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Abstract. High resolution °Si MAS NMR, *C CP MAS NMR, and TG/DTG/DTA were used
to study the interaction between the framework of siliceous MFI type zeolite (silicalite) and the
adsorbed p-xylene. The zeolite sample used in this study possesses a perfect framework. A series of
high resolution °Si MASNMR and *C CPMAS NMR spectra of the samples with various |oadings
of p-xylene were measured. Experimental results of XRD, NMR and thermal analysis confirm the
formation of two types of p-xylene/silicalite associate. The properties of the two types of associates
are given in terms of their XRD patterns, NMR spectra and TG/DTG/DTA curves. When the p-
xylene loading is less than four molecules per unit cell, the adsorbed molecules disperse in the
sinusoidal channels and interact with the framework O?~ forming associate-1 (p-xylene/silicdlite),
and inducing the monoclinic/orthorhombic(l) transition. When the p-xylene loading is more than
5.2 molecules/u.c., the adsorbed p-xylene molecules are located in the channel intersections and
combined into ap-xylene/p-xylene complex viahydrogen bonding, forming associate-11 (p-xylene/p-
xylene/silicalite) and inducing the orthorhombic(l)/orthorhombic(l1) transition. The desorption of
p-xylene from associate-1l occurs at about 90 °C with an evident endothermic effect, whereas the
desorption from associate-1 occurs at about 140 ° C without any visible heat effect, implying that two
types of sorption and desorption processes exist in this host/guest system.

Key words: Host/guest interaction, associate, silicalite-1, p-xylene, XRD, 2Si MASNMR, *C CP
MASNMR, TG/DTG/DTA.

1. Introduction

MFI type zeolite is a hydrophaobic zeolite and has wide applications in catalysis
and separation. There are many publications related to its structure, adsorption
and desorption. Among the adsorbates usually investigated, hexane and other -
akanes, and aromatics such as benzene, toluene, p-xylene are the most common
[1-7].

Water sorption by the zeolite has been shown to vary linearly with aluminum
content [1]. The saturated sorption capacities of hydrocarbons are different in Al-
freeZSM-5, Na-ZSM-5, K-ZSM-5[3], and are greatly influenced by zeolite crystal
size and aluminum content [5, 8]. The silanol groupsin siliceous ZSM-5(silicalite)
increase the heat of sorption of 2-butyne by 10 KJ¥mol compared with the heat of
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sorption of n-butane [9]. It was found that the solid phase changes from 4 to 6.5
molecules of p-xylene adsorbed per unit cell of ZSM-5 [2]. An unusual hysteresis
in the adsorption isotherm of p-xylene is caused by unusual sorbent/sorbate or
sorbate/sorbate interactions [6]. The formation of a bromobenzene complex was
found by calorimetry [10]. Molecular dynamicssimulation of propane and methane
in silicalite indicated both adsorbate/silicalite and adsorbate/adsorbate interactions
[7]. The sorption energy in both n-akanes—silicalite and in p-xylene-silicalite
systems have also been calculated by computer simulations [11, 12]. The most
important work was the determination of thelocation of p-xyleneinasinglecrystal
of zeolite H-ZSM-5 [13]. The nature of interaction forces between the methyl(H)
atom in a xylene and the aromatic ring atoms in a neighbor xylene was reversed.
XRD and NMR studies reveal ed the inconvertible symmetry transition of siliceous
MFI zeolite at low loadings of p-xylene, benzene, pyridine and acetylacetone [14—
16]. The unusual features on sorption isotherms and on TPD(TG)/DTG curves of
n-hexane and heptane were found to be caused by a commensurate freezing in
silicalite, with akind of phase transition taking place [17, 18].

The essential host/guest interaction can be clearly studied on the perfect frame-
work of silicalite. The affinity order of 27 organic compounds with different func-
tiona groups has been compared in terms of the At value determined by DTG
[19-21]. The sorbate/framework and sorbate/sorbate interactionsfor certain organ-
ics were found from the double peaks on the DTG curves and thermal effects on
DTA curves [22]. A multi-molecule complex is found to form in silicalite with
p-xylene, toluene, phenol, ethylene glucol, and ethylamine. A phase transition is
caused by the different filling in zig zag channels with various lengths of alkanes
and alkylamines.

It is well known that the framework symmetry of MFI type zeolite is quite
flexible. In general, the as-synthesized MFI zeolite has an idealized orthorhombic
symmetry, which changes to monoclinic symmetry after certain treatments, such
as calcination and ion exchanges [23]. The transition between orthorhombic and
monaoclinic symmetry is reversible. The monoclinic symmetry calcined silicalite
may change to orthorhombic at elevated temperatures, and the temperature of the
monaclinic/orthorhombic transition is influenced by the nature of the cations and
the aluminum content in the zeolite [23, 24]. The monoclinic/orthorhombic transi-
tionisalso induced by adsorbing certain chemical species[14, 25]. In addition the
silicalite synthesized with tetrapropylammonium ion (TPA) as atemplate presents
a transition from orthorhombic to monoclinic form as the sample is cooled to a
temperature of about 175 K [26]. XRD and high resolution °Si MAS NMR are
powerful techniquesfor the identification of such kinds of symmetry transition. X-
ray single crystal structural analysis results show that there are three space groups
of MFI zeolite: Pnma (orthorhombic symmetry) for as-synthesized ZSM-5 [27],
P2, /n (monoclinic symmetry) for H-ZSM-5 [28], and P2;2;2; (orthorhombic
symmetry) for the p-xylene/H-ZSM-5 complex [13]. The ultra-high resol ution 2°Si
MAS NMR spectrum of highly siliceous MFI zeolite(silicalite) exhibits clearly
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resolved resonances for 21 of the 24 postulated lattice sites in the network of
monoclinic symmetry [29, 30].

Recently, silicalite has been used as an effective shape-sel ective adsorbent for
the separation of the isomers of Cg aromatics in the petrochemical industry. The
sorption and desorption behaviors of silicalite are very different from those of its
auminum bearing analogues [20, 31]. It isinteresting to have found that there are
two orthorhombic symmetrieswith different loadings of p-xylenein such asystem,
as revealed by XRD. When the loading is < 4 molecules per unit cell(u.c.), the
M (monoclinic, P2; group) symmetry changesto O1 (orthorhombic, Pnma group).
After saturation (8 molecules/u.c.), the O1 — O, (orthorhombic, P212,2; group)
transition is achieved [16, 23]. Therefore, we estimate that there are two types
of p-xylene/silicalite complex formed. In this work the formation process and the
structure of these complexeswill be studied in detail by XRD, °Si and 13C MAS
NMR, and TG/DTG/DTA methods. We will discuss the experimental results in
terms of the host/guest interactions.

2. Experimental
2.1. PREPARATION

The silicalite sample used in this study was hydrothermally synthesized in an
ethylamine-Na,O-SiO,—H,0 system using water glass as a source of silicon[32].
The as-synthesi zed zeolite product was washed, filtered, dried, and then calcinedin
an oven to remove the organic template at about 600 °C for 2 h. It was then treated
with 0.5N HCI solution at 95 °C for 4 h and washed, filtered, dried and calcined at
550 °C for 2 h. Finally, the zeolite was further dealuminated at 800 °C for 100 hin
aflow of air saturated with water vapour.

The SEM microphoto showsthesilicalite sampleisin aprismatic form of single
crystals up to the size of 6 x 15 um. 2°Si MAS NMR spectra show that the Si-OH
peak at —103 ppm and Si(1Al) peak at —106 ppm disappear. Then-hexane sorption
volumeis0.182 ml/g (~8.0 molecules/u.c.) at P/ Py = 0.5 measured by adsorption
isothermsat 25 °C. Thewater sorptionis0.4wt% at P/ Py = 0.8. The BET and the
Langmuir surface area of the sample are 380.2 m?/g and 532.3 m?/g, respectively,
measured by N, sorption at 77 K. The pore volumeis0.1828 mL /g calculated from
the N2 sorption isotherm at P/ Py = 0.9744. These sorption data indicate that the
silicalite sample has an ideal porous system, consistent with references [1, 2, 7,
18, 34]. Itscrystallinity is 100%. The quality of the sampleis good enough for the
investigation in this study.

The dry silicalite-1 was kept over liquid p-xylene in a desiccator at ambient
temperature for 2 to 200 h to obtain samples with various loadings of p-xylene.
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2.2. CHARACTERIZATION

XRD patterns were collected at room temperature using a D-MAX/II A X-ray
powder diffractometer with CuK,, radiation in the 26 range of 5-50° at a scanning
speed of 8°(20)/min, and in the 20 range of 22-25°, 29-31°, 44-46°, and 48-50°
at a scanning speed of 0.5°(20)/min. 2°Si MAS NMR and 3C CP MAS NMR
spectrawere recorded at room temperature using a Bruker M SL-300 spectrometer.
The 2°Si resonance frequency used was 59.595 MHz, and the rotor was spun at 3.0
KHz. The radio frequency field was 37.0 KHz, corresponding to a«/3 pulsewidth
of 4.5 s, and the recycle time was 2 s. QgMg was used as a second reference for
the 2°Si chemical shift. The 3C resonance frequency was 75.468 MHz, and the
rotor was spun at 4.0 KHz. The radio frequency field was 50 KHz, corresponding
to aw/2 pulsewidth of 5 us, and the recycle time was 2 s. For each measurement
2000-6000 spectrawere accumulated. Adamantane was used as a second reference
for the 3C chemical shift. TG/DTG/DTA measurements were carried out from
room temperature to 500 °C using a PTC-10 A thermal analyzer in an air flow
of 70 ml/min at a heating rate of 5 °C/min. The sample load was 10 mg and the
sensitivity of TG and DTA used were 0.01 mg and +25 1V, respectively.

3. Resultsand Discussion
3.1. XRD PATTERNS

Figure 1 showsthe XRD patterns over awide scanning range for silicalite samples
with various loadings of p-xylene. As the amount of p-xylene adsorbed in the
zeolite is increased, the gradual decrease in the intensities of the low angle peaks
on the patterns is obvious. At the same time, the intensities of the peaks at about
23°(20) are enhanced as the loading of p-xylene is increased from 0 to about 4
molecules/u.c. When theloading >5.2 molecules/u.c., the peak intensity isreduced
asthep-xyleneloadingisfurther increased. Thetransition of the intensity is caused
by the various structural factors of the zeolite with different p-xylene loadings.
XRD patterns of silicalite with various loadings in selected scanning ranges
are shown in Figure 2. As reported by Fyfe et al. [14], the loss of the doublet
splitting of the peaks at 24.4°, 29.3° and 48.3°(20) when the p-xylene loading are
> 1 molecul€/u.c., corresponds to a transition from monoclinic to orthorhombic
symmetry. But in the range of 23° to 24°(26), the changes of the peaks are more
complicated. If the loading > 1.1 molecules/u.c., a triple peak in the 20 range of
23.0° to 23.3° immediately combine, and another triple peak in the 20 range of
23.7° t0 23.9° becomes a double peak at 23.7° and 23.9°(20), respectively. When
the p-xyleneloadings are > 5.2 molecules/u.c., the peak at 23.2°(20) splits. At the
sametimethedouble peaksat about 23.8°(26) combine. Van Koningsveld et al. [13]
have reported that the space group of silicalite with loadings < 4 molecules/u.c.
can be treated as Pnma, which is the same as that of the as-synthesized MFI type
zeolite. The simulated XRD patterns from single crystal structure data and the
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Figure 1. XRD patterns in a wide scanning range for silicalite with various numbers of p-
xylene molecules per unit cell. (@) 0, (b) 1.1, (c) 2.0, (d) 3.4, (e) 3.9, (f) 5.2, (g) 5.9, (h) 7.2, (i)
7.8.

Miller index for each peak can be found in reference [33]. So the Miller index of
the peaks at 23.2°, 23.7°, and 23.9° (20) are [501], [151], and [303] respectively.
Figure 3illustrates the changes of the peak positionsin the range of 23° to 24°(26)
in detail. The sudden breaks on the curves of peak position indicate that atransition
of space group has occurred with 5 to 6 molecules/u.c. of p-xylene loading. Also,
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Figure 2. XRD patterns in selected scanning ranges for silicalite with various numbers of

p-xylene molecules per unit cell. (a) 0, (b) 1.1, (c) 2.0, (d) 3.4, (e) 3.9, (f) 5.2, (g) 5.9, (h) 7.2,

(i) 7.8.
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Figure 3. Shiftsof XRD peaksfor silicalite vs. p-xylene molecules per unit cell.

the [10 0 O] peak at 45.2°(26) moves to higher angle as the loading is increasing
from O to 3.9 molecules/u.c. If the loading >5.2 molecules/u.c., the shift of the
[10 0 Q] peak is negligible. This indicates that the cell constant along the a-axis
firstly constricts, and then remainsinvariable. The[0 10 0] peak at 45.7°(20) shifts
obviously towards a lower angle with increasing p-xylene loading from 0 to 5.2
molecules/u.c. Then the peak movesto ahigher angle astheloading increases. This
indicatesthat the cell parameter along the b-axis of the zeolite has atransition from
expansion to constriction. The phenomenon of the cell constant changing with the
p-Xylene loading is basically consistent with the results of reference [16].

3.2. HIGH RESOLUTION 2SI MAS NMR SPECTRA

Figure 4 shows the high resolution 2°Si MAS NMR spectra of samples with dif-
ferent loadings of p-xylene. The appearance of the 16 independent, well-resolved
resonance peaks proves that the silicalite sample used in this study possesses a
perfect framework of monoclinic symmetry [30, 35]. When the p-xylene loadings
are >1 molecule/u.c., the number of resonance peaks decreases to 8, which is
evidence of the occurrence of the monoclinic/orthorhombic transition. Two spectra
with loadings of 2.2 and 3.6 molecules/u.c. (see Figure 4d,e) are similar to that of
the samples with aloading 8 L and 40 uL/g reported by C. A. Fyfeet al. [14].
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Figure 4. ®Si MAS NMR spectra of silicalite with various numbers of p-xylene molecules
per unit cell. (a) 0, (b) 0.3, (c) 0.9, (d) 2.2, (e) 3.6, (f) 4.4, (9) 5.8, (h) 6.5, (i) 7.7.
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Our spectra have better resolution, however. At the sametime, the resolution of the
resonance peaks becomes poorer with increasing loading, and the peak at —108.7
ppm disappears and three new peaks at about —110 ppm, —116.7 and —117.5 ppm
appear. The same type of 2Si MAS NMR spectrum remains until the p-xylene
loading reaches 5.8 molecules/u.c., which means that in the loading range of 1 to
5.8 molecules/u.c. the zeolite crystal structure belongs to a specific space group
of orthorhombic symmetry [14]. This p-xylene/silicalite associateis designated as
associate-1. When the p-xylene loading is above 5.8 molecules/u.c., the —110 ppm
peak becomes weaker, and finally disappears. Meanwhile two new peaks appear
at —110.9 ppm and —118.7 ppm. The variation in spectrum can be recognized as
asign for associate-1 changing to another space group of orthorhombic symmetry,
and this new p-xylene/silicalite associate is designated as associate-11. The results
of 2°Si MAS NMR studies are consistent with those of XRD measurements.

There is an interesting phenomenon in the °Si MAS NMR spectra. The reso-
nance peaks shift progressively to high field with increasing loading of p-xylene.
The cause of thischangein chemical shiftismost likely the interaction between the
framework and the adsorbed p-xylene. It is known that the framework of silicalite
is constructed of [SiOy] tetrahedralinked by sharing O°~. The Si—O distance and
O—Si—O anglechangeonly alittle with the transition of spacegroup [13], where-
as the influence of the interaction between the framework O°~ and the adsorbed
molecules on the chemical shift is more important. Since the radius of an oxygen
atom is much larger than that of a silicon atom, the whole framework surface is
actually covered with O~ . The average distance between two neighboring atoms
of oxygenin thesilicalite framework is 0.149 nm, which isvery closeto 0.154 nm,
the average distance between two neighboring atoms of carbon in hydrocarbons.
The O? of the silicalite interacts with amolecule of p-xylene, partly changing the
distribution of electronsin C—H groups, and causes the formation of an instan-
taneous dipole moment, inducing electrical polarity. Therefore the van der Waals
force playsarolein the interaction. At high loading ap-xylene/p-xylene associate
isformed in the channel interactions. Hence, the chemical environment of O?~ and
the neighboring Si atom is changed considerably after p-xylene adsorption, which
leads to the upfield shift of the peaks and the broadening of the resonance peaks
with increasing loading.

Asfar aswe know, the high resolution 2°Si MAS NMR spectraof silicalite with
various p-xylene loadings in this study are the first report in the literature. The
interaction between p-xylene and the silicalite framework is very clearly shown
on these spectra. It gave reliable and important evidence of the formation and the
characters of the two types of associates with different space groups. Comparing
Figure 4 with Figures 1 and 2, it can be seen that the °Si MAS NMR spectra
are more sensitive than XRD patterns in identifying the formation of two types of
associatewith different space groups of orthorhombic symmetry. The NMR spectra
are simpler and more characteristic than the XRD patterns.
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3.3. 3CCPMASNMR

13C CP MAS NMR spectra of p-xylene loaded on silicalite are given in Figure
5. The high resolution spectra are the first to be observed and reported. Two
broad 13C resonance peaks appear at 127.9 and 133.9 ppm on the spectra when
the p-xylene loading is in the range of 0.9 to 6.5 molecules/u.c. (see Figure 5a—
€). The intensities of the peaks at 127.9 and 133.9 ppm become stronger and
their resolution better (see Figure 5f) when the p-xylene loading increases to 7.0
molecules/u.c. Three additional peaks, two near 18.7 ppm and one near 133.9 ppm,
are observed in the spectra of the sample with aloading of 7.3 molecules/u.c. (see
Figure 6a). Eventually a well resolved spectrum can be seen in Figure 6b with up
to nine distinct resonances at 17.7, 18.8, 19.8, 126.8, 128.1, 129.0, 129.8, 132.9
and 134.0 ppm, respectively, for the sample with a loading of 8.2 molecules/u.c.
The variations in the spectra show that the p-xylene molecules change from low-
ordered to high-ordered asthe adsorbed p-xyleneloading in the zeoliteisincreased.
This observation is consistent with the results of single crystal studies on the p-
xylene/HZSM-5 complex by van Koningsveld [13].

The 13C CP MAS NMR spectrum of pure p-xylene has three clearly resolved
resonance lines at 20.9 ppm (carbon atoms in methyl group), 127.2 and 134.6
ppm (carbon atoms in aromatic ring), respectively. For the samples with low p-
xylene loading the presence of the two broad peaks at 127.9 and 133.9 ppm show
that there are strong interactions between the p-xylene molecules and the zeolite
framework. On the other hand, the resonance for the carbon atom in the methyl
group shifts about 2 ppm to high field (18.7 ppm), which also indicates that the
adsorbed p-xylene molecules are more restricted in the zeolite channels and the
hydrogen atomsin the methyl group of the adsorbed molecules cannot rotate freely
aong the C—C axis.

For the samples with high p-xylene loading the resonance peaks at 19.8, 126.8
and 132.9 ppm in the 13C spectra are probably associated with the p-xylene mole-
cules adsorbed on the external surface of silicalite. Because of 8 molecules/u.c.
for the saturated sorption, there are small amounts of p-xylene molecules out of
the zeolite channels when the loading = 8.2 molecules/u.c. The other resonance
peaks with $3C chemical shifts at 17.7 and 18.8 ppm for the carbon atoms of the
methyl group and at 128.1, 129.0, 129.8 and 134.0 ppm for the carbon atoms of
the aromatic ring indicate that there are at least another two different positions
for the adsorbed p-xylene molecules. From the very accurate XRD data of Kon-
ingsveld [13], the two positions may correspond to the channel intersection and
the sinusoidal channel in the zeolite. It is obvious that the p-xylene molecules
in the sinusoidal channels should be restricted more strongly than those at other
positions [13, 25]. With low loading the adsorbed molecules are more dispersed
and low-ordered. By contrast, in the channel intersections there is more space for
the adsorbed p-xylene moleculesto interact with each other via hydrogen bonding
to form ahigh-ordered p-xylenelp-xylene complex at high loading. The difference
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Figure 5. *C CP MAS NMR spectra of p-xylene adsorbed on silicalite with the loading of:
(@ 0.9, (b) 35, (¢) 5.3, (d) 5.8, (€) 6.5, (f) 7.0, (g) 7.2, () 7.3, (i) 8.2 molecules/u.c.

in the interactions of the p-xylene molecules with the zeolite framework and with
each other is responsible for the variation in the chemical shifts.
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Figure 6. High resolution *C CP MAS NMR spectra of p-xylene adsorbed on silicalite with
the loading of (a) 7.3, and (b) 8.2 molecules/u.c. The chemical shifts (ppm) of the peaks. (1)
17.7, (2) 18.8, (3) 19.8, (4) 126.8, (5) 128.1, (6) 129.0, (7) 129.8, (8) 132.9, (9) 134.0.

Looking carefully at theresults of the high resolution **C CPMASNMR spectra
and the 2Si MAS NMR spectra, one notices that the space group of the zeolite
and the chemical state of the p-xylene molecules adsorbed are related. It can be
suggested that the change in space group with high p-xylene loading is induced
by the interactions of the p-xylene molecules with the zeolite framework and with
each other.

3.4. TG/DTG/DTA

It wasknown that there are two stepsthat occur in the p-xylene adsorption isotherms
of silicaliteat 60°C or 70°C [2, 16]. One step is related to the p-xylene loading of
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Figure 7. TG/DTG/DTA spectra of p-xylene on silicalite with loadings of (a) 1.6, (b) 3.9, (c)
6.0, (d) 7.3 molecules/u.c. - - - - - - TG, —DTG;------ DTA; | endothermic effect.

3.9 £ 0.1 molecules/u.c., and the second related to the loading of 7.8 + 0.2 mole-
cules/u.c. These steps are suggestive of a solid phase change. The TG/DTG/DTA
curveat high p-xyleneloading in silicalite was reported in our earler work [20-22].
It shows two weight loss peaks on the DTG curve. The shape of the TG curveis
similar to the temperature programmed desorption curves of Cs and C; n-alkanes
from silicalite[18]. It was explained that some kind of phase transition takes place.
Now wereport the TG/DTG/DTA curvesof various p-xyleneloadingson silicalite.
Only oneweight loss peak appearson the DTG curves of the sampleswith loadings
of 1.6 and 3.9 molecules/u.c. (see Figure 7a,b). The temperature of the weight loss
peak is at about 140 °C. There are two weight loss peaks at the temperatures of
about 90 °C and 140 °C on the DTG curves of the samples with loadings of 6.0
and 7.4 molecules/u.c. (see Figure 7c,d). The peak at about 90 °C is sharper than
the one at about 140 °C, which indicates that the desorption rate of thefirst process
is higher. The temperature for complete desorption of p-xylene is about 180 °C.
The heat of desorption is negligible when the loadings are < 4 molecules/u.c. An
endothermic desorption peak is obvious on the DTA curves at a temperature of
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about 90 °C for the sampleswith loadings of 6.0 and 7.4 molecules/u.c. (see Figure
7c,d).

The TG/DTG/DTA data show that there are two types of sorption and des-
orption processes. It is suggested that during adsorption p-xylene molecules at
first diffuse to the sinusoidal channels and are dispersively and more strongly
adsorbed in the channels with low order. This leads to the formation of associate-
I (p-xylene/silicalite), and induces the symmetry transition from monoclinic to
orthorhombic. Then the new p-xylene molecules coming from the straight chan-
nels become adsorbed in the channel intersections and form a highly ordered
p-Xylene/p-xylene complex via hydrogen bonding. In this situation the combina-
tion of p-xylene/p-xylene interaction and p-xylene/silicalite interaction induce the
changing of space groups. Upon desorption, the p-xylene moleculesin the channel
intersections leave the zeolite first through the straight channelswith a high diffu-
sion rate. In this step the energy of the hydrogen bonding between the hydrogen
atoms of the methyl groups and the carbon atoms of the aromatic rings has to be
overcome, so an endothermic effect occurs. Then the rest of the p-xylene mole-
culesin the sinusoidal channelswill leave, with alower diffusion rate, without any
evident heat effect.

4, Conclusion

Correlating all the data obtained by different experimental techniques, the presence
of the two types of p-xylene/silicalite-1 associates is proved with certainty. Their
formation and characteristicsin relation to the p-xylene loading in the zeolite can
be summarized as follows:

Loading molecules/u.c. 0------ 1---2---3---4---5---- 6------ 7------ 8
------- associatel ------- ----associate-ll - - - -

(p-x/silicalite) (p-x/p-x/silicalite)
Space group P2i/n  -------- Pnma--------- ----- P21212;-----
Symmetry (XRD) mono.  -------- ortho.(I)-------- ----- ortho.(I1) - - - -
25 MASNMR mono.  -------- ortho.(l) - ------- ----- ortho.(Il) - - - -
BC MASNMR - - - poor resolution peaks - - - - - ---- high resolution

peaks

(low ordered) (high ordered)
DTG weight losspeak °C ~  ---------- 140--------- ------ 90,140 - - - - -
DTA endothermic peak, °C ~ --------- nong--------- ------- 9M-------
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