
C
s

N
A

a

A
R
R
A
A

K
T
D
F
(
D
E
Q

1

g
a
a
t
e
r
l
s
i
P
d
i
n
c

c
t
m
o
p

0
d

Thermochimica Acta 496 (2009) 143–150

Contents lists available at ScienceDirect

Thermochimica Acta

journa l homepage: www.e lsev ier .com/ locate / tca

ompositional characterization of carbon electrode material: A study using
imultaneous TG–DTA–FTIR

aina Raje, Darshana A. Aacherekar, A.V.R. Reddy ∗

nalytical Chemistry Division, BARC, Mumbai 400085, India

r t i c l e i n f o

rticle history:
eceived 20 April 2009
eceived in revised form 17 July 2009
ccepted 22 July 2009
vailable online 30 July 2009

a b s t r a c t

Present work describes the application of thermal methods, especially the evolved gas analysis (EGA) for
the compositional characterization of carbon electrode material with respect to its organic, amorphous
and graphitic carbon content. Trace levels of organic carbon present in the amorphous carbon samples
were determined qualitatively by using FTIR absorption spectroscopy. Amorphous and graphitic carbon
content in synthetic mixture samples were determined quantitatively using simultaneous TG–DTA–FTIR
measurements. FTIR system was calibrated using the measured absorption signal of the evolved car-
eywords:
hermogravimetry (TG)
ifferential thermal analysis (DTA)
ourier transform infrared spectroscopy
FTIR)
erivative thermogravimetry (DTG)
volved gas analysis (EGA)

bon dioxide due to the decomposition of cadmium carbonate. Inter-comparison studies using TG–FTIR
measurements show that simultaneous FTIR spectroscopy is an effective complementary quantitative
measurement technique for thermogravimetric analysis involving the complex decomposition reaction
processes.

© 2009 Elsevier B.V. All rights reserved.
uantitative analysis

. Introduction

Since the historical application by Sir Humphrey Davy of
raphite electrodes for electrochemical production of alkali met-
ls, carbon materials have been widely used in both analytical
nd industrial electrochemistry. The advantages of carbon elec-
rodes include low cost, wide potential window, relatively inert
lectrochemistry and electro catalytic activity for a variety of redox
eactions. The diversity of carbon as an electrode material stems
argely from its structural polymorphism, chemical stability, rich
urface chemistry and strong carbon–carbon bonds present both
nternally and often between the carbon and a surface modifier [1].
hysical and analytical electrochemistry using carbon materials,
epend on the electronic and chemical properties of carbon, which

n turn, determine performance of the electrode. Thus, it becomes
ecessary, to consider those aspects of the material chemistry of
arbon that dictate its electrochemical utility [2].

Most of the materials change their physical properties and
hemical characteristics under the influence of temperature. The

emperature specific information on material properties deter-

ined by thermal analysis is extremely useful for the identification
f materials as well as evaluation of their purity and composition,
olymorphism and structural changes, thermal stability and tem-

∗ Corresponding author. Tel.: +91 22 25593772; fax: +91 22 25505151/9613.
E-mail address: avreddy@barc.gov.in (A.V.R. Reddy).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.07.013
perature limits of application, aging behavior, thermo-mechanical
behavior, viscoelastic properties and processing conditions for
shaping and casting. Material of organic, inorganic and biological
origin could be characterized by thermal analysis [3].

Thermoanalytical methods are useful to systematically analyze
the physico-chemical changes by application of programmed tem-
perature variation for heating and cooling, and by application of
specified sample atmosphere and pressure. The properties most
often studied are specific heat and enthalpy changes, weight loss
or weight gain, thermal expansion and gas evolution [4]. Evolved
gas analysis (EGA) provides information on the nature and amount
of volatile products as a function of temperature during the thermal
decomposition of materials and these volatiles are analyzed using
thermoanalytical methods and/or multiple techniques [5]. The
simultaneous analysis approach is to monitor the evolved gaseous
products in accordance with the decomposition reaction progress,
such as in TG–FTIR and TG–MS on-line measurement techniques.
Continuous mode involves in situ introduction of the gaseous prod-
ucts into the detector system using an interface coupling, such as
TG–FTIR, and TG–MS. Main advantage of the continuous mode is its
ability to perform simultaneous and continuous real time analysis
[6,7].
Several methods are available for the determination of car-
bon in different matrices. Essentially in all these methods, total
carbon present in the sample is oxidized to give carbon diox-
ide and the librated carbon dioxide is detected by using various
detectors [8,9]. Thermogravimetric analysis (TG) has been used to

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:avreddy@barc.gov.in
dx.doi.org/10.1016/j.tca.2009.07.013


1 mica Acta 496 (2009) 143–150

s
a
t
t
a
t
g
T
s
o
t
t
e
d
o
a
d
[

t
m
o
e
s
r
b
T

2

a
(
2
t
f

t
g
1
m
t
p
p
i
s
a
2
a
m
s

i
o
s
t
h
t
t
t
i
g
i
c
s
t

44 N. Raje et al. / Thermochi

tudy both sewage sludge and coal burning providing a preliminary
ssessment of its fuel value and, the initial and final combustion
emperatures as well as other relevant data such as maximum reac-
ivity temperature or total combustion time [10–12]. Marta Otero et
l. studied the combustion of sewage sludge and coal and compared
he results with those obtained by TG. Non-isothermal thermo-
ravimetric data were used to calculate the kinetic parameters [13].
G–FTIR and TG–MS techniques have the ability to measure the
imultaneous and continuous mass loss of materials as a function
f temperature and monitor the gaseous products evolved as a func-
ion of temperature that account for the mass loss. Therefore these
echniques are widely employed in the material science studies,
.g., in the study of coal pyrolysis and combustion, polymer degra-
ation, evaluation of hazardous materials and thermal stability
f materials [14]. Considerable work on characterizing materi-
ls, determining kinetic parameters and quantitative analysis of
egradation products has been performed by TG–FTIR analysis
15,16].

Literature survey suggests that systematic studies on the charac-
erization of carbon with respect to its various forms in the sample

atrix are scarce. On-line detection of the nature of released gases
r vapors is prime requirement to prove a supposed reaction, under
ither isothermal or heating conditions [17]. In view of this, present
tudies for the characterization of carbon electrode materials with
espect to its organic, amorphous and graphitic carbon content have
een carried out using the inherent ability of TG–FTIR technique.
he results obtained are discussed in this paper.

. Experimental

Experiments have been carried out using Netzsch Thermobal-
nce (Model No.: STA 409 PC Luxx) coupled to Bruker FTIR system
Model No.: Tensor 27) via a heated Teflon capillary (1 m long,
mm i.d.). Pt vs. Pt 10% Rh thermocouple was used as the tempera-

ure sensor. TG–DTA data analysis was done using Proteus software
rom Netzsch.

FTIR system used for the identification of IR absorbance in
he mid IR region (400–4000 cm−1) is equipped with liquid nitro-
en cooled MCT detector and low-volume gas cell (8.7 mL) with a
23 mm path length and KBr windows. The adapter head of ther-
obalance, transferline and sample cell were heated to a constant

emperature of 200 ◦C to avoid condensation of low volatile com-
ounds. The FTIR compartment was continuously purged by high
urity nitrogen and molecular sieves/silica gel were used to min-

mize the water and carbon dioxide background in the recorded
pectra. The resolution of the collected spectra was set to 4 cm−1

nd co-addition of 32 scans per spectrum with the scan speed of
0 kHz was applied. As a consequence, spectra were recorded with
temporal resolution of about 2.5 s, depending on the integration
ethods. FTIR data analysis was done using Opus (version 6.0)

oftware from Bruker.
Simultaneous TG–DTA–EGA measurements were carried out

ndividually on pure (5–200 mg) as well as on synthetic mixtures
f amorphous/graphitic carbon electrode material/s (5–15 mg) in
uitable air/inert atmosphere by heating from room temperature
o 450–1200 ◦C at a heating rate of 5–10 K/min. The flow rate of
igh purity nitrogen was maintained at 100 mL/min. to transport
he volatile products. Nitrogen was also used as protective gas to the
hermobalance at a flow rate of 20 mL/min. FTIR system, connected
o TG–DTA, was calibrated for quantitative analysis of carbon diox-
de. Evolved carbon dioxide, due to the decomposition of analytical

rade [Reanal, Budapest, Hungary] cadmium carbonate (5–150 mg)
n air, was used as a calibration standard. Amorphous and graphitic
arbon contents, present in the ratio of 2:1 respectively in the
ynthetic mixture samples (5–15 mg) have been determined quan-
itatively.
Fig. 1. Calibration plot used for quantitative determination of carbon dioxide.

3. Results and discussion

Calibration of TG–MS system using sodium bicarbonate for
the quantitative determination of evolved carbon dioxide has
been reported [18,19] but high temperature gas phasic interac-
tion between simultaneously evolved H2O and CO2 is not clear.
Decomposition of cadmium carbonate leads to the evolution of
carbon dioxide only. Present studies involve the decomposition of
cadmium carbonate (5–150 mg) in air at a constant heating rate
and the evolved carbon dioxide during the decomposition process
was used for calibration. The absorbance spectrum of carbon diox-
ide, extracted from the 3D FTIR spectrum matched well with the
standard IR absorbance spectrum of CO2 [20,21]. The absorbance
signal corresponding to each temperature data block of the reaction
region where the signal for carbon dioxide evolution is observed
above baseline on absorption vs. temperature plot, has been inte-
grated in the frequency region of 2215–2430 cm−1 and co-added
to give the integrated absorbance of the reaction process. This
integrated absorbance signal was plotted as a function of evolved
carbon dioxide weight to obtain the calibration plot given in Fig. 1.
A similar approach has been used for calibration of FTIR system
using pulse calibration method by Marsanich et al. [22].

An excellent and reproducible linear relationship has been
obtained between the integrated absorbance signal and the weight
of evolved carbon dioxide in the decomposition of cadmium car-
bonate, in the mass range of 10–100 mg. Linearity range of the
absorbance signal was observed to be within 2–30 mg of carbon
dioxide weight. Correlation coefficient of 0.998 was obtained for
CO2 band at 2354 cm−1 which is in good agreement with the
reported value of 0.995 obtained using pulse calibration method
[23].

The present experimental investigations involve the measure-
ment of evolved carbon dioxide due to the decomposition of sample
matrix and therefore it is imperative to assess the possible con-
tributions from inorganic carbon impurity present in the sample
matrix. This was assessed as follows before proceeding for the anal-
ysis. Suitable amounts of the samples were taken and heated in
thermobalance to 1200 ◦C at a heating rate of 10 K/min in inert
atmosphere. The absorbance signal for carbon dioxide evolution
was not seen, suggesting the absence of any inorganic carbon impu-
rity in the sample matrix.

Decomposition behavior of amorphous and graphitic carbon

powder samples in air at the heating rate of 10 K/min is shown
in Fig. 2. It can be seen from the extrapolated onset and offset tem-
peratures on TG curves that oxidation of amorphous carbon in air
takes place in the temperature region of 611–704 ◦C which is lower
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Fig. 3. Recorded TG pattern for 5 mg sample weight.

Table 1
Simultaneous TG data observed for different carbon electrode samples.

◦ ◦
Fig. 2. Decomposition pattern for amorphous and graphitic carbon.

y 150–200 ◦C than that of graphitic carbon [783–893 ◦C]. Thermo-
nalytical curves for the four amorphous samples obtained from
ifferent vendors, have been presented in Fig. 3. These TG curves
ave been corrected for the buoyancy effect [5,24] by applying suit-
ble blank corrections. The corresponding total carbon content, the
xtrapolated TG onset temperature for the combustion process and

he extrapolated offset temperature at which the reaction ceases
ave been listed in Table 1. TGonset and TGoffset temperatures for,
he samples 2, 3 and 4 are comparable except for sample 1 suggest-
ng that these samples are of amorphous carbon. It can be seen from
ig. 3 and Table 1, that the thermoanalytical data based on 5 mg

Sample No. Sample wt. (mg) Wt. loss (%) TGonset ( C) TGoffset ( C)

1 4.92 98.0 652 747
2 5.01 96.8 587 707
3 5.43 97.2 593 686
4 5.33 98.6 613 705

Fig. 4. 3D FTIR spectrum of (a) organic carbon, (b) amorphous carbon, and (c) graphitic carbon.
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Fig. 4.

ample are unable to provide any clue for the presence of organic
arbon content in these samples though the observed weight loss
n TG curve is in the range of 97–99%.

Carbon electrode materials are derived from bituminous coal
aving low volatile organic as impurity. Depending on the pro-
ess from which the electrode material has been prepared, it
ay contain varying amounts of organic carbon [25]. 3D FTIR

pectra for carbon dioxide evolution due to the oxidation of
rganic, amorphous and graphitic carbon powder samples in air
ave been shown in Fig. 4a, b and c respectively. On the basis
f carbon dioxide signal above baseline on absorbance vs. tem-
erature/wavenumber plots, it was found that the oxidation of
rganic carbon takes place in the temperature range of 195–330 ◦C
hile amorphous carbon gets oxidized between 535 and 803 ◦C

nd graphitic carbon at 650–930 ◦C. The influence of temperature
in TA chamber) on the shape and intensity of the MS/FTIR sig-
als was studied and concluded as the integral intensity of the
ignal is independent of temperature [19,22]. Hence by observ-
ng the evolution of carbon dioxide at different temperatures, the
rganic, amorphous and graphitic carbon content in the sample
ould be identified, differentiated from each other and determined
uantitatively.
Identification of organic carbon in amorphous samples was car-
ied out by optimizing the experimental conditions in such a way
hat it results in suppression of the amorphous carbon oxidation.
he determination procedure was adopted to increase the sample
eight and stop the high temperature amorphous carbon oxi-
inued ).

dation reaction. Simultaneously measured DTG–EGA patterns for
the decomposition of typical amorphous sample in air have been
given in Fig. 5. The IR absorption spectrum was extracted from the
Gram Schmidt curve and absorption band corresponding to H2O or
any other volatile product could not be seen in the absorption vs.
wavenumber plot in temperature region of 31–450 ◦C. Absorption
band could be seen only at 2354 cm−1 in the temperature region
of 195–330 ◦C and this suggests the presence of CO2 in this tem-
perature region. Ensuring the presence of CO2 only, as volatile,
in the temperature region, the EGA pattern (Gram Schmidt) is
being depicted in Fig. 5 for the direct correlation and interpreta-
tion between DTG and evolved gas signals. Effect of the optimized
procedure can be seen from Fig. 5. When a larger sample weight
[100 mg] was decomposed to 450 ◦C in air, the decomposition step
between 195 and 330 ◦C temperature region could be seen on the
DTG curve along with the corresponding gas evolution signal on
EGA curve in the same temperature region. Also, these low tem-
perature decomposition reaction signals were found to be missing
on DTG–EGA curves when small sample weight [5 mg] was used
and the reaction was observed above 500 ◦C. These observations
shown in Fig. 5 suggest that the decomposition step correspond-
ing to 195–330 ◦C temperature region is due to the oxidation of

organic carbon present in the amorphous sample. As the concen-
tration of organic carbon in the sample is low, it could not be seen
with smaller sample weight. It is also possible that the small signal
corresponding to organic carbon content would have been masked
by the major matrix signal.
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Though the low temperature signals could be seen using larger
ample weights, the signal intensity on TG/EGA curves was poor. To
heck for possible baseline shift or contamination, the sample was
retreated. Pretreatment was done by heating the sample to 500 ◦C

n air and subsequently cooled to room temperature. Fig. 6 shows

he effect of pretreatment on the amorphous carbon samples. When
he decomposition pattern of pretreated sample was followed, the
ecomposition step in the temperature region of 195–330 ◦C was
bsent on DTG curve along with the corresponding gas evolution
ignal on EGA curve. These observations confirm that the low tem-

Fig. 5. Effect of optimized conditions on DTG–EG
inued ).

perature weight loss on DTG curve and simultaneous gas evolution
on EGA curve are from the decomposition of sample at low temper-
ature and it appears that the baseline drifts or any other possible
contaminations are absent.

As discussed earlier, the combustion of organic carbon takes

place at lower temperature. Hence amorphous carbon powder
samples [200 mg] were heated in the thermobalance indepen-
dently to 450 ◦C at a heating rate of 10 K/min in air atmosphere.
Qualitative estimation of organic content in the amorphous carbon
powder samples can be obtained by following the low temperature

A patterns of amorphous carbon sample.
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Fig. 6. Effect of pretreatment on TG–EGA patterns of powdered amorphous carbon sample.
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Fig. 7. Blank corrected TG–DTA–EGA curves of syntheti

195–330 ◦C] carbon dioxide evolution and corresponding absorp-
ion signal on IR spectra. It was found that sample 4 has the least
mount of organic carbon content present while samples 2 and 3

ave comparable amounts of organic carbon content. The organic
ontent in amorphous samples could not be determined quantita-
ively due to its low concentration in the samples. This is because
he amount of the evolved carbon dioxide could be lower than the
etection limit of the instrument [Fig. 1] used.

Fig. 8. Amorphous carbon oxidation profile as a function of
ure decomposition [amorphous:graphitic carbon = 2:1].

Simultaneous TG–DTA–EGA measurements were carried out in
air for synthetic mixtures prepared by taking the amorphous and
graphitic carbon contents in 2:1 ratio with sample weights in the

range of 5–15 mg and heating in thermobalance at the rate of
10 K/min from room temperature to 1000 ◦C. The blank corrected
TG–DTA and Gram Schmidt curves for the typical synthetic mix-
ture [8.16 mg] have been shown in Fig. 7. The exothermic heat
effects on DTA curve in the temperature region of 525–925 ◦C with

temperature/wavenumber in the synthetic mixture.
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Fig. 9. Graphitic carbon oxidation profile as a function of temperature/wavenumber in the synthetic mixture.

Table 2
Inter-comparison of quantitative analysis using theoretical, FTIR and TG data.

S.No.

1 2 3 4 5

Wt. of synthetic sample (mg) 6.42 8.01 8.16 10.06 12.58
Wt. of amorphous carbon content in synthetic sample (mg) 4.28 5.36 5.48 6.72 8.40
Wt. of graphitic carbon content in synthetic sample (mg) 2.14 2.65 2.68 3.34 4.18
Amount of CO2 evolved due to amorphous carbon content in synthetic sample (mg) 16.59 20.01 20.22 25.28 31.10
Amount of CO2 evolved due to graphitic carbon content in synthetic sample (mg) 8.16 10.15 9.58 12.35 15.17
Amount of carbon due to amorphous CO2 content in synthetic sample (mg) ± error (%) 4.52 ± 5.61 5.46 ± 1.87 5.51 ± 0.55 6.89 ± 1.69 8.48 ± 0.95
Amount of carbon due to graphitic CO2 content in synthetic sample (mg) ± error (%) 2.23 ± 4.20 2.77 ± 4.52 2.61 ± 2.61 3.37 ± 0.90 4.14 ± 0.96
Amount of total carbon due to total CO2 content in synthetic sample (mg) ± error (%) 6.75 ± 5.14 8.23 ± 2.75 8.12 ± 0.49 10.26 ± 1.99 12.62 ± 0.32
TG wt. loss due to amorphous carbon content in synthetic sample (mg) ± error (%) 4.37 ± 2.10 5.37 ± 0.20 5.57 ± 1.64 6.75 ± 0.44 8.36 ± 0.48
TG wt. loss due to graphitic carbon content in synthetic sample (mg) ± error (%) 2.13 ± 0.47 2.62 ± 1.13 2.66 ± 0.74 3.38 ± 1.18 4.19 ± 0.24
TG wt. loss due to total carbon content in synthetic sample (mg) ± error (%) 6.50 ± 1.24 7.99 ± 0.25 8.23 ± 0.86 10.13 ± 0.70 12.55 ± 0.24
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mium carbonate. Amorphous/graphitic contents present in the
Ratio of amorphous:graphitic carbon content in the sample (theoretical)
Ratio of amorphous:graphitic carbon content in the sample ± error (%) (FTIR)
Ratio of amorphous:graphitic carbon content in the sample ± error (%) (TG)

imultaneous weight loss on TG/DTG curve and gas evolution on
he EGA curve indicate the oxidation of carbon sample result-
ng in the evolution of carbon dioxide. The observed doublet in
ig. 7 on DTA and EGA curves correspond to independent oxida-
ion of amorphous and graphitic carbon in the mixture. Although
he two weight loss steps are not well resolved on TG curve,
hey can clearly be distinguished by following the DTG pattern.
t can be seen from TG–DTG shown in Fig. 7 that weight loss of
.57 mg, in the temperature region of 520–755 ◦C corresponds to
he amorphous carbon content whereas 2.66 mg weight loss in
he temperature region of 755–925 ◦C corresponds to the graphitic
arbon content in the synthetic mixture sample. The total weight
oss in the temperature range of 525–925 ◦C is 8.23 mg corre-
ponding to the oxidation of total carbon. Figs. 8 and 9 represent
he absorption profiles of evolved carbon dioxide as a function of
emperature and wavenumber for amorphous and graphitic car-
on content respectively in the synthetic mixture sample. It can
e seen from Figs. 8 and 9 that CO2 evolved in the temperature
egion of 520–755 ◦C and 755–925 ◦C correspond to the oxidation
f amorphous and graphitic carbon respectively in the mixture.
he integrated absorbance in the temperature region of 520–755 ◦C
nd 755–925 ◦C has been correlated to corresponding evolved car-
on dioxide weight using the FTIR calibration plot [Fig. 1] for
uantitative determination of amorphous and graphitic content
espectively in the synthetic mixture sample/s. Five independent
G–FTIR measurements were carried out for synthetic mixture
amples and the measured data have been compared with corre-
ponding theoretical values. The results have been given in Table 2

long with the percentage relative error. It can be seen from Table 2
hat overall accuracy of the analysis for TG measurements is within
% and is within 3% for simultaneous FTIR measurements except for
he sample with 6 mg weight. This may be due to the sample weigh-
ng error. Table 2 shows that the overall accuracy for FTIR analysis
2.00 2.02 2.04 2.01 2.01
2.03 ± 1.50 1.97 ± 2.48 2.10 ± 2.94 2.04 ± 1.49 2.05 ± 1.99
2.05 ± 2.50 2.04 ± 0.99 2.09 ± 2.45 1.99 ± 1.00 2.00 ± 0.50

could be improved by taking more amount of synthetic mixture
sample.

It can be seen from Table 2 that when the two decomposition
steps corresponding to the oxidation of amorphous and graphitic
carbon are not well resolved on TG curve, the error associated
with the measurement of amorphous and graphitic content, using
TG and FTIR techniques becomes comparable. Measured data on
the ratios of the two components clearly indicate that for such
type of complex decomposition reaction processes, quantitative
evolved gas analysis is indispensable and serves as a suitable inter-
comparison technique for TG measurements.

4. Conclusion

Organic, amorphous and graphitic carbon contents present in
the sample were identified by measuring the carbon dioxide evo-
lution using simultaneous evolved gas analysis with FTIR as a
detection technique. Qualitative determination of traces of organic
carbon present in the amorphous/graphitic carbon matrix was done
by modifying the experimental conditions. Enhancement of the sig-
nal due to the oxidation of organic carbon present in the matrix
was achieved by taking a large amount of the sample and keep-
ing the reaction temperature below 500 ◦C to suppress the matrix
oxidation signal.

Linearity range, for carbon dioxide determination with FTIR
detection, was obtained as 2–30 mg using decomposition of cad-
synthetic samples were determined quantitatively using TG/FTIR
measurement techniques. Results show that simultaneous FTIR
spectroscopy is an effective complementary quantitative mea-
surement technique for thermogravimetric analysis involving the
complex decomposition reaction processes.
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