tubes
10. Constant temperature bath
11. to sample bag
12. Data acquisition
13. Personal computer

1. Nitrogen

2. Molecular sieve
3. Flow meter

4. Control board
5. Electrobalance
6. Sample disk

7. Thermocouples

Fig. 1. Schematic diagram of apparatus for pyrolysis
experiment (Shie et al., 2002b).

are in 373-1073K and controlled by a chromel-
alumel thermocouple placed 1-2 mm below the Pt
sample pan. The constant heating rates (/) used in
this study are 5, 12, and 20K/min, respectively. The
nitrogen gas with a known flow rate (e.g., 30
cm’/min at 101 kPa (1 atm) and 293K) is first intro-
duced into the balance mechanism and then to the
furnace reaction tube for at least 2 h for purging
purposes. After 2 h, the furnace unit is set at a specific
heating rate (5, 12, and 20K/min). Meanwhile, the data
acquisition unit, with sampling intervals of 1 s, is

processing throughout the entire run. The effluent
gas is cold-trapped at 298K and then collected by a
sample bag or vented to a fume hood. When the run
is finished, the nitrogen gas is kept flowing till the
temperature of the system is below 373K.

Sampling and elemental analysis

The lab-scale apparatus and detailed description
of experimental procedures for collecting the pyroly-
sis products of rayon are the same as those of the
previous studies (Chang et al., 2000; Shie et al., 2001;
Shie et al., 2002a). Several duplicate experimental
runs are performed in order to collect a suitable
amount of residues for analysis. The heating rate
employed for the analysis of pyrolysis residues is
5K/min. The mass of rayon used for the experiments
studying the pyrolysis residue is 500 + 0.5 mg. The
elemental analyses for the solid residues are made on
a Perkin-Elmer, Norwalk, CT 2400 elemental ana-
lyzer with 0.3 wt% accuracy. The elements of C, H,
and N are analyzed with Heraeus CHN-O-RAPID.

RESULTS AND DISCUSSION

Effects of heating rate and temperature on
pyrolysis of rayon

The residual mass fraction (M) of rayon during
pyrolysis is expressed on a normalized basis as

M=WIW,, (1)

where W and W, are the present and initial masses of
sample, respectively. The variation of M with reac-
tion temperature (7) is illustrated in Fig. 2. The re-
sults indicate that a higher heating rate gives a higher
value of M and thus a lower yield of volatiles ¥ de-
noted as M, with M, = W,,/W, =1 — M, where W, and
M, are the mass and mass fraction of volatiles V. The
pyrolytic reaction is significant in 600-700K. Ele-
mental analyses are performed in this study to ana-
lyze the solid residues at the final finished tempera-
tures of 700K and 800K. From the data of Table 1,
the molecular formula of residual mass at 700K and
800K are CHg.4400.24No.01 with the H/C mole ratio of
0.44 and CHg.3100.04No.01 with the H/C mole ratio of
0.31, respectively. Comparing the molecular formula
of the initial rayon sample of CH,¢90¢93 with the
H/C mole ratio of 1.99 with those of solid residues at
700K and 800K and noting the residual mass per-
centages listed in Table 1, one sees that the mole ratios
of H/C of initial rayon are greater than those of sam-
ples at 700K and 800K. The scanning electrostatic
microscope (SEM) photographs of front (50 and 1000
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Fig. 2. Comparison of residual mass ratio (M) predicted
by proposed pyrolysis model of rayon with ex-
perimental data at various heating rates (5). (A)
1: f=5K/min; , (x) 2: = 12K/min; (O) 3: f=
20K/min. Line: computed. Symbol: experimen-
tal. R\, Ry%, Ry® = 0.9936, 0.9937, 0.9949.

times) and back sides (50 times) of original rayon,
and of pyrolysis residues of rayon at 700K and 800K

are presented at Figs. 3(a), 3(b), and 3(c), and at Figs.

4(a) and 4(b), respectively. The surfaces of pyrolysis
residues of rayon still remain as smooth fiber types at
700K and 800K, however, the color is changed from
white to black. Therefore, it needs more vigorous
activation process for the purposes of preparation of
porous activated carbon. Meanwhile, the results in-
dicate that the adsorption amounts of nitrogen on the
pyrolysis residues are 0.97 and 1.05% based on the
mass of residues at 700K and 800K, respectively.
Further, it apparently appears that carbon is appeared
during pyrolysis process by comparing the SEM mi-
crographs of original rayon and its pyrolytic residues
shown in Figs. 3 and 4, respectively. Also from Ta-
ble 1, the weight fractions of C and H of rayon re-
duce from 41.49 and 6.89 to 12.43 and 0.45 at 700K,
and to 10.99 and 0.29 at 800K, respectively. There-
fore, both carbon devolatilization and dehydration
take place in the pyrolysis of rayon.

The variation of instantaneous reaction rate of
yield of volatiles (r = dM, /d¢) with temperature un-
der the three heating rates is presented in Fig. 5. The
peak rates can be identified from the rate curves. For
instance, the peaks occur at about 638, 651, and
663K with reaction rates of about 0.002178,
0.004554, and 0.00684 s™' for heating rates of 5, 12,
and 20K/min, respectively. A higher heating rate re-
sults in a higher peak value of reaction rate and a
higher temperature for its occurrence.

Kinetic parameters

Kinetic model

Due to the complicated reactions of pyrolysis of
rayon, many products which include the volatiles and
char as noted in the experiments, may be produced,

Fig. 3. The SEM micrographs of original rayon: (a)
front side of 50 times; (b) front side of 1000
times; (c) back side of 50 times.

and the pyrolysis would be composed of many com-
petitive sub-reactions. For simple engineering use,
these volatile products of sub-reactions may be
lumped as a pseudo-compound (V). The formation of
char (C) during the pyrolysis of rayon may be attrib-
uted to the competitive formation reaction. Thus, one
may reasonably adopt a two-competitive- reaction
kinetic model to represent the pyrolysis of rayon as:

Volatiles (V) (M,)
k
Rayon (M,) 1
ky
Char (C) (M.)

In the above reaction scheme, M, = W,/W, and M, =
W./W,, where W, and W,, and M, and M, are masses,
and mass fractions of residual rayon and char, re-
spectively. According to the conservation of mass,
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(a)

(b)

100KV X25,000 Tum WD 14.83mm

Fig. 4. The SEM micrographs of rayon residues after
being pyrolyzed to various temperatures: (a)
700K; (b) 800K.
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Fig. 5. Variation of instantaneous reaction rate of yield
of volatiles » (= dM, /d¢) with temperature T at
different heating rates for pyrolysis of rayon in
nitrogen. Other notations are the same as those
specified in Fig. 2.

W.=w,-W,-W, or W, =W, + W, + W, Dividing
by W, gives 1= M, + M, + M,.

According to the two-competitive-reaction py-
rolysis model and Arrhenius law, the solutions of
WiWe(=M=1-M), W,/W, (= M,) and W./W, (=
M) can then be solved. From Table 1, the ratio of
char to initial dry rayon at 800K, denoted as Wl W,,
is about 0.11, which is close to that of residue to ini-
tial dry rayon (M) of about 0.12, indicating that the
residue contains almost the char at 800K. Here, W,
denotes the mass of char at 800K.

For the pyrolysis reaction with T = 400-800K,
M, = (W, - W)W, and M. = W /W, at 800K while
M,= M_,=0 at T = 400K. Therefore, from the results

of Table 1, the values of M, and M, at 800K are 0.88
and 0.12, respectively. The foundation for the study
of kinetic data from the mass-loss curve (M =1 - M,)
is based on the following kinetic reaction rate equa-
tion

~dM /dt =dM, /dt =k f(M,), )

where rate constant k| = 4; exp (—E|/RT) and 4, and

E, are frequency factor and activation energy of
volatiles, respectively. Substituting g = d7/d¢ gives

_dM _dM, ; dMm,

de de dr

=k(1-M,-M)". (3)

The reaction rate equation of M, is

nd _ nd
dt =5 ar

=k,(1-M,-M)". @)

In the above expressions, M, and M, are total masses
fraction of volatiles and char after the pyrolysis, re-
spectively. Equations (3) and (4) indicate that the
formations of volatiles and char are both proportional
to the residual mass other than volatiles and char,
however, with different rate constants and exponents.
The quantities of interest are re-written as follows:

M=WIW,=1-M,=M, +M,, (5)
M, =W,IW,, (6)
M, =W,IW,, (7
M,=W.IW,. (®)

In Eqgs. (3) and (4), there are six kinetic parame-
ters (activation energies of £, and E,, reaction orders
of n; and n; and frequency factors of 4| and A4,) to be
determined.

Activation energy

The differential, iso-conversion method for de-
termining the activation energy of E) is employed in
this study. Taking natural logarithm of Eq. (2), one
obtains

In(dM, /dt) = In [ 4, f (M )]+ (~E,/ RY1/T). (9)

At the same M (= 1 — M,), the reaction temperatures
corresponding to the various heating rates with spe-
cific M are obtained from Fig. 2. Meanwhile, the
instantaneous reaction rates of yields of volatiles
corresponding to the reaction temperatures can be
deduced from Fig. 5. A straight line with
slope —E£,/RT is obtained by plotting In (dM, /dr) vs.
/T for every M. The activation energy corresponding
to the selected M can be obtained according to
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method of Friedman (1965). The activation energies
under various conversions are shown in Fig. 6. The
results indicate that the values of E; for the pyrolysis
of rayon are in the range of 150.2 to 214.78 kJ/mol
for yields M, ranging from 0 to 0.88. By taking the
arithmetic mean of activation energies for the pyro-
lysis of rayon at the range of M, = 0-0.88 (final vola-
tile formation fraction at 800K) yielding average ac-
tivation energy of 171.6 kJ/mol. Therefore, the
activation energy of volatile formation of £, is taken
as 171.6 kJ/mol. The activation energy of 171.6
kJ/mol of volatile formation from the pyrolysis of
rayon is comparable to those of 150-250 kJ/mol for
the pyrolysis of cellulosic materials (Conesa et al.,
1995; Devallencourt ef al., 1996; Huang et al., 1998;
Yuanwen et al., 1998). The activation energy of char
formation (E,) is related to M., which can not be
identified from the TG information of M including
M, and M,. Therefore, there is no direct method to
obtain the value of E; from the data of M. However,
one can indirectly get a reasonable value of E, using
the iteration method as described in the latter section.

Reaction order and frequency factor

The order of volatile formation reaction (n;)
from the pyrolysis of rayon can be assumed as that
from the pyrolysis of cellulosic materials of first or-
der (n = 1) (Conesa et al., 1995; Devallencourt et al.,
1996; Huang and Li, 1998; Yuanwen and Dillimore,
1998). The reaction order of s, of char formation
from the pyrolysis of rayon can be assumed as 1.5
similar to the char formation from the pyrolysis of
PVC (Stromberg et al., 1959; Wu et al., 1994) and of
PVA (Shie et al., 2002b). The referred papers
pointed out that the free radical chain reactions may
be the principal termination steps in char formation.
Referring to the same studies, the frequency factor of
char formation (4,) from the pyrolysis of rayon also
can be assumed as 5.6 x 10'2 s™ as that from the py-
rolysis of PVC and PVA (Stromberg et al., 1959; Wu

400
350
300

&
3

E; (kJ/mol)
g

3 8 8

(=]

Fig. 6. Activation energy E| vs. yield of volatile M, for
pyrolysis of rayon at heating rates of 5, 12,
20K/min, according to method of Friedman
(1965).

et al., 1994; Shie et al., 2002b). As for the frequency
factor of volatile formation (4;) from the pyrolysis
of rayon which is also related to M., again, there is
no direct method to obtain 4, from data of M. An
iteration method can then be employed to estimate a
reasonable value of 4, as noted below.

Estimation of E, and A, and simulation results

For the comparison of proposed model with ex-
perimental data, one needs to have the values of M,
and M, at the various T (= 400-800K). The lose-mass
fraction of pyrolysis of rayon gives M, (= 1 — M).
The production rates of ¥ and C from Egs. (3) and (4)
can be expressed as

dM, dM, "
ds :ﬂ_&—F:Al exp(-El/RT)(l_Mv _Mc) '

(10)
dM

(4 dMC n
% =0 T = A, exp(=E,/ RTYA-M,-M_)".
(1n

The initial conditions are

M=1, M,=0, M =0, at t=0(T =400K).
(12)

Because the constant heating rate is employed, Eqgs.
(10) and (11) can be solved by a forward finite dif-
ference method with the following equations.

M (T +AT)=M (T)+ AT x g~
x A exp(=E, / RT)[(1- M (T)- M _(T)]",  (13)

M (T +AT)=M_(T)+AT x 7'
x Ay exp(—E, | RT)[1- M (T)- M ().  (14)

The values of parameters of E\, ny, ny, and A4, are
obtained or estimated in the previous sections as
171.6 kJ/mol, 1, 1.5, and 5.6 x 102 57", respectively.
The other parameters, E, and A4; are obtained by
curve fitting with the results listed in Table 2. From
Table 2, the values of E; and 4, with the highest
value of average coefficients of determination (R?) at
three various values of § (5, 12, and 20K/min) are
191.8 kJ/mol and 4.3x10"" 57!, respectively. For fur-
ther identifying and refining the used value of fre-
quency factor of A,, the curve fitting results of vari-
ous A, values are listed in Table 3. The results
indicate that the original assumed value of 4, (5.6 x
10" s!) gives the best simulation result. Unques-
tionably, 4, of 5.6 x 10'? s' is the best acceptable
value. Finally, the parameters of the proposed
two-competitive-reaction kinetic model for describ-
ing the pyrolysis of rayon are listed in Table 4. A
comparison of residual mass fractions predicted by
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Table 2. Average coefficient of determination (R?) of 4, and E, by iteration method for pyrolysis of rayon.

5 4.7 4.6 4.5 44 4.3 4.2 4.1 4 3
0.9912 | 0.9923 - 0.9915 — 0.9900 - - 0.9845 —
- 0.9925 - 0.9923 - 0.9909 - - 0.9863 -
0.9931 | 0.9930 - 0.9932 - 0.9924 — — 0.9886 | 0.9464
0.9908 | 0.9931 - 0.9935 - 0.9930 — - 0.9898 ~
- - 0.9935 | 0.9937 | 0.9938 | 0.9937 [ 0.9932 - - -
- - 0.9934 | 0.9938 [ 0.9939 | 0.9938 | 0.9934 - - -
0.9896 | 0.9927 | 0.9933 | 0.9938 | 0.9939 | 0.9939 | 0.9936 - 0.9920 -
- - 0.9932 | 0.9938 | 0.9940 [ 0.9940 | 0.9938 | 0.9932 | 0.9925 -
— - 0.9930 | 0.9936 | 0.9939 | 0.9940 | 0.9939 | 0.9934 | 0.9927 ~
- - 0.9929 | 0.9935 | 0.9939 | 0.9941 | 0.9940 | 0.9936 | 0.9929 —
- - 0.9927 | 0.9934 | 0.9938 | 0.9940 | 0.9940 [ 0.9937 [ 0.9931 -
- - 0.9924 | 0.9931 | 0.9937 | 0.9939 | 0.9940 | 0.9936 | 0.9932 -
- — 0.9923 | 0.9930 | 0.9936 [ 0.9939 | 0.9940 | 0.9938 | 0.9933 —
- — 0.9920 | 0.9928 | 0.9934 [ 0.9938 | 0.9940 | 0.9938 | 0.9934 —

Table 3. Coefficient of determination (R?) of 4, refined
by iteration method for pyrolysis of rayon.

Table 4. Kinetic parameters of pyrolysis of rayon.

Pyrolysis Reactions
A, x10" Coefficient of Determination (R%) Volatile Formation| Char Formation
(s™) 5K/min 12K/min 20K/min Average Activation energy 171.6 191.8
5 0.9912 0.9933 0.995 0.9932 £y, B, (kJ/mol) '
5.1 0.9916 0.9934 0.9952 | 0.9934 Frequency factor 43 % 10V 5.6 102
5.2 0.9919 0.9935 0.9952 0.9935 A1, 42 (s7)
5.3 0.9922 0.9936 0.9952 0.9937 Reaction order 1 15
5.4 0.9925 0.9937 0.9951 0.9938 Ny, N
5.5 0.9927 0.9937 0.9951 0.9938
5.6 0.9936 0.9937 0.9949 0.9941
5.7 0.9931 0.9937 0.9948 0.9939 . . .
58 0.9933 0.9936 0.9946 0.9938 of rayon in argon instead of nitrogen. Also, the rayon
59 0.9935 0.9936 0.9943 0.9938 used by them was prewashed by warm distilled water.
6 0.9936 0.9934 0.9941 0.9937 Further, the compositions of rayon from various
6.5 0.994 0.9923 0.9923 0.9929 sources may be different. Thus, due to these reasons,
7 0.9938 0.9905 0.9897 0.9913 the direct comparison of their results with ours,

the proposed model with those obtained by experi-
ments is shown in Fig. 2, indicating satisfactory
agreement. To verify the applicability of kinetic pa-
rameters and the validity of the proposed model, the
coefficient of determination is examined for the
range of 0.05 < M < 0.85. The values of R* are
0.9936, 0.9937, and 0.9949 for the heating rates of 5,
12, and 20K/min, respectively. This supports the va-
lidity and practical applicability of the proposed sim-
ple two-competitive-reactions kinetic model for de-
scribing the pyrolysis of rayon without specifying the
detailed chemical reactions involved. This supports
the validity and practical applicability of the pro
posed simple two-competitive-reactions kinetic model
for describing the pyrolysis of rayon without speci-
fying the detailed chemical reactions involved. It is
noted that Liu e al. (2003) had studied the pyrolysis

which does not seem appropriate, are not made.

From Fig. 2, it is noted that different heating
rates result in the similar masses of char formed after
700K, indicating that heating rate obviously does not
affect the finial production of char (M, = 0.17, 0.18,
and 0.18 at 700K for g = 5, 12, 20K/min, respec-
tively). The reaction order of n, of 1.5 indicates that
the free radical chain reactions may be the principal
termination steps to give an overall reaction of
reaction 2 (Stromberg et al., 1959; Wu et al., 1994;
Shie et al., 2002b). The obtained kinetic parameters
can be used to solve for Egs. (13)-(14) to get the
product yield distributions of M, and M, in the ex-
amined temperature range. The predicted product
distributions (M,, M., and M with M = 1 —~ M,) at the
heating rate of 5K/min are shown in Fig. 7. The ki-
netic parameters proposed in this study have good
simulation results.
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Fig. 7. Computed values from proposed model and ex-
perimental data of mass fraction of solid (M),
and computed values of mass fractions of vola-
tiles (M,) and char (M,) for pyrolysis of rayon at
heating rate of SK/min. Line: computed. Symbol
(A): experimental.

Implication of kinetic models and variation with
heating rates

The two-competitive-reaction kinetic model
proposed herein for the pyrolysis of rayon is simple
for the engineering use. The detailed intrinsic reac-
tion scheme should be rather complex and would
need further study to elucidate it.

Further from this study, a higher heating rate
gives a higher value of the residue mass fraction at
the same reaction temperature and thus a lower vola-
tile formation. A higher heating rate also results in a
higher peak value of reaction rate of volatile forma-
tion and a higher temperature for its occurrence. For
the rayon initially subjected to a high temperature
(say 800K), one may regard the situation as a special
case of employing extremely high heating rate with a
set ceiling temperature. Thus, according to the two-
competitive-reaction kinetic model and the role of
heating rate on yield and reaction rate of volatile
formation, the product spectrum would be different
for the cases with different heating rates and pre-set
ceiling temperatures. Hence, the proposed kinetic
model provides useful information for the proper
design and operation of the pyrolysis system of
rayon.

Kinetic studies are often performed by noniso-
thermal thermogravimetric analysis (TGA). Obvi-
ously, it is difficult to distinguish the mass signal
versus time or temperature into complex reaction
systems (Boldyreva, 1987). Nevertheless, TGA data
can still provide essential knowledge for establishing
the kinetic expressions of formation of volatiles as a
whole and of char for the technical and engineering

purpose.

CONCLUSION

The pyrolysis of rayon is carried out by a TGA
reaction system in nitrogen atmosphere. A two-
competitive-reaction kinetic model is proposed to
predict the experimental results. The two competitive
(parallel) reactions correspond to the formation of
volatiles and char, respectively. The activation ener-
gies, frequency factors and reaction orders are de-
termined for these two competitive reactions under
experimental conditions. This study greatly assists
the resource recovery of rayon as an energy resource
and new carbon sources.

NOMENCLATURE

A frequency factor, s™'

A frequency factor of volatile, !

A> frequency factor of char, s™

E activation energy, kJ/mol

E) activation energy of volatile, kJ/mol

E, activation energy of char, kJ/mol

ki, ko Arrhenius rate constant of
two-competitive-reaction kinetic model,
k= A exp (-E/RT)

n reaction order

ny reaction order of volatile

n2 reaction order of char

M residual mass fraction

M, mass fraction of char

M, mass fraction of residue (rayon)

M, mass fraction of volatile

R universal gas constant, kJ/mol-K

R? coefficients of determination

r instantaneous reaction rate, 7!

T temperature, K

t reaction time, s

w present mass of sample, mg

W, mass of char, mg

Wer mass of char to initial dry rayon at 800K,
mg

w, initial mass of sample, mg

w. mass of residue (rayon), mg

w, mass of volatile, mg

Greek symbol

Jij temperature-programmed constant heat-
ing rate, K/min

Acronyms

ACF
DTG

activated carbon fiber
differential thermogravimetric
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DR Dubinin-Radushkevich

MEK methyl-ethyl-ketone

TG thermogravimetric

TGA thermogravimetric analysis

SEM scanning electrostatic microscope
REFERENCES

Anbarasan, R., J. Jayaseharan, M. Sudha, J. L. Devi, P. V.
Nirmala, and A. Gopalan, “Peroxosalts Initiated Graft
Copolymerization of Aniline onto Rayon Fiber - A Kinetic
Approach,” J. Appl. Polym. Sci., 81(2), 468 (2001).

Boldyreva, E. V., “Problems of the Reliability of Kinetic Data
Evaluated by Thermal Analysis,” Thermochim. Acta, 110,
107 (1987).

Chang, C. Y., J. L. Shie, J. P. Lin, C. H. Wu, D. J. Lee, and C.
F. Chang, “Major Products Obtained from the Pyrolysis of
Oil Sludge,” Energy Fuels, 14, 1176 (2000).

Conesa, J. A., J. A, Caballero, A. Marcilla, and R. Font,
“Analysis of Different Kinetic-Models in the Dynamic
Pyrolysis of Cellulose,” Thermochim. Acta, 254, 175
(1995).

Devallencourt, C., J. M. Saiter, and D. Capitaine, “Charac-
terization of Recycled Cellulose: Thermogravim-
etry/Fourier Transform Infra-Red Coupling and Thermo-
gravimetry Investigations,” Polym. Degradation Stab., 52,
327 (1996).

Friedman, H. L., “Kinetics of Thermal Degradation of Char -
Forming Plastics from Thermogravimetry,” J. Polym. Sci.,
6, 183 (1965).

Huang, M. R. and X. G. Li, “Thermal Degradation of Cellu-
lose and Cellulose Esters,” J. Appl. Polym. Sci., 68, 293
(1998).

Huang, Z. H., F. Y. Kang, Y. P. Zheng, J. B. Yang, and K. M.
Liang, “Adsorption of Trace Polar Methy-Ethyl-Ketone
and Non-Polar Benzene Vapors on Viscose Rayon-Based
Activated Carbon Fibers,” Carbon, 40(8), 1363 (2002).

Huidobro, A., A. C. Pastor, and F. Rodriguez-Reinoso,
“Preparation of Activated Carbon Cloth from Viscous
Rayon: Part IV, Chemical Activation,” Carbon, 39(1), 389
(2001).

Kumar, K., R. Kothari, and J. N. Bohra, “Effect of Reactive
Atmosphere and Maximum Heat Treatment Temperature
on Char Characteristics of Pyrolyzed Rayon Cloth,” Car-
bon, 35(5), 703 (1997).

Liu, N. A,, W. C. Fan, R. Dobashi, and L. S. Huang, “Kinetic
Modeling of Thermal Decomposition of Natural Cellulosic
Materials in Air Atmosphere,” J. Analytical Applied Py-
rolysis, 63(2), 303 (2002).

Liu, Q. F,C. X. Ly, Y. H. Li, Y. G. Yang, F. He, and L. C.

Ling, “An Investigation of the Non-Isothermal Pyrolysis
of Two Types of Rayon Fiber in an Inert Atmosphere,”
New Carbon Materials, 18(4), 305 (2003).

Pastor, A. C., F. Rodriguez-Reinoso, H. Marsh, and M. A.
Martinez, “Preparation of Activated Carbon Cloths from
Viscous Rayon: Part I, Carbonization Procedures,” Car-
bon, 37(8), 1275 (1999).

Rodriguez-Reinoso, F., A. C. Pastor, H. Marsh, and M. A.
Martinez, “Preparation of Activated Carbon Cloths from
Viscous Rayon: Part II, Physical Activation Processes,”
Carbon, 38(3), 379 (2000a).

Rodriguez-Reinoso, F., A. C. Pastor, H. Marsh, and A. Hui-
dobro, “Preparation of Activated Carbon Cloths from
Viscous Rayon: Part III, Effect of Carbonization on CO,
Activation,” Carbon, 38(3), 397 (2000b).

Shie, J. L., C. Y. Chang, J. P. Lin, D. J. Lee, and C. H. Wu,
“Liquid Products from Oxidative Thermal Treatment of
Oil Sludge with Different Oxygen Concentration of Air,”
Water Sci. Technol., 44(10), 349 (2001).

Shie, J. L., C. Y. Chang, J. P. Lin, D. J. Lee, and C. H. Wu,
“Effects of Oxygen Concentration of Air and Temperature
on Gas Emission and Solid Residue from Oxidative Ther-
mal Treatment of Oil Sludge,” J. Chin. Inst. Environ. Eng.
(Taiwan), 12(1), 65 (2002a).

Shie, J. L., Y. H. Chen, C. Y. Chang, J. P. Lin, D. J. Lee, and
C. H. Wu, “Thermal Pyrolysis of Polyvinyl Alcohol and
Its Major Products,” Energy Fuels, 16(1), 109 (2002b).

Stromberg, R., R. Straus, and B. G. Achhammer, “Thermal
Decomposition of Poly(vinyl Chloride),” J. Polym. Sci.,
35, 355 (1959).

Vasantha, R., P. Virendra Kumar, D. Sanjay, B. Om Prakash,
and D. Urmila, “Synthesis of Silicon Carbide through the
Sol-Gel Process from Rayon Fibers,” J. Am. Ceram. Soc.,
83(4), 952 (2000).

Venkateswaran, R., S. Babu, S. S. Kumar, M. A. Pillai, and P.
V. Sharma, “Thermal Decomposition of Viscose Rayon in
the Presence of Inorganic Additives - A Kinetic Study,” J.
Appl. Polym. Sci., 41(11-12), 2783 (1990).

Williams, P. T. and A. R. Reed, “Pre-formed Activated Car-
bon Matting Derived from the Pyrolysis of Biomass Natu-
ral Fibre Textile Waste,” J. Analytical Applied Pyrolysis,
70, 563 (2003).

Wu, C. H, C. Y. Chang, J. L. Hor, S. M. Shih, L. W, Chen,
and F. W. Chang, “Two-Stage Pyrolysis Model of PVC,”
Can.J. Chem. Eng., 72, 644 (1994),

Yuanwen, W. and D. Dillimore, “Kinetic Studies of Thermal
Degradation of Natural Cellulosic Materials,” Thermochim.
Acta, 324, 49 (1998).

(Manuscript received Apr. 20, 2004, and accepted Aug. 20, 2004)



632 J. Chin. Inst. Chem. Engrs., Vol. 35, No. 6, 2004

Rayon #KmEE IR EI—E) DB R

HEE RER BRZER
B A SRR TR R R AT

R
B ERASRETESER

MEF
MR R R TSR

BRIk
RERSRETEER

m R

Rayon RHIRAREBEBMEITEMBERZHEANESR - TEMNTREEE  RIRKIREE - B T ERRBEERFEL
89 rayon 7EREEEYIHGERABILERSY o 4 rayon B BH FAYE > WHESFEEEY - BSHEEIE R » R RATDUER
BRI EAE - B LIEIERAEFA - 5B REE TN A rayon 2 F7T > WELARE BRI ES NTE -
IR FABE S TEETT rayon BEUEIFE - Rayon ER FEIRE 378-800K RAHRIESR 5+ 12 ~ 20K/min T » HEZHER
FEEN A ACA 5 (W) RPEZL FEEN B RE R EE R RERNELTS - ERRRC KEB IS %]
SRFERE  IELEEE » 171.6 F1191.8 kl/mol 5 RFERS n > 171 1.5 BIERKTF 4+ 4.3 x 10 F0 5.6 x 10'2s7! o 5
A LR EER rayon BASUE RHERETIRE 2 255 -



