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The pyrolytic process in preparing rayon into activated carbon fiber was studied by ther-

mogravimetric analyses (TGA) and differential thermal gravimetry (DTG). For the promotion
of the pyrolytic reaction and increment of carbonization yield, impregnants including phos-
phoric acid (PA) and its three ammonium salts, as well as the ammonium sulfate (AS), are
added respectively for best resultant both air and nitrogen atmospheric environments. The

TGA and DTG curves for different cases— various combinations of impregnants and envi-
ronment—are examined and some features from the curves are selected to characterize each
curve more efficiently. The influence of the impregnants as well as the atmospheric conditions

are investigated and some useful conclusions are drawn, which are deemed critical in quality
control of the resultant activated carbon fibers.
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1. INTRODUCTION

Activated carbon fiber (ACF) has been exten-
sively studied and produced on a commercial scale
for several decades since it first appeared in the 1960s.
Owing to its special porous structure and associated
excellent absorption and desorption properties, ACF
has attained considerable importance in many high
technological areas [1–2]. Yet its wider applications
are still limited by their high cost. Rayon fiber is
currently a major raw material for producing ACF in
industry since manufacturing processes are both
simple and easily controllable.

The commonly used processing technologies in
ACF production from rayon generally consist of four
steps: impregnation of the rayon with chemicals;
oxidation in air at lower temperature (<300�C);
carbonization under the protection of nitrogen at
300–900�C; and finally activation with water steam or
carbon dioxide at 700–1200�C [3–4]. In other words,
the cellulosic macromolecules of rayon are translated
into carbon by impregnation, oxidation, pyrolysis or
carbonization successively so that numerous pores are
formed on the surface of carbon (fiber) by activation.
For the final product, the yield of carbon in theory is
44.5%. However, in reality fierce thermal decomposi-
tion of rayon produces other volatile substances such
as carbon dioxide, aldehydes, organic acids and tars
[5–6], which greatly reduce the yield. Nevertheless, a
pyrolyticmechanism canbe significantlymoderated by
adding proper chemicals (impregnants or flame retar-
dants) [6–7] so as to reduce the burning loss thereby
improving the yield and properties of the products and
achieving higher efficiency and lower cost [8–10].
Therefore, selection of suitable impregnants material
for this purpose is essential for the entire process.
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Many studies in rayon-carbon fiber conversion
have been conducted [11–12]. Yet, there have been
relatively few reports on the effect of the impregnants
on conversion yield. There are many chemicals that
may be used as impregnants for rayon-based acti-
vated carbon fiber (RACF), and manufacturers select
the impregnants based solely on empirical observa-
tion; in fact, nearly all select Lewis acids, which can
also serve as flame retardants for cellulosic materials
and have hence been studied widely for many years
for that purpose[13]. But strong acidic retardants
could easily result in the formation of levoglucosan, a
carbon-containing volatile substance [6], thus lower-
ing the carbon yields for manufacturing RACF.

In general inorganic phosphates and sulfates
with nitrogen have better flame retardant effects;
however, which ones work better for ACF during
heat treatment from 150�C to 800–1000�C have not
been reported systematically.

Among the impregnants or burning retardants
for RACF process, phosphate and ammonium salts
are often used [2, 8], particularly dibasic ammonium
phosphate (DAP) [(NH4)2HPO4] and ammonium
dihydrogen phosphate (ADP) [NH4H2PO4]. Never-
theless, it is not clear (a) why these two salts are more
favored over other compounds, (b) how these salts
affect the yields and the specific surface areas of ACF
produced, and finally (c) which one of the two types
performs better? These are the major issues in the
present work. More specifically, we will examine the
effects of impregnants such as DAP, ADP, ammo-
nium phosphate (AP) [(NH4)3PO4], phosphoric acid
(PA) [H3PO4] and ammonium sulfate (AS)
[(NH4)2SO4] in air and nitrogen environments.

Previously, the differential thermal analysis
(DTA) and differential scanning calorimetry (DSC)
have been used to investigate the thermal behaviors
of flame retardants [14]. Thermogravimetric analysis
(TGA) and differential thermal gravimetry (DTG)
were also used to provide clues to cellulose pyrolysis
[3, 15–16]. Nevertheless, there is still no clear rela-
tionship between the features on the DSC or DTG
curves and the carbon yield for ACF. Actually, when
tested by TGA, the heat treatment of rayon for ACF
at lower temperatures (<300�C) in air is very similar
to the decomposing process in air of an organic
polymer. Moreover, the TGA can determine the ACF
yield rapidly for different samples. Therefore, by
analyzing the effect of phosphoric acid and the
aforementioned ammonium salts, we hope to estab-
lish a relationship between the impregnants and the
yields and quality of ACF that will be helpful in ACF

quality control and, hopefully, in finding new and
more efficient impregnants.

2. EXPERIMENTAL

2.1. Preparation of Samples

Non-woven felt strips of rayon were collected as
the raw material and were cleaned with water, dried,
and soaked for 3 h in baths of different impregnant
solutions with the same concentration; i.e. 3.5 wt%.
The entire process follows the widely adopted route
in fireproof treatments where cellulosic fabrics are
pre-treated with retardants and the amount of
retardant absorbed ranges generally from 5 to 20%
[9, 13] based on the weight of fabric. The processes of
the burning retardant finish generally consist of the
following procedures: the impregnants are first dis-
solved in water; next the rayon specimens are
impregnated in the solutions, pressed and dried at
100–120�C; then curing occurs in an oven at 150–
190�C for 5–30 min. The retardants or impregnants
generally used include inorganic and organic chem-
icals such as DAP, ADP, borax, THPC
[P(CH2OH)4Cl], APO [((CH2)2N)2PO], Pyrovatex
CP (Ciba-Geigy Ltd.), Cyagard RF-1 (Cyanamide
Ltd.), etc. A larger amount of impregnants slows
down the pyrolysis and hence increases the carbon
yield. To ascertain the sensitivity of the relationship
between the amounts of different impregnants and
yield, a lower concentration was preferred.

The bath ratio is 1:40 w/w (rayon weight/solu-
tion weight, which is a common ratio used in
industry) [9, 13]. The rayon strips were drawn,
pressed to remove excessive solution, dried at
120�C, and finally cut into small samples for TGA.

2.2. Preparation of ACF

The pre-treated rayon strips were put into an
oven in air and held for 30 min at each of the
following temperature stages: 175�C, 205�C and
245�C. The strips were removed from the oven at
the end of each temperature stage while the oven was
heated to the next temperature. Afterwards, the strips
were placed into a tubular stove with slit-ends for
carbonization in nitrogen. Again they were kept for
30 min at each of the following temperatures: 350�C,
550�C and 850�C. The strips remained in the stove
during the temperature elevation (heating rate, 30�C/
min). The ACFs were made after the strips were
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finally treated in the stove with water (steam) at
900�C for 20 min.

2.3. TGA analysis

The TGA analysis takes place during the oxida-
tion and carbonization using aTMA-7 system (Perkin-
Elmer Ltd., USA) at a heating rate of 20�C/min.

2.4. Yields Analysis

Yield is defined as the ratio of the weight of the
strips after thermal treatment (carbonization and
activation) and before pre-treatment in the impreg-
nant solutions. Since the rayon specimen and
absorbed impregnants will gradually decompose
and generate some volatile substances that escape
during heating, the ratio (yield) should be less than
100% except at low temperatures where the remaining
impregnants make it possible for the yield (by
definition) to exceed 100%. To eliminate this case,
the treatment temperature should exceed 600�C for
more than 0.5 h so the impregnants can be com-
pletely burned away [8, 17] and true yields are
obtained.

2.5. Specific Surface Area Measurements

(SBET, m
2/g)

The specific surface areas of the ACFs were
measured using the BET method (e.g., physical
absorption of nitrogen at )196�C according to the
GB2596-81 test; National Standard in China).

3. RESULTS AND DISCUSSION

Generally, fast pyrolysis is non-beneficial to the
formation of solid (textured or aromatic) carbon from
rayon or poly(acrylonitrile) (PAN) and could acceler-
ate side-reactions to release volatile carbon-containing
substances that lead to low yields. TGA is often
considered an effective method for determining the
thermal stability of organic macromolecules. On
the basis of relative decomposition temperatures and
the shape of DTG curves, a preliminary evaluation of
pyrolytic reactions can be accomplished. Relatively
deeper and narrower peaks reflect faster reactions;
and, weight losses are likely to be greater so that lower
carbon yields result. Conversely, flatter pyrolytic peaks
show moderate reactions and consequently result in
higher carbon yields. Therefore, the effect of pyrolysis
of rayon using different impregnants can be quantified

by using TGA, DTG. Thermal decomposition (weight
loss) and the rate of weight loss can be used to compare
the relative yields of carbonization.

3.1. Pyrolytic Behaviors of Rayon Treated with DAP

and ADP

Figure 1 represents the TGA and DTG curves in
air and nitrogen, respectively, of rayon treated with
DAP. The thermal decomposition of rayon takes
place between 150�C and 250�C in both environ-
ments, with weight losses in air to 53% at 250�C and
58% at 300�C. When the treatment temperature is
between 250�C and 500�C, the shape of the curve in
the air is similar to that in nitrogen. However, the
shapes of two curves near 200�C are different. A
sharper drop in a nitrogen atmosphere indicates that
a more drastic thermal decomposition reaction takes
place and that rayon decomposes more rapidly in
nitrogen than in the air. The more rapid the pyrolysis,
the greater the amount of volatiles generated (i.e.
carbon dioxide, aldehydes, organic acids) and the
lower the ACF yield. The presence of oxygen (air) is
favorable for a higher ACF yield.

On the other hand, rayon is thermally cracked
after treatment with ADP in both air and nitrogen
(Fig. 2). In contrast to the DAP case (Fig. 1), the
shape of the TGA and DTG curves are nearly
identical in both environments from 50–500�C. The
presence of oxygen (air) does not noticeably affect the
pyrolysis process. The most rapid pyrolytic reaction
still occurs near 200�C and the weight loss in air is
54% at 250�C and 59.4% at 300�C. Relative to the
DAP treated material, the ADP pyrolysis peak is
somewhat sharper and the yield is lower.

p p ( )

Fig. 1. TGA and DTA curves of rayon treated by dibasic ammo-

nium phosphate (DAP).
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3.2. Pyrolytic Behaviors of Rayon Treated with AP

and PA

Pyrolytic degradations of rayon impregnated
with AP and PA in air and nitrogen are shown in
Figs. 3 and 4, respectively. The major degradations
occur between 150–300�C. The weight losses (in air)
at 300�C are 64.4% (AP) and 57.8% (PA), respec-
tively. In general, the shapes of the pyrolysis peaks
are sharper and, in the case of AP, deeper. However,
air has not a noticeable affect on peak heights,
gradients and positions. The reaction of the AP-
containing material overall proceeds more vigorously
and with a lower carbon yield, as expected.

3.3. Pyrolytic Behaviors of Rayon Treated with AS

vs. No-impregnants

When treated with AS, rayon samples exhibit a
completely different pyrolytic process compared to

DAP, ADP, AP and PA (Fig. 5). Two pyrolytic
peaks are observed from 150–300�C. The maximum
weight loss at 300�C is 66%. The main peak is both
steeper and deeper, and its position is moved to a
lower temperature (187�C). Almost no effect occurs
in air on the main peak; however, noticeably there is a
reduction in the subsidiary peak at 250�C. The
degradation reaction appears to be fast and leads to
lower yields.

Although the maximum cracking temperature
(i.e., the position of the main peak on the temperature
axis) is about 10–30�C lower than those displayed in
Figs. 1–4, the yield is less. It seems that the rate of
weigh-loss during the pyrolysis, as reflected by the
gradient of the peak, correlates more closely to the
yield of carbonization than to the pyrolytic temper-
ature.

With no impregnation, a very high temperature
must be supplied to overcome the activation energies

Fig. 2. TGA and DTA curves of rayon treated by ammonium

dihydrogen phosphate (ADP).

Fig. 3. TGA and DTA curves of rayon treated by ammonium

phosphate (AP).

Fig. 4. TGA and DTA curves of rayon treated by phosphoric

acid (PA).

Fig. 5. TGA and DTA curves of rayon treated by ammonium

sulfate (AS).
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of the reaction to break the C–OH, C–H and C–O–C
bonds in the cellulosic molecules for the pyrolysis of
rayon. Once the critical temperature is attained, the
pyrolytic cracking reactions occur, but in a more
vigorous manner. Under severe conditions, a large
amount of pyrolysates is formed causing an extremely
low yield. Figure 6 (solid line) illustrates such a case
in which drastic reactions take place at high temper-
ature. The curves in air and in nitrogen are basically
identical, as reported previously [18–19]. Moreover, a
second peak appears at 349�C, and a maximum
cracking temperature occurs as high as 272�C. The
peak height is 1.7 to 3 times as much as those in
Figs. 1–5, indicating that the cracking reaction is
extremely intense. When the rayon sample is heated
to 400�C, the weight loss is almost complete (ca.
95%), as expected. In general, the impregnants
decrease the pyrolytic temperatures and lead to
flatter, smaller and sometimes multiple cracking
peaks; i.e., they moderate the degradation reactions
and increase the yields of carbonization.

3.4. Analysis of DTG Curves and Predicted Yields

The shapes of cracking peaks can be character-
ized by the ratio of the peak height to the peak half-
height width ( H

W =2). The definition of H and W/2 are
shown in Fig. 6 (dash line); the larger value of the
ratio, the steeper and thinner the peak. Based on the

values of the ratio and the corresponding positions
(temperatures) of the main cracking peaks from
Figs. 1–6, the yield order can be determined (Table I).

In studies of flame-retardants, it is well known
that nitrogen and phosphorus atoms are synergistic
[13, 20]. For example, DAP is a highly effective flame
retardant for its N/P ratio [21]. There are several
reaction mechanisms to explain this phenomenon
[13]. For instance, retardants can act by promoting
the pyrolysis and carbonization of cellulose. In this
case, the impregnants work in a similar manner to a
fire retardant and, as a result, DAP affords the
highest carbonization yield.

3.5. Yields of Rayon with Different Impregnants after

Oxidation, Carbonization and Activation

In carbon fiber manufacturing from PAN or
rayon, it is difficult for the pyrolytic reactions to be
carried out evenly throughout the fiber. It is well
known that the heating rate plays a significant role on
carbon yields during pyrolysis [9–10]. The yields
shown in the TGAs are all extremely low (5–20%)
because of the very high heating rate (20�C/min).
Temperature elevation in industry is gradual and the
process is usually carried out in a step-by-step
fashion. Consequently, TGA conditions do not
parallel industrial practice. Moreover, residues from
impregnants below 500�C in the TGA experiment
add error to the yield. It has been verified in tests that
when the treatment temperatures are above 600�C for
more than 0.5 h, impregnants are almost completely
volatilized [8, 17]. Hence, the yield results from the
above experiments must be corrected.

ACF is prepared according to the procedures
described above. The strips are non-woven rayon
felt with 50·300·4 mm (width · length · thickness).
The experimental conditions and results are sum-
marized in Table II. It can be seen that the lowest
yield occurs using PA at 175�C. This may be a
result of the relatively high acidity of the PA
solution (pH, 4), the hydrogen cations of which
effect more easily the decomposition and dehydra-
tion of the cellulosic chains at lower temperature.
When the temperature reaches 245�C, the yield

Fig. 6. TGA and DTA curves of rayon with no impregnants

treatment.

Table I. The Ratio of H
W=2

and Expected Order of Yield

Ratio H
W=2

0.2895 0.3072 0.5295 0.7064 1.5064 1.9812

Order of yield DAP ‡ ADP > PA > AP >> AS >> No impregnants
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spread is less (56.5–60.4%) and the rayon samples
lose nearly half of their original weight. However,
the thermal cracking reaction with no impregnants
begins at 245�C with a yield of 89.7%. Moreover,
the reaction takes place vigorously once the tem-
perature reaches 350�C, and leads to the largest
weight lose (yield, 25.8%). Phosphoric acid and its
ammonium salts as impregnants give good results
(yield, 50% at 350�C), whereas AS gives the poorest
results.

If the sample strips are kept at 850�C for 30 min,
the pyrolysis and carbonization reactions end.
Miscellaneous elements (e.g. H, O) other than carbon
in the cellulosic molecules are essentially exhausted,
as are the impregnants. The effectiveness of various
impregnants can hence be evaluated by the yields of
the rayon carbonization. The yield data at 850�C
(Table II) are consistent with the order listed in
Table I by TGA.

The RACF data on yields and specific surface
areas (SBET) are summarized in Table II. DAP
gives the highest yield with the largest specific
surface area. In practice, yield is often found to be
inversely related to the specific surface area. Thus,
in both yield and specific surface area DAP is
excellent for preparing RACF; ADP and PA are
fair, AP is slightly worse, AS is marginal, and no
impregnants is the worst.

4. CONCLUSIONS

The presence of air (oxygen) is favorable using
DAP as an impregnant in rayon to enhance the
carbonization yield by pyrolytic decomposition.
Little effect is observed with ADP, PA, AP, and AS
impregnants. In the formation of ACF from rayon,

DAP is best giving the highest yield and largest
specific surface area; ADP and PA are good, AP is
fair, and AS is the worst. However, all the impreg-
nated materials increase the ACF yield relative to the
absence of an additive.

A peak shape on a DTG curve can be charac-
terized by the ratio of its height to the half-height
width ( H

W=2
). An impregnant that displays a flat TGA-

DTG peak, i.e., a low H
W=2

ratio, indicates high yields
of ACF from rayon and may be used to diagnose
effective materials as impregnants.
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