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Introduction
Pyrolysis of cellulosic materials is one of the traditional
and widely used methods for producing various carbon
adsorbents and catalyst supports [1]. However this process is associated with considerable losses in carbon (in
form of volatile and/or tar-like products) and is characterized by relatively low char yields. The production of
char is enhanced by low pyrolysis temperatures with slow
heating rates, and higher pressures [2,3], but exact synthetic processes leading to char formation as well as the
structure of the char still remain unknown. Some increase
in char yield can be reached by decomposing cellulosic
materials in the presence of inorganic acids [4], bases [5],
metal chlorides [6] or ammonium salts [7]. Unfortunately, systematic studies on catalytic effects of different
inorganic additives on the cellulose pyrolytic degradation
were not still practically performed. Previously [8] the
influence of Mo (VI), V (V), W (VI), B (III) and K (I)
additives on carbonization of viscose fibers has been investigated. It has been shown that efficiency of the above
dopants in charring reactions decreases in parallel with
the drop in their acidity properties (estimated from the
electronegativity values of these ions), excepting W (VI)
species characterized by decreased dehydration activity
at low temperatures of pyrolysis.
In the present work temperature-programmed pyrolysis
combined with simultaneous continuous chromatographic
analysis of gaseous products (H2O, CO2, CO) evolved in
the range 20 ¸550oC has been employed to study thermal
transformations of some (NH4)2Cr2O7-doped cellulosic
materials during their carbonization.

aqueous solutions containing different amounts of
(NH4)2Cr2O7 (250 ml; 0.0005-0.5 M). The preparations
in Erlenmeyer flasks were agitated on a mechanical
shaker for periods of up to 24 h before filtering and determining the final chromium contents. The chromium
contents in the EA samples were determined spectrocolorimetrically by difference between optical densities of
the fresh and used ammonium dichromate impregnating
solutions. These measurements were made with a spectrocolorimeter Spekol-220 (Carl Zeiss Jena, Germany) at
l = 430 nm.
Temperature-programmed pyrolysis of cellulosic materials was carried out with the apparatus assembled on the
base of a conventional gas chromatograph (Tsvet-100,
Russia), which was equipped with a standard pyrolytic
attachment [9]. This method is based on the principle of
sequential removing of separate constituents from a gas
mixture (by their condensation or trapping with selective
adsorbents), followed by analysis of residual gas flows
after each step of the component elimination. A schematic view of the temperature-programmed pyrolysis
setup is depicted in Fig. 1. The samples (5 mg) placed
into a quartz reactor were pyrolyzed in a flow of He (25
ml/min) in the range 20-550oC with a linear heating rate
of 10oC/min. H2O, CO2 and CO were the main gaseous
pyrolysis products.

Experimental
(NH4)2Cr2O7-containing cellulosic samples were prepared by dry impregnation (series DI) or equilibrium
adsorption (series EA) of microcrystalline cellulose
(MCC) powder with aqueous solutions of ammonium
dichromate, followed by drying of the supported materials at 110oC for 4 h. In the case of the DI samples, the
impregnating solutions were prepared with calculated
amounts of (NH4)2Cr2O7 to obtain the required chromium
concentration immediately after drying of the MCCs. The
EA samples were prepared by soaking MCC into the

Figure 1. Schematic diagram of the setup for continuous analysis of cellulose pyrolysis gaseous products:
TCD  thermal conductivity detector; FID  flame
ionization detector.

Char yield measurements were performed using the same
temperature-programmed setup (as in the case of
temperature-programmed pyrolytic experiments). These
experiments were carried out at the same operating
conditions but with sample charges of ~ 15-16 mg. Char
yields were calculated on the dmmf (dry mineral mattrerfree) base as weight percentages of coke formed during
heating of modified cellulose samples up to 550oC. The
additive contents (as corresponding oxides formed from
the precursor salts at 550oC in inert medium) were
subtracted from the total char yields.
X-ray diffraction (XRD) patterns of the samples were
obtained with a DRON-2.0 instrument (Nauchpribor,
Russia) using Ni-filtered CuKa-radiation. The
crystallinity index (CI) of the original MCC and MCCs
modified with ammonium dichromate were calculated
from the wide angle X-ray diffractograms.by the Segal
method described in [10].

The identification of the phases and structures formed in
the course of the pyrolytic experiments was carried out
by comparison of the XRD results obtained with the
known literature data [10,11].

Results and Discussion
The results obtained are presented in Figures 2-3 and in
Tables 1-2. X-ray diffraction patterns of pure MCC and
(NH4)2Cr2O7-modified samples shows intense reflections
at q = 8.3, 11.3 and 17.3o (Figs. 2and 3) are characteristic
lines of cellulose I crystal structure. With chromium
increasing, the relative intensity (per 1g of MCC) of
these lines, as well as the crystallinity index of MCCs
(Fig. 4.), tends to decrease. This data points out that
some interaction of supported chromium species with
cellulose crystalline structure occurs during the
impregnation process.
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Figure 2. XRD patterns of the EA samples.
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Figure 3. XRD patterns of the DI samples.

Table 1. Peak maximum temperature shifts and relative yields of gaseous products evolved during temperatureprogrammed pyrolysis of some DI samples
Sample

Chromium content ×104
(moles Cr /1 g MCC)

MCC
DI-1
DI-2
DI-3
DI-4
DI-5
* Not determined

0.00
2.27×10-1
4.54×10-1
3.64
7.27
14.54

Peak maximum temperature
shift, DT (oC)
CO2
CO
H 2O
0.00
15
25
30
55
50

0.00
15
20
35;-45
50;-35
45;-75

Relative yield of
gaseous products (a.u.)
H 2O
CO + CO2

0.00
20
25
35;-40
45;-80
50;-120

1.00
0.84
0.96
1.82
2.91
2.65

(a.u.)

Char
yield
(%)

1.00
1.03
0.98
1.00
1.02
0.90

6.2
8.0
4.4
18.8
23.3
n.d.*

H 2O
H 2O + CO + CO2

1.00
0.78
0.97
1.84
2.80
3.41

Table 2. Peak maximum temperature shifts and relative yields of gaseous products evolved during temperatureprogrammed pyrolysis of some EA samples

MCC
EA-1
EA-2
EA-3
EA-4
EA-5

Chromium content
×104 (moles Cr /1 g
MCC)
0.00
2.20×10-2
1.07×10-1
1.39
2.92
9.12

Peak maximum temperature
shift, DT (oC)

Relative yield of
gaseous products (a.u.)

H 2O
H 2O + CO + CO2

Char
yield

H 2O

CO2

CO

H 2O

CO + CO2

(a.u.)

(%)

0.00
-10
-5
25
25
15

0.00
-15
-5
25;-120
20;-60
5;-25

0.00
-20
-10
25;-130
10;-50
5;-40

1.00
0.85
0.95
1.10
2.76
2.19

1.00
0.76
0.94
0.89
2.55
1.88

1.00
1.05
1.00
1.09
1.03
1.07

4.0
3.6
5.3
8.2
17.6
12.4

No additional lines are appeared up to the highest
chromium contents. Only in the XRD pattern of the EA
sample with 3.03×10-3 M Cr/1g MCC several lines at q =
8.9, 13.4, 14.8, 16.21, 18.38 and 22.21o belonging to
crystalline ammonium dichromate phase are observed
(Fig. 2.).
All dry-impregnated samples have shown low
temperature shifts (DT~ +15 ¸+50oC) of H2O, CO2 and
CO evolution peaks relative to their position for pure
microcrystalline cellulose (Table 1). Maximum
temperatures of these peaks lowered with increasing the
chromium content. The EA samples containing <1.39×104
M Cr/1g MCC have exhibited high temperature shifts
of the above peaks (DT~ -5¸-20oC); however, at
chromium contents ³1.39×10-4 M Cr/1g MCC, the
thermal behavior of the EA cellulosics was similar to that
of the DI samples (Table 2).
Irrespective of the preparation method, all lowconcentrated samples (<1.39¸3.64×10-4 M Cr/1g MCC)
were characterized by decreased yields of H2O and COx
(compared to pure cellulose). High-concentrated
cellulosic materials (>1.39×10-4 M Cr/1g MCC), on the
contrary, have shown the increased yields of the same
products (cf. Tables 1 and 2).
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Figure 4. Variations in crystallinity indices of
(NH4)2Cr2O7-doped MCCs with chromium content.
Also, in the case of chromium-rich cellulosics, at least
two steps of COx evolution were observed (in contrast to
one-stage elimination of COx for pure cellulose and lowconcentrated samples). The appearance of an additional,
high-temperature constituent in carbon oxide peaks at

high chromium concentrations suggests that another
mechanism of COx formation may contribute to the total
COx yield during cellulose pyrolytic degradation. With
chromium increasing, the high-temperature component
fraction of CO peak tended to increase for both series of
the samples (Table 3). However, the proportion of a
high-temperature component of CO2 peak decreased
insignificantly for impregnated samples but increased
markedly for high-concentrated EA materials (Table 3).
For low-concentrated samples of both the series char
yields are close to that of the original MCC and did not
exceed 4-8 wt.% (Tables 1-2). But at chromium contents
>1.39¸3.64××10-4 M Cr/1g MCC, an appreciable increase
in char yield (up to 18-23 wt.%) was observed for both
the DI and EA samples. It is generally accepted that
cellulose pyrolysis follows two competing pathways. The
first is via the formation of an intermediate product,
levoglucosan, which further decomposes to various
volatiles, and the second is a dehydration process which
produces mostly char residue, water and carbon oxides
[12]. Acidic additives can facilitate the second pathway
of cellulose decomposition [4] because in the their
presence dehydration processes are intensified [15]. For
Mo-, V- and W-doped cellulose fibers a close relation
was earlier established between char yields and the
proportion of water in cellulose pyrolysis products; with
the increase in water proportion, char yields tended to
enhance [13]. These findings were explained by the
acidic action of the additives studied. No such
correlations are observed in the case of (NH4)2Cr2O7modified MCCs (see Tables 1-2). Such a result is quite
understandable because ammonium dichromate easily
decomposes to Cr 2O3 at relatively low temperatures
(~280oC) [14]. Chromium (III) oxide, on the other hand,

possesses rather weak acidic properties [15]. Hence, it
should be another reason for increased char yields
observed during pyrolysis of high-concentrated
(NH4)2Cr2O7-doped MCCs and unusual thermal behavior
of low-concentrated cellulosic materials. It is well known
[16] that mechanism of adsorption of the chromium (VI),
molybdenum (VI) and tungsten (VI) oxospecies during
the impregnation of different supports is strongly
influenced by the solution pH. For example, under
neutral conditions Mo (VI) oxospecies are preferentially
adsorbed in a monomeric form [17], while under more
acidic situations polymerized species prevail in the
adsorbed state [17-19]. Behavior of chromium (VI) ions
is very close to that of molybdenum (VI) ions [16]. In
aqueous solutions of ammonium dichromate the
following equilibria exist:
Cr2O72- + H2O D 2HCrO4HCrO4- + H2O D CrO42- + H3O+

(1)
(2)

With decreasing chromium content, this equilibrium is
shifted to the right, and monomeric CrO42- ions are the
most abundant species in very diluted solutions. On the
contrary, in chromium-rich solutions di- and
polychromates prevail. By analogy with the processes of
chromium (VI) adsorption on alumina [16,19], we
propose that when cellulose added to ammonium
dichromate solution, the neutralization process of H3O+
ions with the surface cellulose hydroxyls may occur
according to:
OHcel- + H3O+ " 2H2O

(3)

Table 3. High temperature component fractions in COx evolution peaks for the DI and EA samples
Sample

Chromium content ×104 (moles
Cr per 1g MCC)

MCC
DI-1
DI-2
DI-3
DI-4
DI-5

0.00
2.27×10-1
4.54×10-1
3.64
7.27
14.54

High-temperature fraction
of COx peak (%)
CO2
CO
0.0
0.0
0.0
32.4
28.1
20.6

0.0
0.0
0.0
48.4
46.7
60.6

which shifts equilibria (1) and (2) to the right and leads
to the anchorage of the Cr (VI) oxospecies in the
monomeric form on the cellulose surface. As a result of
such an anchoring, a chelated compound of chromium
(VI) with cellulose hydroxy groups is formed. Chelated
complexes of Mo (VI), W (VI), V (V), B (III) and some
other ions with many organic hydroxy compounds

Sample

Chromium content ×104 (moles Cr
per 1g MCC)

MCC
EA-1
EA-2
EA-3
EA-4
EA-5

0.00
2.20×10-2
1.07×10-1
1.39
2.92
9.12

High-temperature fraction
of COx peak (%)
CO2
CO
0.0
0.0
0.0
12.9
32.2
29.3

0.0
0.0
0.0
25.0
42.3
45.9

(including carbohydrates) are known to easily be formed
in aqueous solutions [20-22]. It is worth to note that such
complexing is accompanied by consumption of H+ ions,
and, as a rule, mononuclear metal complexes are formed
[20,21]. The lack of sufficient amounts of free H+ (or
H3O+) ions in diluted (NH4)2Cr2O7 solutions excludes the
possibility of acid-catalyzed cellulose decomposition to

take place. On the other hand, formation of chelated
complexes of Cr (VI) ions with cellulose hydroxy groups
(including ester-like bonds crosslinking large fragments
of cellulose structure) would enhance thermal stability of
cellulose. Such processes are also characteristic for
phosphate-modified cellulosic materials [23]. This
explains the negative temperature shifts of H2O, CO2 and
CO evolution peaks for low-concentrated (NH4)2Cr2O7doped MCCs. With chromium increasing, di- and
polychromate-ions prevail in ammonium dichromate
solutions. Some excess of H+ ions, therefore, is observed
in high-concentrated solutions of (NH4)2Cr2O7. It may be
supposed that this excess cannot be neutralized by
complexing of chromate species with cellulose hydroxy
groups. Then the adsorption of di- and polychromate
species on the cellulose surface (without complexing) at
high chromium concentrations is one of the possible
reasons for the enhanced carbonizing effect of chromium
in high-concentrated samples. The presence of condensed
chromates in the cellulose samples facilitates the
continuous generation of H+ ions catalyzing cellulose
dehydration processes.
Summarizing the above considerations, the observed
differences in thermal behavior of low- and highconcentrated samples may be explained in terms of two
forms of chromium species adsorbed on the surface of
(NH4)2Cr2O7-doped cellulosics: (i) highly dispersed
(possibly, CrO42exchanged) chromium species at low
ammonium dichromate contents (<1.39¸3.64×10-4 M
Cr/1g MCC) and (ii) polychromate species or a separate
higher
chromium
phase
of (NH4)2Cr2O7 at
concentrations.
The presence of a separate phase of (NH4)2Cr2O7 in the
sample with the highest chromium concentration
(3.03×10-3 M Cr/1g MCC; EA series) has been confirmed
by XRD analysis (Fig. 2, pattern 5).

Conclusions
Substantial differences in thermal behavior of low- and
high-concentrated (NH4)2Cr2O7-doped microcrystalline
cellulose materials (maximum temperatures and relative
yields of evolved gases, character of COx evolution, char
yields) have been established during their carbonization.
These differences can be explained in terms of two forms
of chromium species adsorbed on the surface of
(NH4)2Cr2O7-doped cellulosics: (i) a highly dispersed
(possibly, CrO42--exchanged) chromium species at low
ammonium dichromate contents (<1.39×10-4 M Cr/1g
MCC) and (ii) a separate phase of (NH4)2Cr2O7 at higher
chromium concentrations. It is supposed that in the latter
case, the interaction of more acidic di- and polychromate
species with hydroxy groups of cellulose surface leads to
the formation of H+ ions facilitating the increased char
yields during the cellulose pyrolysis.
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