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Abstract

The TGA-EGA technique was used to study the influence of sulphanilic acid (SA) on the carbonisation process of the hybrid
terpolymeric precursors composed of methacrylamide, divinylbenzene, and trimethoxyvinylsilane. The pristine polymers
were impregnated with saturated solution of SA, dried, and carbonized at 600 °C under N, atmosphere. The characteristic
properties of both the pristine hybrid polymers and the resulting carbons were based on FTIR, Raman, and PXRD analyses,
which revealed the materials were composed of amorphous polymeric or carbon phase interpenetrated by silica/silicate
disordered network. The porosimetric analysis showed the resulted carbons possessed homogeneous supermicropores with
the average pore width of 0.7 nm and reduced number of mesopores compared to pristine precursors. From the TGA results,
it was followed that impregnated polymers decomposed in two stages, instead of one like pristine precursors did. Moreover,
IDT of impregnated polymers was reduced by about 100 °C, and their T, ,, was increased by 2-5.5 °C. Their decomposition
proceeded slower by 22-37% that caused increase in efficiency of the process by 10-48%. The EGA showed the decom-
position of the impregnated precursors started from the degradation of the amide groups, then SA destruction took place,
followed by further decomposition of the polymer. The studies led to the conclusion that SA had the protective effect on
the surface of the carbonized polymers. During impregnation and thermal treatment, SA produced a deposit in pores of the
precursors. This resulted in narrowing of the pore width, delaying and slowing down the polymer thermal decomposition
process, as well as increasing its efficiency.
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Introduction

Hybrid polymer materials are of great interest nowadays. In
their structure, they combine polymer chains with inorganic
molecules, allowing to obtain new products with improved
or even unique properties, e.g. thermal, mechanical, rheo-
logical, electrical, catalytic, fire retardancy, or optical [1-5].
These modern materials can be used in various, sometimes
very distant, fields, such as medicine, cosmetics, textiles,
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agriculture, food packaging, catalysis, construction, optics,
and optoelectronic devices, as well as in very advanced tech-
nologies for semiconductor devices, sensors, or aerospace
[1, 6]. When prepared in the form of porous microspheres,
they can be efficient adsorbents used in purification and sep-
aration techniques [7, 8]. They can also be a substrate for
the synthesis of hybrid porous carbons, which have a much
higher chemical and thermal resistance than their polymer
precursors [9-11].

Depending on a way of synthesis and used substrates,
especially the one that contributes the silica-derivative com-
ponent, the obtained hybrid and composite materials may
significantly differ from each other in terms of structural
properties. Silica or silicate species can create varied forms
ranging from completely disordered and amorphous [12, 13],
through partially ordered (composed of defective octamers
or ladder-like fragments [14, 15]), to crystalline [16, 17] or
channel-like highly ordered [3, 18]. Their rigid structure not
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only allows to construct internal three-dimensional frame-
works, which constitute an element reinforcing the material
[19], but also influences its thermochemical and insulation
properties contributing to the increase in thermal and fire
resistance [4, 5, 9, 20]. According to the literature reports, a
decomposition of hybrid or composite polymeric materials
begins from organic parts, especially linear aliphatic hydro-
carbon chains, whilst Si—O-containing species are incorpo-
rated into arising SiO,C, network. Although the formation
of such cross-linked structure prevents further destruction of
the material, around 600 °C, its density increases, indicat-
ing a continuous reorganisation of the structure towards an
inorganic silica-like phase that forms a protective barrier on
the surface even at higher temperatures [21-24].

The second factor that contributes to the improvement
of the thermal properties of polymers and gives them flame
resistance and the ability to self-extinguish is the presence
of nitrogen atoms in the polymer chain [11]. Synthetic poly-
mers such as polyamides, polyimides, poly (meth)acryla-
mides, or polyacrylonitriles, as well as natural ones, e.g.
chitosan, are popular precursors used in the synthesis of
carbon materials [24-28]. Studies on pyrolysis of various
nitrogen-containing polymers have shown that, regardless of
the type of used precursor, there are four main N-derivative
functional groups in the charred matter: pyridinic, pyrrolic/
pyridone, graphitic (quaternary) N, and N-oxides [29-33].
Thermogravimetric analyses performed on samples poly-
methacrylimides and polyacrylamides revealed that below
340 °C, pendant amide groups condense to form imides with
the release of ammonia as a by-product. Above this tempera-
ture, intensive mass loss occurs as a result of the breakdown
of the main polymer chains. This process is accompanied by
the emission of water, carbon dioxide, imides, and nitrile
compounds. In the general course of thermal degradation,
the imidisation and dehydration reactions of amide groups
and radical decomposition of the polymer chains with inter-
and intramolecular hydrogen transfer take place [34, 35].
The process is complex and assisted by many side reactions
in which gaseous decomposition products can still react with
the carbonaceous material. Consequently, the formation of
the nitrogen-containing functional groups mentioned above
occurs. These moieties are responsible for carbon character-
istic features such as polarity or acid-base properties of its
surface, resulting from their concentration and chemical het-
erogeneity. It makes that nitrogen-doped carbonaceous mate-
rials find applications in heterogeneous catalysis, adsorption,
and as components of batteries or carbon electrodes [32].

Zuo et al. tested properties of polyimide films casted on
soda glass. They found that the polarity of the polyamide
films carbonized up to 300 °C on the glass side was higher
than that on the air side. The observed phenomenon was
explained by the presence of hydrogen bonds between the
polar groups of the polymer and the silanol groups of the
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glass, which they believed were to prevent imidisation [26].
This observation seems to be useful in the field of synthesis
of hybrid and composite materials, because it indicates the
formation of quite strong interactions between the functional
groups of the polymer and the inorganic silica/silicate frame-
work. Due to their presence, structures with a low degree
of order may be formed in the amorphous network of the
hybrid material.

Another extremely important factor required in potential
applications of hybrid materials is a uniform porous struc-
ture. In the case of polymers, the porosity is created already
on an early stage of a synthesis by, e.g. control of cross-
linking degree [36], using appropriate porogenic solvents
[37, 38] or hybrid monomer [7] or template [39]. The forma-
tion of the porous structure of carbon materials depends on
the technique of their synthesis. In classical carbonisation,
the porosity of precursor and the conditions of the process
are extremely important as they affect the porous proper-
ties of the final carbon product [40, 41]. One of the draw-
backs of this method is relatively low possibility to control
the width of the pores. In order to overcome this incon-
venience, additional procedure involving chemical vapour
deposition (CVD) can be applied [42—-45]. An alternative
way to achieve carefully planned and designed porosity of
carbons is template techniques. They allow to obtain car-
bons with desired type of pores by choosing the right tem-
plate substrate [46—49]. The materials prepared with these
methods have uniform, well defined, and even hierarchical
pores, which can form, e.g. interconnected channels [50, 51].
Similar results can be obtained by carbonisation of hybrid
polymeric precursors [11].

In this work, we present the application of thermogravim-
etry with the analysis of evolved gases (TGA-EGA) to study
the course of the carbonisation process of porous hybrid
polymer microspheres impregnated with sulphanilic acid as
a surface modifier supporting the control of pore width. Sul-
phanilic acid has not yet been tested as such type of agent,
but its potential seems to be very interesting. This simple
compound decomposes, releasing sulphur dioxide and ani-
line. The former can act as a gas activating the carbon sur-
face, whilst the latter, depositing in the porous structure,
makes it more uniform, similarly to the CVD method. More-
over, one of the advantages of the impregnation procedure
is the consumption of a much smaller amount of reagent
compared to the CVD.

TG analyses revealed that thermal decomposition of the
pristine hybrid polymers started in the range of 240-350 °C
with higher values being achieved by samples with higher
trimethoxyvinylsilane (TMVS) content, whilst the impreg-
nated ones were much less thermally stable, and their ini-
tial decomposition temperature was shifted to the range of
177-211 °C. Also, the course of the decomposition was
significantly different. In case of the former, it was a fast
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one-stage process (peak around 447 °C), whilst for the latter,
it ran in two slower steps (334 and 449 °C).

Evolved gas analysis of methacrylamide—divinylbenzene
copolymer (HPP 1) revealed compounds characteristic of
polymers of this type, mainly ammonia, unsaturated hydro-
carbons, CO,, amide, and imide species. As the content of
TMYVS in polymers increased, the proportion of ammonia
derivatives decreases, whilst aromatic compounds, e.g.
aliphatic styrene, derivatives predominated. In case of the
impregnated polymers, at the first stage of the polymer
decomposition, besides ammonia, SO, was also released.
Then at the beginning of the second stage, mainly aniline
was evolved, but as the process progressed, other hydrocar-
bon components, originating from DVB mers, appeared in
the decomposition products too. At the final stage, methane
and increasing amounts of CO, were recorded, as well. This
observation suggested that at this stage, the polymer was
already carbonized and further structural changes resulted
from the internal transformation of this newly formed
charred matter. The conducted experiments showed that the
modifier was completely decomposed, and the products of
its decomposition contributed to the formation of both the
porous structure and the chemical heterogeneity of the sur-
face of carbon products.

Experimental
Materials—reagents

Sulphanilic acid of analytical grade and methanol and ace-
tone of pure grade were purchased from POCH (Gliwice,
Poland). Highly purified water of Millipore quality was pre-
pared in our laboratory using Synergy® Water Purification
System, Millipore (Merck).

Materials—preparation of the samples

The hybrid polymeric porous precursors (HPP) in form of
microspheres were synthesized using methacrylamide (MA)
as the primary monomer, divinylbenzene (DVB) as cross-
linking monomer, and trimethoxyvinylsilane (TMVS) as a
source of inorganic framework of the hybrid polymer. The
obtained polymers differed in the content of the monomers
molar ratio: HPP 1-MA-DVB-TMVS (2:1:0), HPP 3-MA-
DVB-TMVS (1.33:1:0.67), HPP 4-MA-DVB- TMVS
(1.5:1:0.5), and HPP 6-MA-DVB-TMVS (0:1:1). All the
details regarding the syntheses of precursors were already
described in previous work [52].

In order to obtain a more homogeneous porous structure
of the final carbonisation products and support a process
of thermal treatment, the resulting polymers were impreg-
nated with sulphanilic acid (SA). The impregnation was

carried out with a saturated aqueous solution of SA using
10 mL for each 1 g of the polymer precursor. Next, the
samples were dried and carbonized at 600 °C under nitro-
gen atmosphere (100 mL min~!) to obtain hybrid porous
carbons (HPC). After carbonisation, all the materials were
washed with methanol and acetone in Soxhlet apparatus
for at least 8 h and left to dry. The numbers on the HPC
labels indicate the corresponding polymer precursor.

Measurements
Porous structure analysis

Porous structure parameters were evaluated using standard
low-temperature nitrogen sorption experiments performed
with an ASAP 2405 analyser (Accelerated Surface Area
and Porosimetry system, Micromeritics Inc., Norcross,
GA, USA). Before analyses, the samples were outgassed at
70 °C for 1 h. The adsorption—desorption isotherms were
measured at — 196 °C. The specific surface area (Sggy) was
calculated using the standard BET method assuming N,
molecular cross-sectional area of 0.162 nm. The total pore
volume (V ), mesopore and micropore volumes, and pore
size distributions were calculated by means of SAIEUS
software (Micromeritics), free version, www.nldft.com,
choosing the implemented 2D-NLDFT model. The per-
formed calculations were based on adsorption branch of
the isotherms and the heterogeneous pore model.

Attenuated total reflectance spectroscopy

Infrared spectra were collected in Attenuated Total Reflec-
tance mode (ATR-FTIR) by means of a TENSOR 27 spec-
trophotometer (Bruker, Ettlingen, Germany). The spectra
were acquired in the frequency range of 4000 to 600 cm™" at
aresolution 4 cm™!, performing 32 scans per measurement.
For processing, the collected data from OPUS software (pro-
vided by the equipment manufacturer) were applied. The
resulting spectra were shown as a function of transmittance
versus wavenumber.

Raman spectroscopy

Raman spectra were recorded with the use of a Renishaw
inVia Reflex Raman microscope, wavelength of excitation
laser was 514 nm, and its power was about 1.4 mW. One
spectrum, with a resolution of 1 cm~!, was recorded per
measurement. These spectra also were processed with OPUS
software.
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Powder X-ray diffraction measurements

The powder X-ray diffraction (PXRD) data were collected
with the PANalytical Empyrean diffractometer with Ni-
filtered Cu Ko radiation (Malvern PANalytical, Malvern,
UK). The measurements were taken at room temperature.
The intensity data were captured with the PIXcel3D detec-
tor over the 20 range of 5-50° with the step of AB=0.013°.
The overlays of diffraction patterns were generated using
HighScore software.

Thermogravimetric analysis coupled with infrared
spectroscopy of evolved gases

TG/DTG analyses were carried out using an STA 449 F1
Jupiter thermal analyzer (Netzsch, Selb, Germany). Samples
of approximately 7 mg were weighed into a Al,O5 crucible.
Measurements were taken in the range of temperature from
30 to 1000 °C with the heating rate set on 10 °C min™'. Dur-
ing analyses, helium atmosphere was maintained with a flow
rate of 40 mL min~!. The gaseous products evolved (EGA)
from the heated sample were analysed with the online cou-
pled Fourier transform infrared spectrometer FTIR Tensor
27 (Bruker, Ettlingen, Germany). Similar to ATR measure-
ments, these spectra were collected in the same frequency
range and resolution; however, 16 scans were recorded per
sample scan time. To distinguish EGA spectra from those of
ATR, the former was shown in absorbance units (A.U.). The
interpretation of the collected spectra included both analysis
of the most characteristic, individual vibration bands using
correlation tables and comparison of the obtained results
with reference spectra for substances in the gaseous state,
which are available in the NIST database.

Table 1 Porous structure parameters of the hybrid polymeric precur-
sors and the hybrid carbons

Material Spgy/ Vol Vil Percent- W/nm
m? g~} cm’ g7} cm’ g7} age of

micropo-

res/%
HPP1 400 0.83 0.015 1.81 8.0
HPP3 461 1.05 0.016 1.52 8.5
HPP4 443 0.98 0.017 1.73 8.5
HPP6 511 0.97 0.019 1.96 7.3
HPC1 400 0.31 0.14 45.16 32
HPC3 553 0.71 0.16 22.54 5.2
HPC4 430 0.44 0.14 31.82 4.2
HPC6 584 0.57 0.19 33.33 4.0
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Fig. 1 N, adsorption—desorption isotherms of polymer precursors and
the carbons obtained out of them

Results and discussion
Porosity

The effect of using sulphanilic acid as a substance modifying
the surface properties of the precursor materials is at first
revealed in the results of porosimetric analysis (Table 1).
Although specific surface areas (Sggr) did not change signif-
icantly when comparing their values between the respective
polymer precursor and its carbonisation product, the total
pore volumes (V) were reduced by 32 even to 63%. How-
ever, it did not imply deterioration or loss of the material
porosity, since the micropore volumes (V ;) increased about
10 times in all cases. This was associated with a decrease in
the average pore size (W) by about 50%.

The above-described structural changes are especially
well visible in plots presenting nitrogen sorption iso-
therms (Fig. 1) and pore size distributions (PSD) (Fig. 2).
All the hybrid polymers possessed very uniform, almost
identical mesoporous structure with dominating pores of
22 nm width. Only up to 2% of the total pore volume was
micropores. They had mean pore width of ca. 1.2 nm. After
carbonisation, percentage contents of the smallest pores
became much higher and reached even up to 45%. The aver-
age widths were shifted to the value of ca. 0.7 nm, which
is characteristic of supermicropores. Their presence is rep-
resented by very sharp and narrow peaks in Fig. 2. Some
changes were also observed in the region of mesopores. The
volume of mesopores in range of 5-30 nm was significantly
reduced, whilst those of 2—5 nm almost totally disappeared.
In case of HPC 6, additional effect is observed, as in the
range of 10-30 nm, only one wide peak could be observed
that proved the structural transformation affected to a greater
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Fig. 2 Pore size distribution plots of the studied materials

Fig.3 ATR spectra of hybrid
polymer precursors HPP 1—
HPP 6

Transmitance

0.89

0.87
3600

extent larger pores, leading to a narrowing of their widths.
However, the almost complete disappearance of mesopores
narrower than 10 nm may indicate that the process of pore
merging also took place.

Spectral analysis

ATR-FTIR spectra presented in Fig. 3 confirm the chemi-
cal structures of the hybrid polymeric precursors. At about
1657 cm™!, vibrations of amide groups can be observed.
From the right at 1600 cm™', a band coming from DVB
aromatic system is superimposed on them. However, the
most intense bands of aromatic rings can be found below
830 cm™!. In the range of 970-1180 cm™ !, there are medium-
intensity bands originating from silicone-containing spe-
cies [53]. These bands are a combination of primary vibra-
tions of TMVS functionalities: asymmetric stretching of
Si-O-C in CH;~O-Si (at 1000-1110 cm™") and Si-CH- (at
1000-1020 cm™"), as well as secondary vibrations of moie-
ties formed during polymerisation and in side reactions. The

latter includes, for example, partial hydrolysis and conden-
sation of TMVS leading to the formation of hydroxyl (at
1020-1040 cm™!) and silicate species (at 8601180 cm™)
[13]. In this region, asymmetric vibrations of Si—O-Si cyclic
structures can be found at 1118 cm™" [54], as well. Addi-
tionally, the possibility of bond formation with aromatic
rings should also be considered. The strongest characteristic
vibrations of Si—O—C(spZ) and Si—C(spz) are in the ranges of
1090-1135 and 1090-125 cm™! [55], respectively.

After carbonisation, the bands of Si—-O-C and Si—O-Si
become dominating; however, their position is a little shifted
towards lower values of wavenumbers just under 1100 cm™!
(Fig. 4). The aromatic ring vibrations still can be observed at
about 1600 and 800 cm™!, but their shapes are different than
in case of the polymers. It is a consequence of characteristic

-Si-0-Si- | R-O-Si—
| Arom. ring |
3100 2600 2100 1600 1100 600
Wavenumber/cm~1

structure of carbon materials formed by different-size disor-
dered clusters of condensed and defective aromatic species.
The absence of amide band proves that these moieties had
decomposed during heat treatment.

In Raman spectra of the precursors (Fig. 5), mainly bands
from hydrophobic parts of the polymers are well visible.
The most intense of them is caused by vibrations of aro-
matic system of DVB monomer. They include number of
peaks in the range of 3100-3000 cm™! due to stretching of
=C(sp?)-H, stretching of aromatic rings at about 1600 cm™,
and that at about 1000 cm™! indicating the ring substitution
positions. The another mid-intensity band located between
3000 and 2840 cm™! reflects the presence of C—H bonds in
longer fragments of the aliphatic chains and shorter linkages
cross-linking adjacent chains [55].

The Raman spectra of the carbons (Fig. 6) have shapes
typical of carbonized materials. The highest intensity pos-
sesses G bands at about 1600 cm™! representing vibra-
tional modes of asymmetric stretch of sp? carbons. At
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Fig.4 ATR spectra of hybrid
porous carbons HPC 1-HPC 6
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ca. 1350 cm™!, D bands are visible as broad peaks of medium
intensity. They are assigned to symmetric breathing modes
and Kekule-type vibrations in larger ring systems [56]. In
the range of 3100-2400 c¢cm~!, s-order vibration bands are
active giving very broad peak consisting of combination of
D and G modes (at ca. 2900 cm™') and D bands overtones
(at about 2700, 3100, and 2400) [57].

The obtained Raman spectra are very similar to each
other, which proves that for all the precursors, the course of
formation of the carbon structure proceeded in a comparable
manner.

PXRD analysis

The powder patterns of HPP and HPC materials are shown
in Fig. 7. For better exposition of the structural differences
between the tested samples, the comparisons of the results
obtained for polymers (HPP; on the left) and carbons (HPC;
on the right) are presented in the upper panel, whereas the
bottom panel allows to confront the results for individual
pairs of the polymer precursors and the carbons obtained
from them, in order to better estimate the structural changes
occurring under carbonisation conditions.

The PXRD studies revealed that all the analysed samples
were amorphous. In the patterns, three regions can be dis-
tinguished in the ranges of 5-10°, 10-30°, and above 30°,
respectively. Broad diffraction peaks in these regions occur
for polymers, carbons, and silica materials.

In case of amorphous polymers, two broad diffraction
peaks extending between 10—15° and 15-24° are assigned to
two different amorphous phases associated with the orienta-
tion and length of two adjacent polymeric chains [58]. For

20/°

polystyrene (PS), the peaks are observed at 10° and 19° cor-
responding to the interchain and intrachain distances, respec-
tively, caused by phenyl-phenyl interchain and phenyl—chain
interactions [59, 60]. When amide groups are present in pol-
ymer, the characteristic positions of the reflections are ca.
21° and 22.6°. The former is assigned to the average distance
between H-bonded chains, whilst the latter to the average
van der Waals distance between the non-H-bonded chains
[59, 61]. The presence of the side chains is also affected in
the PXRD patterns. Their steric hindrance influences the
distance between polymer chains, and the more bulky the
side chains are, the greater the distance between the chains
will be created. This, in turn, is not conducive to the forma-
tion of structures with a higher crystalline/spatial order [59,
61]. On the other hand, if a polymer has the ability to form
lamellar structures in the range of lower-angle reflections
(below 10°), broad peaks are present. They are attributed to
lamella stacking distance [62].

Hung et al. studied poly(divinylbenzene) (PDVB) micro-
spheres and its carbonized derivatives [63]. In the PXRD
pattern of PDVB, one broad reflection located at about 18°
was found. After carbonisation, the peak position changed
to ca. 23°, and a new one appeared at about 43°. Both of
them were assigned to the largely disordered carbon. Similar
peaks were also observed in PXRD patterns of other car-
bonized materials prepared from different sources includ-
ing those of natural origin [64, 65]. The above-mentioned
reflections correspond to (002) and (100) planes of graphite,
respectively. According to structural and theoretical studies
[64, 66], the presence of the former is due to a small num-
ber of stacked graphene layers, which are more distant from
each other than in graphite (3.35 A), whilst the latter (43°)
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Fig.8 The TG (left) and DTG 100
(right) curves of the pristine
HPP samples

Mass loss/%
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Temperature/°C

is attributed to the dimension of the average crystallite in the
in-plane direction. The factors influencing the position and
width of the diffraction reflections (broadening of the finite
size of crystals, parameter fluctuations, and lattice deforma-
tions) include the source of carbon, the method of its prepa-
ration, and chemical treatment [64]. In the case of carbons
prepared at the temperatures below 1000 °C, the reflections
are broad, and their intensities are small, indicating a heavily
disordered structure with very little crystallinity covering
only small graphene-like fragments stacked of average two
layers [63, 65, 67, 68].

The literature reports prove that also silicate species
possess their reflections in the above-mentioned ranges
[14-16, 21]. The reflections below 14° are attributed to
fourfold siloxane rings originating from the cyclic structures
arranged in the macromolecular network of silicates, whilst
those located in range 14-30° to amorphous silica.

As follows from Fig. 7, for the HPP samples, each poly-
mer has only one peak visible in the range of 8-30°. Its
position and width change slightly depending on the polymer
compositions. The broadest (8—30°) peak with a maximum
at ca. 16° was obtained for HPP 1 composed of methacryla-
mide and divinylbenzene. In the case of HPP 3, HPP 4, and
HPP 6, the reflections became narrower and shifted towards
18° with the increasing content of trimethoxyvinylsilane
monomer in the polymer.

The PXRD patterns of the HPC samples have reflections
in the areas characteristic of carbon materials (ca. 23 and
43°), and their profiles are typical of those with highly dis-
ordered structure. In analogy to the HPP, the broadest and
least intense peaks were for HPC 1. Very similar results were

Table 2 Thermal parameters of the pristine hybrid polymeric precursors

———HPP 1
——HPP3

HPP 4
——HPP6

Relative mass loss /% min~!
LLOLlo
oA NO®O AN

-18
0 100 200 300 400 500 600 700 800 900 1000

Temperature/°C

obtained for HPC 6 proving that both materials retained the
amorphous structure of their precursors to great extent. This
is also confirmed by the presence of strong amorphous phase
diffusion observed for low 20 angles. A slightly higher order
of the carbon structure was exhibited by HPC 3 and HPC 4.
These two samples had better developed peak at 23°; at the
same time, that at 43° was almost unchanged. This observa-
tion can lead to the conclusion that all the HPCs are built of
very small fragments resembling randomly arranged poly-
cyclic aromatic hydrocarbons (PAHs) of various sizes rather
than graphene crystallites. However, in the case of HPC 3
and HPC 4, the presence of broad but more intense reflection
at 23°can indicate the beginning of the stacking process.

Taking into account the structural changes in polymers
caused by carbonisation (bottom panel of Fig. 7), the reflec-
tions not only shifted from about 16-18° for HPP to 23°
for HPCs, but also their intensities decreased, which was
especially pronounced for HPC 1 and HPC 6. The shift is
a consequence of reducing the distance between polymer
chains, which takes place when the processes of their cycli-
sation and aromatisation occur during the formation of the
carbon structure. It is well-known that even in amorphous
phase, short fragments of polymer chains can be parallel to
each other due to, e.g. van der Waals, interactions. These
areas are destroyed during carbonisation, resulting in the
intensity reduction of reflections.

Thermal properties

The effect of chemical composition of the pristine hybrid
polymers precursors on their thermal properties is presented

IDT/°C T00/°C  T,hs5/°C  Tsq/°C DT/°C Am/% Rm/% T,./°C Rateof Ist Trhao/°C  Rate of 2nd
stage/% stage/% min~!
min~!

HPP1 260.823% 353.8 400.3 433.0 400.94589 68.57 13,38 2843 1.04 444 .4 13.17
HPP3 299913% 406.0 4323 4524 417.5466.0 64.03 23.90 - - 447.1 13.79
HPP4 2064.61.8% 3774 419.9 446.2 41194642 6354 2045 2932 0.69 447.2 13.35
HPP6 332.01.1% 411.0 431.7 448.5 420.1-464.8 7156 16.20 - - 446.9 16.91
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Fig.9 The TG (left) and DTG
(right) curves of the impreg-
nated HPP samples
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in Fig. 8 and Table 2. In order to compare thermal stabil-
ity of the studied materials, the temperatures corresponding
to 10, 25, and 50% of sample mass loss (T yy, T,s¢, and
Tsg) for the polymers and 5, 10, and 20% (Ts, T,o, and
T, for the carbons were determined from the TG curves.
Additionally, the initial decomposition temperature (IDT)
of polymers and the full range of sample decomposition
temperature (TD) were estimated. From the point of view
of carbonisation efficiency, the residual mass (Rm) and the
sample mass change (Am) within the decomposition range
or to a given temperature range are also important param-
eters. The temperature of the maximum decomposition rate
(T hax) and the rate of decomposition were determined from
the DTG curves for each stage of the process.

TG analyses revealed that thermal decomposition of
the pristine polymers started in the range of 260-330 °C,
and values of IDT and T, strongly depended on the
contents of methacrylic component in the sample. At the
beginning of decomposition of HPPs containing higher
amounts of MA (HPP 1 and HPP 4), a slight and slow
mass change was observed in the range of 250-300 °C.
In case of HPP 3, it was hardly visible, and for HPP 6,
it was absent at all. This observation indicated that the
thermal degradation of the polymers began with the MA
component. At higher decomposition temperatures (T,sq
and Tsq), another trend is more pronounced. The increase
in the TMVS monomer content contributed not only to the
improvement of the thermal stability of the polymers but
also, due to smaller mass changes (Am), allowed to obtain
higher residual masses. Interestingly, this effect was most
pronounced for HPP 3 and HPP 4, confirming a synergistic
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stabilisation of the structure by each component of the
polymer. For this reason, the highest efficiencies of car-
bonisation, exceeding 20%, were achieved just for these
two polymers [23].

Based on the DTG analysis results, it was found that for
all samples containing TMVS, the temperatures of maximum
decomposition rates were almost identical ~447 °C and with
the decreasing contents of MA, the process proceeded in one
stage, but with a higher rate. It means that, although MA
contributed to lowering the IDT of polymers, the carbon
structure formed from it decomposed more slowly than that
of the highly cross-linked DVB (HPP 6). This finding is in
line with results reported in the literature [24, 26, 34, 35].

The influence of sulphanilic acid on the thermal behav-
iour of polymers after impregnation is shown in Fig. 9, and
relevant data are collected in Table 3. For comparison, the
results for pure SA have also been added. It is worth noting
that IDT of SA is very high due to its zwitterionic crystal
structure additionally supported by hydrogen bonds between
amino and sulphonic groups [69].

The impregnated polymers were much less thermally
stable, as their decomposition started in the range of
177-211 °C, which was about 60—-100 °C lower than for
the pristine precursors. The reason of this phenomenon
was that SA in narrow pores of HPPs could not form stable
crystal structure, which consequently led to a decrease in
its thermal stability. As the result, the ranges of DT were
slightly extended. Moreover, the course of the decomposi-
tion was significantly different. In this case, it proceeded
in two slower but clearly marked stages (T ~334 and
T naxa ~ 449 °C).

max1

Table 3 Thermal parameters of the impregnated hybrid polymeric precursors and sulphanilic acid

IDT, 5,/°C  Tygy/°C Tysq/°C Tsy/°C DT/C Am/% Rm/% T,,,/°C Rateoflst T,,,/°C Rateof2nd
stage% min! stage% min™!

HPP | impr 177.2 303.4 339.5 4363 386.9-465.0 72.06 19.87 334.1 5.55 449.9 10.07

HPP 3 impr 195.8 316.8 401.8  451.8  404.8-4704 65.02 2631 330.1 3.46 4499 9.09

HPP 4 impr 159.9 3203 3525 44338 390.0-470.0 67.43 2299 333.8 4.87 4492 8.39

HPP 6 impr 211.3 319.7 4125 451.3 412.0-470.4 69.56 2229 3382 2.81 450.9 10.97

SA 352.0 362.7 367.0 3717 340.0-390.0 754 12.1 3410 3.20 371.0 19.84

@ Springer



M. Sobiesiak et al.

Fig. 10 The TG (left) and 100
DTG (right) curves of the HPC 05
samples *
5 9
3
@ 85
@ ——HPC 1
=8 ___ypcs
75 ——HPC4
——HPC6

70
0 100 200 300 400 500 600 700 800 900 1000
Temperature/°C

Taking into account the second stage of decomposition
and comparing T,,,, for HPP and HPP impr polymers,
it should be stated that after impregnation, the obtained
values were 2-5.5 °C higher. Similar comparison made
for decomposition rates allowed to denote that impregna-
tion caused a decrease in their values by about 22-37%.
Worth noting is also the fact that for all impregnated
materials, the values of Rm are about 20% higher. This
means that compared to pristine polymers, the carbonisa-
tion efficiency of HPP 1 impr, HPP 3 impr, HPP 4 impr,
and HPP 6 impr increased by 48.5, 10.1, 12.4, and 37.6%,
respectively. Of course, apart from the SA influence, the
thermal stability of the precursor itself was also important.
For this reason, the highest Rm values were achieved for
HPP 3 impr and HPP 4 impr. All these findings allow to
prove the protective effect of SA on the surface of the
carbonized polymer. During impregnation, aromatic rings
of sulphanilic acid created a deposit in porous structure of
the precursor. It resulted in not only the formation of very
uniform microporosity in the prepared carbons but also
delayed and slowed down the process of thermal decom-
position of the polymers as well as increased its efficiency.

The synthesized hybrid porous carbons were ther-
mally stable up to 500 °C (Fig. 10 and Table 4). Due to
their microporous and hygroscopic nature, in the range
of 35-400 °C, a few percent mass change was observed.
The level of the obtained value was related not only to the
porosity of HPC samples but also to the content of TMVS
in the precursor. That is why this effect can be attributed
to the hydrophilic properties of silica and silica-derived
moieties [70].

Table 4 Thermal parameters of the hybrid porous carbons
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Another important feature of silica and silicate species
is their high thermal stability [4, 22, 23, 71, 72]. Therefore,
the T,,,.» values of HPC 3, HPC 4, and HPC 6 were very
similar. Interestingly, the result obtained for HPC 1 was ca.
10 °C higher. Almost identical trend could be observed for
decomposition rates. This proved that silica or silicate-like
component included in the carbon structure stabilized it,
even during the next heating cycles, which is good informa-
tion from the point of view of potential practical applica-
tions. Thermal stability is a very desirable feature, when the
material would be used in elevated temperatures, e.g. gas
chromatography column packing or thermal regeneration
would be applied as a recycling technique.

Evolved gas analysis

More light on the processes taking place during carbonisa-
tion threw the evolved gases analysis performed in tandem
with TGA. Figure 11 presents Gram Schmidt plots recorded
for all the studied samples. Their course allows to compare
the gas evolution from the samples as well as makes it easier
to indicate at what stage of sample decomposition the infra-
red spectrum was extracted.

As it was described above, already in the early stages
of the process at ca. 300 °C, the HPP 1 sample began to
slowly lose its mass. The EGA-FTIR spectra gathered for
this polymer and depicted in Fig. 12 showed that ammonia
(966 and 930 cm™") was the first to be released (270360 °C)
from the deamination or condensation of the amide groups.
Then at slightly higher temperature, the aliphatic parts of
the polymer chains stared to degrade, releasing unsaturated
hydrocarbons (3100-2850 cm™!), CO, (2360 cm™!), and

Ts/°C  TyuC  Tyy/°C  Am Am400-  Rm/% T,,,/°C  Rateof Ist T,.o/°C  Rate of 2nd
35-400 °C/% 1000 °C/% stage/% min~! stage/% min~!

HPC1 5675 664.9 946.5 1.82 19.02 74.02 - - 663.1 0.60

HPC3 3048 672.9 1077.6 4.67 14.16 80.79 94.5 0.54 655.7 0.38

HPC4 415.1 644.4 1019.2 4.53 17.10 7798 1254 0.30 652.7 0.48

HPC6 112.1 632.0 1020.6 6.18 15.64 77.67 85.2 0.73 653.4 0.41
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Fig. 11 The Gram Schmidt curves of the pristine (left), impregnated HPPs

Fig. 12 The EGA-FTIR spectra
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small amounts of nitrile compounds (2250 cm™"), which are
characteristic of thermal degradation of acrylamide poly-
mers [34, 35]. At the 460 °C, the released products were
dominated by a mixture of aromatic compounds, which
indicated further degradation of the polymer, including the
cross-linked parts of the chains. The observed characteristic
bands could imply the presence m-ethylstyrene (915, 795,
702, 995, and ~3000 cm™! in the range of 300-470 °C),
mixture of methylstyrenes (825, 910, and 775 cm_l), styrene
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(698, 911, 776, and 3095 cm'l), xylenes (798, 731, and
772 cm™Y), toluene (731 cm™), and benzene (672 cm™)),
amongst evolved products. The band at 1720 cm™! might
disclose the presence of carbonyl derivatives like imides,
lactams, aldehydes, and ketones. At 600 °C, thermal decom-
position of the polymer is nearly finished. Close to this tem-
perature, reorganisation of charred matter was still taking
place. For this reason, amides, imides, unsaturated hydro-
carbons (1630 cm™), and CO, were released by the sample.
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The same gaseous products were emitted from the sample
in the final phase of decomposition at 960 °C, with the dif-
ference that CO, significantly dominated over the others.
The way of releasing all these compounds from the polymer
network undergoing disintegration was schematically shown
in the right part of Fig. 12, where bond breakage points were
marked with zigzag lines.

Due to the simpler chemical composition of HPP 6, its
thermal destruction also seems to have a much simpler
course. In the left bottom panel of Fig. 12, the EGA-FTIR
spectra were exhibited, whilst in the right, the suggested
degradation scheme for this polymer was exhibited. As fol-
lows from the spectrum acquired at 440 °C, the initial step
of decomposition concerned free ends of polymer chains.
For this reason, in the temperature range of 330-570 °C,
m-ethylstyrene dominated in gaseous products, accompanied
by small amounts of CO, and CO (2170 and 2100 cm™), and
the latter oxides probably came from oxidized fragments of
the polymer chains, which could have been formed in a natu-
ral way already at the stage of the synthesis. With the rise in
temperature (ca. 470 °C), m-ethylstyrene became the main
decomposition product suggesting at least partial unzip-
ping mechanism of the process. Such course was already
reported for PDVB and PS polymers [73-75]. A further

Fig. 13 The EGA-FTIR spectra

increase in temperature (ca. 520 °C) caused a change in
chemical composition of the released aromatic compounds.
Less m-ethylstyrene and more other aromatics (methylsty-
renes, styrene, xylenes, and toluene) were emitted from the
sample, which was evidenced by changes in the intensities of
the characteristic bands from these species observed in the
ranges of 3100-2850 cm™' and below 1050 cm™'. Similar to
HPP 1, thermal degradation at 600 °C was finished, and fur-
ther gases were released from residual carbonaceous matter,
which consisted partly of the carbonized polymer and partly
of silica/silicate derivatives. At 1035 °C, mainly CO, and
small quantities of H,O (1300-2000 and above 3500 cm™h
and simple aromatic hydrocarbons like benzene, toluene, or
xylenes were evolved as the last decomposition products.

In case of the HPP 4 terpolymer (Fig. 13), the decomposi-
tion runs in the similar way as for HPP 1. The same products
were released at relevant stages of the process in proportions
corresponding to the chemical composition of the polymeric
precursor. At about 325 °C, ammonia, then aromatic com-
pounds in the range of 320-630 °C, and at the end of the
analysis, mostly CO, and H,O (1025 °C) were identified in
the released gaseous products.

Although HPP 3 only slightly differed from HPP 4 in
chemical composition, its thermal behaviour was more
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similar to HPP 6. Up to 350 °C, it gave off hardly any gases
besides ammonia. Then from the beginning of thermal
decomposition to achieving T, ,,,, mostly m-ethylstyrene
(330-560 °C), CO,, and CO were evolved. As the reac-
tion proceeded (520 °C), other aromatic compounds also
appeared in the decomposition products. Finally, CO, and
H,O predominated in the emitted gases.

Before starting considerations on the influence of sul-
phanilic acid on the carbonisation process of impregnated

Fig. 14 The EGA-FTIR spectra

polymers, it is worth looking into its own decomposition.
In the upper panel of Fig. 14, the EGA-FTIR spectra of SA
and a simplified diagram of the process are presented. The
thermal degradation of surface modifier started at about
300 °C. Initially (80-350 °C), only H,0 was evolved prov-
ing that SA forms a monohydrate. When at ca. 380 °C, the
release of water was almost over, and SO, (1372, 1163,
and 1137 cm™") and a little amount of CO, appeared in the
decomposition products, indicating that the process began
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with the cleavage of the sulfone group accompanied by
oxidation of decomposition products. The SO, emission
proceeded in the temperature range of 340-420 °C. Next,
at higher temperature (400-550 °C), mainly aniline (3037,
1610, 1490, 1277, 753, and 690 crn'l) was released. Finally,
small amounts of CO,, CO, and sulphonamide derivatives
(3390-3245 and ca. 1600 cm™!) were observed in the spec-
trum of final products of residual matter decomposition.

After impregnation, decomposition ran in two stages. It
could suggest that one step should correspond to the degra-
dation of the modifier and the other to the polymer, but this
is not the case. From Fig. 14, it follows that thermal destruc-
tion of HPP 1 impr started with releasing of ammonia in the
same way as for HPP 1. However, the temperature range
was broader (220—420 °C). At similar range (230—420 °C),
SO, was evolved, as well. That was approximately 120 °C
lower compared to pure SA. The same also applied to aniline
release, and its emission occurred from 310 to 490 °C. These
observations confirmed the earlier thesis about decomposi-
tion of SA at a lower temperature, due to its inability to cre-
ate a crystal structure in the polymer pores. Other aromatic
compounds, characteristic of polymer destruction, were
detected in the temperature range of 390-570 °C, which
in turn was higher than for HPP 1, confirming the validity
of the assumption about the protective effect of SA on the
polymer surface.

In the case of HPP 6 impr, SO, was released from 200
to 400 °C, which was even lower than for HPP 1 impr. This
can be due to the better developed porosity of the polymer,
especially in the micropore range. Aniline was evolved from
360 to 490 °C; thus, its temperature range shifted 40° down
in comparison with SA. The emission of m-ethylstyrene took
place from 350 to 610 °C which was 20° higher than for
HPP 6. Other aromatic compounds were given off in a broad
range of temperature due to the complex course of thermal
decomposition. The analysis of EGA-FTIR spectra proved
the protective influence of SA on this material, as well.

The same protective effect was observed for the next
two polymers, HPP 3 impr and HPP 4 impr. Up to 200 °C,
besides releasing some H,O, and in case of HPP 3 impr,
also CH;OH (1070, 3000 and 12,445 cm'l) took place.
Their amount was about 1.5% according to TG analyses.
The presence of water resulted both from the hygroscopic
properties of SA and from the polymers nature, which
favours the adsorption of steam from the air around their
hydrophilic functional groups, whilst methanol was proba-
bly a residue trapped in the porous structure of the polymer
during washing in a Soxhlet apparatus. At higher tempera-
ture (220—400 °C), both materials evolved ammonia. Emis-
sion of SO, was observed in the range of 210-400 °C for
the HPP 3 impr sample and 230-410 °C for HPP 4 impr,
revealing their similarities to HPP 6 impr and HPP 1 impr,

@ Springer

respectively, especially in terms of porosity. On the other
hand, aniline was released by both impregnated polymers
in the temperature range of 340-500 °C, which was inter-
mediate compared to HPP 1 impr and HPP 6 impr, giving
off m-ethylstyrene for both materials started at 340 °C.
However, in case HPP 3 impr, the end of the process took
place at 640 °C, whilst for HPP 4 impr, it lasted up to
690 °C. The obtained values were higher than those of the
pristine precursors (HPP 3 and HPP 4) by 80 and 60 °C,
respectively.

At the final stage of decomposition, above 600 °C,
methane, CO, and increasing amounts of CO, were given
off by the HPP 1 impr, HPP 3 impr, and HPP 4 impr sam-
ples. This observation suggested that at this stage, the MA-
containing polymers were already carbonized and further
structural changes resulted from the internal transforma-
tion of this newly formed charred matter. Comparing these
results with the results obtained for the pristine precur-
sors, it should be noted that there was no methane in the
decomposition products of the latter. This observation led
to a conclusion that sulphanilic acid contributed to the
formation of both the porous structure and the chemical
heterogeneity of the surface of carbonized products.

Figure 15 presents the EGA-FTIR spectra of hybrid
porous carbons. Due to the hydrophilic surface properties
and the developed microporous structure, the HPC sam-
ples retained some water and/or acetone, which were used
to rinse the materials after carbonisation. Its emission took
place up to 200 °C.

At higher temperature, in the decomposition products
of the hybrid carbons, mostly H,0, CO,, CO, and CH,
were found. The scheme in Fig. 14 shows the way of for-
mation of such compounds. Their presence at particular
stages of thermal degradation depends on the chemical
structure of a carbon [76, 77]. Functional groups on the
surface of carbonized materials are formed from precur-
sor under definite carbonisation conditions. In these stud-
ies, thermal treatment of the hybrid polymers was carried
out according to the same procedure that allowed to show
differences resulting from various chemical structures of
precursors. The comparison of the temperature ranges of
above-mentioned products released by HPC materials is
depicted in Table 5.

From this table, it follows that surface functional groups
of HPC can include carboxyl (H,0O, CO,), carboxylic anhy-
dride (CO,, CO), ether, carbonyl, or quinone (CO) and
phenol (H,0, CO) moieties. The presence of methane and
unsaturated hydrocarbons resulted from further decom-
position of the carbonized matter. The amine derivatives
were residues of MA, but they could also be formed by
the interaction of SA with the heat-treated surface of the
impregnated precursors.
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Fig. 15 The EGA-FTIR spectra
of HPC samples and possible
schemes of their decomposition
(at the bottom)

Table 5 The temperature ranges
of products evolved from HPC
samples
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Conclusions

The TGA-EGA technique was used in this work to evaluate
the influence of sulphanilic acid on the carbonisation process
of the hybrid polymeric precursors. The research was carried
out by comparing the data obtained for the pristine and the
impregnated precursors with those for carbons prepared by
thermal treatment of impregnated precursors. The chemi-
cal structure of pristine hybrid polymers and the resulting
carbons were characterized by FTIR, Raman, and PXRD
spectroscopic methods. The performed studies revealed the
presence of amorphous phase composed of the polymer
chains or the small fragments of carbon interpenetrated by
silica/silicate disordered network.

The first effect of sulphanilic acid on the properties of
the obtained hybrid porous carbons was proven by porosi-
metric analysis. The resulted carbons showed a significant
development of homogeneous micropores with the average
pore width of 0.7 nm and reduced number of mesopores
compared to pristine precursors.

Further effects of using sulphanilic acid were revealed
by thermogravimetric analysis. The main findings resulting
from the comparison of the TG data for pristine and impreg-
nated polymers were as follows:

e the reduction of the IDT of impregnated polymers by
about 100 °C;

e the increase in their T, ,, by 2-5.5 °C;

e slowing down the rate of carbonisation process by
22-37%;

e slight extending of the range of decomposition tempera-
ture;

¢ the increase in efficiency of the carbonisation by 10-48%.

These observations led to the conclusion that SA had the
protective effect on the surface of the carbonized polymers.
During impregnation and thermal treatment, the aromatic
rings of sulphanilic acid produced a deposit in porous struc-
ture of the precursors. As a consequence, not only uniform
microporous structure was created, but also this layer acted
as a surface protection, which delayed and slowed down the
process of the polymer thermal decomposition and increased
its efficiency. A detailed FTIR analysis of evolved gases
confirmed the above-described mechanism of action of sul-
phanilic acid and additionally proved its influence on the
chemical heterogeneity of the surface of the prepared hybrid
porous carbons.
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