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APPLICATION OF TG-DTG ANALYSIS IN THE STUDY OF THE
AMMOXIDISED CARBON MATERIALS

K
L. Wachowski and M. Hofman
Faculty of Chemistry, Adam Mickiewicz University, 6 Grunwaldzka Str., 60-780 Poznan, Poland

The effect of ammoxidation on thermal stability of carbonaceous materials characterised by degree of coalification other than that of
brown coal (Konin mine, Poland) or sub-bituminous coal (So$nica mine, Poland) was studied by thermogravimetric (TG-DTG)
method. Analysis of TG-DTG curves has shown that coal samples ammoxidised at the higher temperature show slightly lower thermal
stability. It has been established the importance of the sequence in the processes of carbonisation and ammoxidation. Both the amount
of nitrogen introduced on the surface of studied carbonaceous materials and the thermal stability of nitrogen groups were affected.
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Introduction

Nitrogen-enriched carbonaceous materials can be ob-
tained from materials with high content of nitrogen,
e.g. some biological materials, certain polymers [1] or
chemical modifications of carbons obtained as a result
of thermochemical treatment of common raw coal mate-
rials [2, 3]. This last procedure involves reactions with
different N-reagents such as ammonia or its derivatives
(ammonium carbonate, hydrazine, hydroxylamine,
urea) [1, 4, 5], nitrogen oxide(II) in the presence or ab-
sence of O, and/or H,O [6, 7], mainly with the carboxyl
groups naturally occurring in coal [8]. An efficient
method of nitrogen enrichment is ammoxidation con-
sisting in a simultaneous oxidation of precursors [4—6].

Recently, active carbons enriched in nitrogen
have enjoyed much interest because of their prospec-
tive practical application. It has been shown that modi-
fication of the active carbon precursor with nitrogen
considerably improves its textural properties and the
nucleophilous character of its surface [4, 5]. Thanks to
these characteristics the modified active carbon can be
applied for removal of H,S, SO, [1, 5], HCHO [9], as
electrode material in supercapacitors [4, 10—12] as cat-
alysts [13—15] and catalyst supports [16, 17].

The type of nitrogen containing group depends
on the method of thermal treatment of the nitrogen-
enriched material, however, the main condition
necessary for the incorporation of nitrogen into the
graphene structure, present in coal materials, is that
the temperature is higher than 400°C [18].

The thermal behavior of coal and the possibility
of using modified carbon materials in practice are
usually studied by the thermal methods such as TG,
DTG, DTA, DSC [19-21].
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In the study reported the TG-DTG method was
applied to investigate thermal behavior of nitrogen-
containing functional groups generated by ammoxi-
dation on the surface of selected coals. The main aim
of this study was to determine the effect of ammoxi-
dation on the thermal properties of coals of a different
degree of coalification and different content of intro-
duced nitrogen.

Experimental
Starting materials

The measurements were performed on two types of
coal samples characterised by different degree of
coalification: (1) Polish brown coal (lignite) from the
Konin colliery and (2) Polish young coking coal
(sub-bituminous) from the So$nica colliery.

The starting raw samples were crushed and
sieved to collect the grain size <0.01 mm, then sub-
jected to demineralisation by hydrochloric and hydro-
fluoric acids, according to the Radmacher and Mohr-
hauer method [22].

Preparation of samples

The raw coal samples were divided into two groups: the
first was subjected to ammoxidation and then carbonisa-
tion, while the second by carbonisation and then
ammoxidation. Ammoxidation was carried out using a
mixture of ammonia and air at a volume ratio of 1:3
(250/750 cm® min™") in a flow reactor at 300 or 350°C,
for 5 h [4, 11]. The samples were carbonised in the gases
evolved during the process, with temperature increasing
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at the rate of 5°C min™' to the final 700°C, maintained
for 1 h. Analytical data for the starting coals used in this
study are presented in Table 1.

Elemental analysis

The chemical composition of the investigated samples
was tested with an Elementar Vario ELIII micro-
analyser. The apparatus permits determination of the
content of carbon, hydrogen, nitrogen and sulphur,
separately from oxygen. Results of the elemental anal-
ysis are shown in Tables 1-3.

TG-DTG analysis

TG/DTG analysis of the investigated coal samples
was conducted with a Setsys 12 (Setaram) instrument.
The samples of about 10 mg and particle size
below 0.01 mm were heated in helium atmosphere in
temperature range from 20 to 1000°C at the heating
rate of 3°C min™'.

Table 1 The elemental analysis of starting materials (mass%)

Results and discussion

The results of the elemental analysis of the main mate-
rials under study subjected to demineralisation are pre-
sented in Table 1. The differences in elemental carbon
and total oxygen and sulphur results from different de-
gree of coalification of the raw coal samples.

Ammoxidation of coal leads to decrease in
elemental carbon content in both samples (first
demineralised and carbonised (Table 2)) while a
significant increase in the content of nitrogen can be
observed in the samples. The content of introduced
nitrogen in non-carbonised samples was also two
times higher than in those previously carbonized.

This difference can be explained by the surface
structure of materials subjected to ammoxidation con-
taining functional groups characterised by different re-
activity towards the ammonia—air mixture.

Increased ammoxidation temperatures lead to
increase in the amount of introduced nitrogen. Small

C H N (O+S)
Sample code
E F E F E F E F E F
SD 77.8 68.4 5.2 3.0 0.9 12.4 - - 16.1 16.2
SD 77.8 69.1 5.2 2.9 - - 0.9 13.1 16.1 14.9
SDK 90.9 84.2 2.1 1.9 0.0 5.9 - - 7.0 8.0
SDK 90.9 80.7 2.1 1.8 - - 0.0 7.7 7.0 9.8
S — hard coal, D — material demineralised, K — after carbonization, 77 — ammoxidation in 300°C, 7, — ammoxidation in 350°C,
E — before ammoxidation, F — after ammoxidation
Table 2 Effect of ammoxidation on elemental composition of investigated samples (mass%)
C H N (O+S)
Sample code
G I G I G I G I
SD 77.8 90.9 5.2 2.1 0.9 0.0 16.1 7.0
SDN; 68.4 83.2 3.0 2.0 124 9.0 16.2 5.8
SDN, 69.1 82.9 2.9 2.3 13.1 9.2 14.9 5.6
S — hard coal, D — material demineralised, K — after carbonization, N; — ammoxidation in 300°C, N, — ammoxidation in 350°C,
G — before carbonization, 7 — after carbonization
Table 3 Effect of carbonisation on elemental composition of investigated samples (mass%)
C H N (0+5)
Sample code
J L J L J L J L
SDK 90.9 93.1 2.1 1.1 0.0 0.0 7.0 5.8
SDN; 68.4 91.1 3.0 1.2 124 2.3 16.2 5.4
SDN, 69.1 90.2 2.9 1.2 13.1 2.7 14.9 5.9
SDN,;K 83.2 89.7 2.0 1.2 9.0 3.6 5.8 5.5
SDN,K 82.9 90.3 2.3 1.1 9.2 2.7 5.6 5.9
SDKN; 84.2 92.5 1.9 1.0 5.9 1.9 8.0 4.6
SDKN, 80.7 91.1 1.8 1.3 7.7 2.9 9.8 4.7

B — hard coal, D — material demineralised, K — after carbonization, N; — ammoxidation in 300°C, N, — ammoxidation in 350°C,

J — before activation, L — after activation
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differences in the contents of the other elements are
caused by changes in their proportions as a result of
nitrogen introduction or their loss during the process
of ammoxidation.

Carbonisation of the earlier ammoxidised samples
leads to decrease in the content of nitrogen from 12.4
(SDN;) and 13.1 (SDN,) to 9.0 and 9.2 mass%, respec-
tively (Table 3). As a result of release of volatile com-
ponents, the total content of oxygen and sulphur de-
creases, and this decrease is accompanied by an in-
crease in the content of elemental carbon as a conse-
quence of carbonisation.

Chemical composition of the samples of brown
coal from KWB Konin colliery, Poland subjected to
the same procedure as discussed in this paper was in-
vestigated earlier [4]. Subjecting brown coal sample to
the same procedures as those applied to sub-bitumi-
nous coal permits introduction of 22 mass% of nitro-
gen into the former samples.

Figures 1-4 show results of TG-DTG analysis of
the investigated carbonaceous samples.

The DTG curves presented in Figs 2 and 4 show,
in all cases, the presence of the first peak at
about 100°C, assigned to elimination of water mole-
cules. For samples subjected demineralisation the sec-
ond peak appearing in the temperature
range 360—420°C is related to primary devolatilisation,
that is the release of volatile substances and tar compo-
nents. With increased degree of coalification of the ini-
tial material the peak temperature is shifted towards
higher values. The third peak in the temperature
range 560-620°C is assigned to the secondary
devolatilisation involving mainly a release of hydrogen
and methane [21, 23, 24].

The second and third peaks do not occur in the
DTG curves of the samples which were preliminary
subjected to carbonisation as the volatile components
were already removed in this process. As coal con-
tains small graphitic ring clusters during carbonisa-
tion, all lower aliphatic and hydroxyl groups, together
with hydrogen, carbon monoxide and alkyl aromatics,
start to disappear leaving behind all the aromatic ring
structures [23].

In the case of the samples first subjected to
carbonisation and next ammoxidation, the mass loss
within the temperature range 640-720°C is higher
which can be assigned to the release of weakly bonded
nitrogen species. For brown coal samples the mass loss
is greater, which indicates smaller thermal stability of
the nitrogen surface functional groups relative to that
of the groups in the sub-bituminous coal.

TG curves of the studied samples are given in
Figs 1 and 3, while quantitative aspects of the observed
processes are summarised in Tables 4 and 5. The sam-
ples of both brown and sub-bituminous coals subjected
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Fig. 1 TG curves of brown coal demineralised (BD), demineral-
ised and carbonised (BDK), demineralised, ammoxidised
in 300°C and carbonised (BDN;K), demineralised,
ammoxidised in 350°C and carbonised (BDN,K) and
sub-bituminous coal demineralised (SD), demineralised
and carbonised (SDK), demineralised, ammoxidised in
300°C and carbonised (SDN;K), demineralised,
ammoxidised in 350°C and carbonised (BDN,K)
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Fig. 2 DTG curves of brown coal demineralised (BD), deminer-
alised and carbonised (BDK), demineralised,
ammoxidised in 300°C and carbonised (BDN,K), demin-
eralised, ammoxidised in 350°C and carbonised (BDN,K)
and sub-bituminous coal demineralised (SD), demineral-
ised and carbonised (SDK), demineralised, ammoxidised
in 300°C and carbonised (SDN;K), demineralised,
ammoxidised in 350°C and carbonised (BDN,K)
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Fig. 3 TG curves of brown coal demineralised (BD), demineral-
ised and carbonised (BDK), demineralised, carbonised
and ammoxidised in 300°C (BDKN), demineralised,
carbonised and ammoxidised in 350°C (BDKN,) and
sub-bituminous coal demineralised (SD), demineralised
and carbonised (SDK), demineralised, carbonised and
ammoxidised in 300°C (SDKN,), demineralised,
carbonised and ammoxidised in 350°C (BDKN,)
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Fig. 4 DTG curves of brown coal demineralised (BD), deminer-
alised and carbonised (BDK), demineralised, carbonised
and ammoxidised in 300°C (BDKN)), demineralised,
carbonised and ammoxidised in 350°C (BDKN,) and
sub-bituminous coal demineralised (SD), demineralised
and carbonised (SDK), demineralised, carbonised and
ammoxidised in 300°C (SDKN), demineralised,
carbonised and ammoxidised in 350°C (BDKN;)
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to demineralisation are characterised by a three-stage
process of thermal decomposition. The TG curves of
the samples first carbonised and then ammoxidised do
not show the peak in the range 360—420°C, which is a
result of the devolatilization of the samples during the
above processes. In the range 820-860°C the TG
curves of the nitrogen modified samples show an addi-
tional peak corresponding to mass loss, which can be
related to the release of the more stable nitrogen
groups. The TG curves of the brown coal samples
ammoxidised in the higher temperature (BDN,K)
show the mass loss by about 3 mass% greater than that
obtained for the samples ammoxidised in the lower
temperature (BDN;K). For the corresponding samples
of sub-bituminous coal, the relation is reverse. It has
been established that the sequence of the processes of
carbonisation and ammoxidation affects both the
amount of nitrogen introduced on the surface of the

Table 4 Temperature ranges in which maximum mass loss of
first carbonised and then ammoxidised coal samples
are observed (mass%)

Temperature range/°C

Sample code

90-110  360-420 640-720 820-860
BD 10.2 37.2 9.2 -
SD 0.7 213 - -
BDK - — - 4.1
SDK 0.6 — 1.6 3.7
BDKN; 0.7 - 14.1 -
SDKN; 0.7 - 9.9 -
BDKN, 2.5 - 17.6 -
SDKN, 1.2 - 11.8 -

B —brown coal, S — bituminous coal, D — material
demineralised, K — carbonised, N; — ammoxidation in
300°C, N, — ammoxidation in 350°C

Table 5 Temperature ranges in which maximum mass loss of
first ammoxidised and then carbonised coal samples
are observed (mass%)

Temperature range/°C

Sample code

90-110  360-420 640-720 820-860
BD 10.2 37.2 9.2 -
SD 0.7 213 - -
BDK - — - 4.1
SDK 0.6 — 1.6 3.7
BDN;K 1.5 - — 6.1
SDN,;K 1.7 - - 7.3
BDN,K 2.8 - - 9.9
SDN,K 0.6 - 1.2 32

B — brown coal, S — bituminous coal, D — material
demineralised, K — carbonised, N; — ammoxidation in
300°C, N, — ammoxidation in 350°C
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studied carbonaceous materials and the thermal
stability of nitrogen groups (Figs 3 and 4).

If the process carbonisation of coal material
follows its ammoxidation, then DTG curves show a
peak in the range of 820—860°C, its presence may be
explained by decomposition of more stable nitrogen-
containing functional groups formed during the
carbonisation process.

Conclusions

The presented results have proved that the processes of
carbonisation and ammoxidation significantly change
the proportion of elemental composition of the studied
brown and sub-bituminous coals. The increasing tem-
perature of the ammoxidation process of the coal sam-
ples from 300 to 350°C results in the increase in nitro-
gen introduced onto their surfaces. The coal samples
ammoxidised at the higher temperature show slightly
lower thermal stability. The amount of the nitrogen in-
troduced also depends on the sequence of the processes
of carbonisation and ammoxidation. Moreover, the sam-
ples first ammoxidised and then carbonized are charac-
terized by a greater thermal stability of nitrogen groups.

References

1 J. Bimer, P. D. Salbut, S. Bertozecki, J. P. Boudou,
E. Broniek and T. Siemieniewska, Fuel, 77 (1998) 519.

2 H.P. Boehm, G. Mair, T. Stohr, A. R. de Rincon and
B. Tereczki, Fuel, 63 (1984) 1061.

3 J. B. Tomlinson, J. J. Freeman and C. R. Theocharis,
Carbon, 31 (1993) 13.

4 K. Jurewicz, K. Babel, A. Ziétkowski, H. Wachowska and
M. Koztowski, Fuel Process. Technol., 77-78 (2002) 191.

5 J. P. Boudou, M. Chehimi, E. Broniek, T. Siemieniewska
and J. Bimer, Carbon, 41 (2003) 1999.

6 P. Garcia, F. Coloma, C. S. Martinez de Lecea and
F. Mondragon, Fuel Process. Technol., 77-78 (2002) 255.

J. Therm. Anal. Cal., 83, 2006

7 P. Garcia, J. F. Espinal, C. S. Martinez de Lecea and
F. Mondragon, Carbon, 42 (2004) 1507.

8 H. Jankowska, A. Swiatkowski, L. Starostin and
J. D. Lawrynienko-Omiecynska, Adsorpcja jonow na
weglu aktywnym (in Polish), PWN Warszawa 1991.

9 S. Tanada, N. Kawasaki, T. Nakamura, M. Araki and
M. Isomura, J. Colloid Interf. Sci., 214 (1999) 106.

10 K. Jurewicz, K. Babel, A. Ziotkowski and H. Wachowska,
J. Phys. Chem. Solids, 65 (2004) 269.

11 K. Jurewicz, K. Babetl, A. Ziotkowski and H. Wachowska,
Electrochim. Acta, 48 (2003) 1491.

12 G. Conway, in: G. Conway (Ed.), Electrochemical
Supercapacitors, Kluwer Academic Publishing/Plenum Press,
New York 1999.

13 J. Skupinska, M. Karpinska, L. Wachowski and
M. Hofman, React. Kinet. Catal. Lett., 82 (2004) 311.

14 T. Suzuki, T. Kyotani and A. Tomita, Ind. Eng. Chem. Res.,
33 (1994) 2840.

15 H. Teng and E. Suuberg, J. Phys. Chem., 97 (1993) 478.

16 H. Alt, L. Wachowski, H. Wachowska and M. Koztowski,
Pending patent FRD.

17 H. Jankowska, A. Swiatkowski and J. Choma,

Wegiel aktywny (in Polish), WNT, Warszawa 1985.

18 V. V. Strietko and Y. D. Lavrinienko-Omietsinskaya,
J. Mol. Struct., 188 (1989) 193.

19 A. de Koranyi, Thermochim. Acta, 110 (1987) 527.

20 S. St. Warne and J. V. Dubrawski, J. Thermal Anal.,
35(1989) 219.

21 J. Podder, T. Hossain and Kh. M. Mannan,

Thermochim. Acta, 255 (1995) 221.

22 W. Radmacher and P. Mohrhauer, Bernst. Chem.,
37 (1956) 353.

23 R. Pietrzak and H. Wachowska, Thermochim. Acta,
419 (2004) 247.

24 N. Cao, H. Darmstadt, F. Soutric and Ch. Roy, Carbon,
40 (2002) 471.

Received: March 20, 2005
Accepted: August 26, 2005

DOI: 10.1007/s10973-005-6987-y

383




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


