Journal of Analytical and Applied Pyrolysis 169 (2023) 105838

JOURNAL ot
ANALYTICAL an

Contents lists available at ScienceDirect
APPLIED PYROLYSIS

Journal of Analytical and Applied Pyrolysis

journal homepage: www.elsevier.com/locate/jaap

ELSEVIER

Analytical pyrolysis of polyethyleneimines

Irene Coralli?, Daniele Fabbri ™", Andrea Facchin?, Cristian Torri>”, Lee A. Stevens©,
Colin E. Snape ©
2 Dept. of Chemistry “Giacomo Ciamician”, University of Bologna, Technopole of Rimini, via Dario Campana 71, Rimini, Italy

Y C.ILR.I. FRAME, University of Bologna, Italy
€ University of Nottingham, Faculty of Engineering, The Energy Technologies Building, Nottingham NG7 2TU, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:
Gas chromatography
Mass spectrometry

Poly(ethylene imine) is a family of polymers with a high content of amine groups employed in various appli-
cations and widely investigated as CO, adsorbents in carbon capture and sequestration. In this study, five
branched polyethylenimines (PEIs) of different molecular weights were analysed by Py-GC-MS to gather infor-

ioi};zizrll:dlne mation on the chemical structure of the principal thermal degradation products. All the PEIs produced pyroly-
c}(’:s sates with a similar chemical composition characterised by the occurrence of ethylenediamine,

diethylenetriamine, piperazine, N-ethylaminepiperazine, pyrazine, 2-methylpyrazine, 2,3-dimethylpyrazine, 2-
ethylpyrazine. Oligomeric ethylene polyamines were volatilised or evolved after chain scission of the PEI
backbone. Pyrolysates also contained minor amounts of alkylated pyrroles, imidazoles, pyridines and other
compounds that could not be identified. Pyrolysis products were formed at 300 °C, and their abundance
increased markedly from 400° to 600°C. Pyrolysis of PEIs at 500 °C in the presence of mesoporous silica favoured
cyclisation and aromatisation, enhancing the production of alkylated pyrazines. These compounds are of po-

Polyamine pyrolysis

tential interest in the food industry as flavour-enhancing additives.

1. Introduction

Poly(ethylene imines) are a large family of aliphatic polyamines
characterised virtually by the -CH,CH,NH- structural unit. They are also
named as polyaziridines being synthesised from the aziridine monomer
by cationic ring-opening polymerisation. This synthetic route does not
produce the linear polyethyleneimines, but instead leads to the forma-
tion of branched polymers. Branched polyethyleneimines (herewith
abbreviated as PEIs) present in their structure tertiary amine groups in
addition to primary and secondary ones [1,2].

Despite the challenges in controlling the polymerisation reaction to
produce PEIs with definite molecular weight (MW) and dispersity, these
polymers have found applications in many fields where properties
associated to a high number of nitrogen atoms in the macromolecule are
required, such as flocculant (clarification agents) in paper-making in-
dustries and metal chelator in water purification, ingredients in house-
hold products and cosmetic manufacturing [1]. PEIs are attracting
growing interest, especially in biomedicine and biotechnology as drug
delivery and gene carrier systems [3].

PEIs have been investigated intensively as high MW amines capable

to react reversibly with CO; in CCS (carbon capture and sequestration)
processes. Attention has been focused on adsorbents that combine PEI
with porous siliceous materials to the end of developing CCS processes
with improved performance over those traditional, based on low MW
amine-aqueous solution systems employed in hard for abate industrial
emissions [4,5]. Silica-PEI systems have also been studied to directly
capture CO5 from the atmosphere since 2011 [6].

Although PEIs constitute an important class of polymers, their
thermal behaviour at the molecular level has not been investigated in
depth, and only a few studies have been published. The thermal
degradation of PEI under nitrogen at temperatures from 230° to 321°C
was reported by Nedel’ko et al. [7]. The authors have found that the
activation parameters were not dependent on the molecular weight of
PEI (MW = 3 000, 20,000 and 40,000 Da) and activation energy was
around 32 kcal mol™!. The principal mechanism of degradation pro-
posed by the authors involved the cleavage of the C-N bond followed by
migration of the methylene hydrogen. Ethylamine, pyridine and pyrrole
were the pyrolysis products identified by GC analysis, while alkylated
pyrroles were proposed from MS analysis based on the series of ions at
m/z 80, 94, 108, 122 at 200 °C [7]. However, the experimental details
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were scant, and the above reported ion series would also be in accor-
dance with pyrazines. A similar study published by the same research
group on linear N-methyl and N-benzoyl PEI highlighted the importance
of heat stability upon substitution of the nitrogen atom, lower for
N-methyl and higher for N-benzoyl groups [8]. Here, N-methyl and
N-dimethyl piperazines were identified thermal degradation products of
N-methyl PEI, while piperazines were not reported for branched PEIs
[8]. Instead, piperazine derivatives were identified in the pyrolysates of
PEI with a tert-butyl group on nitrogen after cleavages of the C-N bonds
followed by rearrangement [9]. The importance of N,N-substituted pi-
perazines as thermal degradation products of variously N-substituted
PEI was highlighted by Barb [10].

The interest in the heat stability of PEI has increased in recent years
due to their use in the sorption and release of CO, in CCS process.
However, most studies were conducted at sub-pyrolysis temperatures
and were not informative at molecular levels. The pyrolytic behaviour of
PEI-C60 was investigated by X-ray photoelectron spectroscopy (XPS),
Fourier transfer infrared (FTIR) and Raman revealing a conversion to-
wards disordered graphitic carbon including pyrrole and pyridine-like
structures [11]. The chemical nature of the evolved thermal degrada-
tion products remains elusive, and a better understanding of this aspect
is the main objective of this study.

Analytical pyrolysis combined with gas chromatography-mass
spectrometry (Py-GC-MS) is notoriously a powerful technique for the
analysis at a molecular level of the chemical composition of pyrolysates.
Here, we show for the first time the results arising from the application
of Py-GC-MS to understand the nature of the products evolved from the
thermal decomposition of PEL The effect of active silica was also
investigated, given the increasing attention on silica-PEI systems for
implementing CCS and the need for information about their thermal
behaviour.

2. Materials and methods
2.1. Materials

Polyethyleneimines PEI 800 (Mw = 800 Da, 98% w/w), PEI 1300 (Mw
= 1300 Da, 50% w/w), PEI 750,000 (Mw = 750,000 Da, 50% w/w) were
purchased from Sigma-Aldrich; PEI 2000 (Mw = 2000 Da, 50% w/w) and
PEI 25,000 (Mw = 25,000 Da, 48-56% w/w),; from BASF.

Solutions were prepared by dissolving PEI solutions (exactly
weighted) in methanol to obtain PEI concentrations of 50 mg mL™! for
PEI 800 and 25 mg mL~! for PEI 1300, 2000, 750,000 and 25,000
(assuming 50% w/w PEI concetration). A volume of 5 pL of each solu-
tion was analysed by Py-GC-MS.

Pyrazine, 2-methylpyrazine, 2,3-dimethylpyrazine, 2,5-dimethylpyr-
azine, 2-ethylpyrazine, 2-propylpyrazine, 2-ethyl-3-methylpyrazine,
piperazine, ethylenediamine, diethylenetriamine (N’-(2-aminoethyl)
ethane-1,2-diamine), N-aminoethylpiperazine (1-piperazine ethan-
amine), triethylenediamine (or 1,4-diazabicyclo[2.2.2]octane, also
known as DABCO) and triethylamine were purchased from Sigma-
Aldrich. Methyl palmitate from Sigma-Aldrich was used as the internal
standard (125 pg mL ! in methanol).

A commercial mesoporous silica (specific surface area 305 m? g~!
(BET), pore total volume 1.75 cm? g’l, 91% mesopores) was used to
study the effect of active solids on the pyrolytic behaviour of PEIs.

2.2. Py-GC-MS

Py-GC-MS experiments were performed using a multi-shot pyrolizer
(EGA/PY-3030D Frontier Lab) connected to a gas chromatograph
(7890B Agilent Technologies) interfaced to a quadrupole mass spec-
trometer (5977B Agilent Technologies). For each experiment, 5 uL of the
PEI methanolic solution and 2.5 pL of the internal standard solution
were introduced inside a cup containing quartz wool or 5 mg of meso-
porous silica. Pyrolyses were also performed with (5 mg) and without
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silica on the model compounds diethylenetriamine and 1-piperazine
ethanamine (5 pL of methanolic solution containing 50 pg of amine).
Samples were left at room temperature for some minutes to favour
methanol evaporation. Pyrolysis were conducted at 500 °C unless
otherwise specified. The pyrolysate was introduced (Py-GC interface
300 °C, 1:50 split conditions) into the GC column fused silica capillary
column (HP-5MS, stationary phase 5%-diphenyl, 95%-dimethylpolysi-
loxane 30 m x 0.25 mm i.d. x 0.25 um film thickness). The gas chro-
matograph was operated in a constant helium flow 1.0 mL min~!. The
oven programmed temperature started at 40 °C, held for 5 min, and then
it was ramped at 5 °C min~! to 250 °C, where it was held for 3 min. Mass
spectra were recorded under 70 eV electron ionisation in the m/z
30-600 interval at 2.6 scan sec .. The temperature of the ion source and
the quadrupole were 230 °C and 150 °C, respectively. Py-GC-MS ana-
lyses were run in duplicate or triplicate. Compound identification was
based on injection of pure compounds, Kovats’ retention indices when
available, NIST 14 library match and comparison with literature.

2.3. TGA

The effect of silica was further investigated by TGA on a selected PEIL.
Samples of raw PEI 2000 and silica impregnated with PEI 2000 (50% wt
% on a dry basis) were analysed using a TA Instruments Thermogravi-
metric Analyser Q500 (TGA Q500) under 100% nitrogen (100 mL/min,
1 bar). Samples were heated from ambient to 110 °C at a ramp rate of
30 °C min~}, and held isothermally for 15 min to remove moisture. The
raw PEI sample was held isothermally for 30 min to remove all bound
water within the amine layers. Next, the samples were cooled to
approximately 90 °C, the second heating phase was started to increase
the temperature to 800 °C at 30 °C min~ *. At 800 °C, the samples were
held isothermally for 15 min to determine ash in raw PEI, and remaining
silica in the Si-PEI impregnated samples. Weight loss between 200 and
700 °C was used to determine the onset of PEI volatilisation, and the
loading of the Si-PEI sample.

3. Results
3.1. Py-GC-MS of PEI 800. Identification of evolved products

Fig. 1 shows exemplar pyrograms obtained from PEI 800 pyrolysed
at different temperatures.

At 300 °C the pyrogram was characterised by a suite of products at
relatively high retention times whose intensity decreased with increasing
pyrolysis temperature. They were tentatively attributed to oligomers of
linear and branched ethylene polyamines volatilised or formed upon
pyrolysis by chain scission. Partial volatilisation of PEI at sub-pyrolysis
temperatures has been reported [12]. Oligomers were fragmented at
high pyrolysis temperatures in favour of short chain fragments, like
ethylenediamine (NHy-CHy-CHy-NHj). The attribution of these com-
pounds was supported by the presence in the mass spectra of peak ions
differing by 43 u (corresponding to the mass of the ethyleneamine frag-
ment -NH-CH,-CHa-) at m/z 30 (assigned to NH, =CH3), m/z 73
(H-[NH-CH,-CH,-1;-NH=CH3), m/z 116 (H-[NH-CH,-CH,-],-NH=CH3)
and m/z 159 (H-[NH-CH,-CH,-]3-NH=CH3). In line with our observa-
tion, a series of ions separated by 43 u was observed in the ESI-MS of low
MW PEIs consistent with the NH; terminated oligomers distinctive of the
polymer composition [13]. The m/z 44 peak was assigned to
CH3-NH=CH3. Ethylenediamine (the linear oligomer with 2 N atoms)
and diethylenetriamine (the linear oligomer with 3 N atoms, see Fig. 2)
were confirmed by the analysis of the pure compounds (Table 1). Trie-
thylenetetramine (4 N atoms), tetraethylenepentamine (5N atoms)
tentatively identified by similarity with library mass spectra (70-80%
match ranked # 1 in the list without background correction).

The m/z 99 ion was also a ubiquitous ion that was assigned to CHs-
CH,-NH-CH=CH-NH=CH3, but it could be assigned to the N-methyl-
enepiperazinium cation as well. The presence of oligomers containing
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Fig. 1. MS-pyrograms of PEI 800 (250 ng) at different pyrolysis temperatures. The molecular structure is presented for some compounds identified by comparison
with pure standards. In the increasing elution order: ethylendiamine, pyrazine, 2-methylpyrazine, 2,3-dimethylpyrazine, diethylenetriamine, 1-piperazine ethan-

amine (N-ethylamine piperazine).
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Fig. 2. Simplified mechanism of the formation of pyrolysis products from
branched PEI The formation of products from the top to the bottom are fav-
oured by increasing pyrolysis temperature and the presence of silica.

the piperazine ring has been reported in the literature by means of GC-
MS with chemical ionisation [14]. Interestingly, the authors used the
same GC non-polar stationary phase in our study to separate

polyethylenimines linear, branched, cyclic and acyclic homologs with
up to 10 nitrogen atoms.

The production of pyrazines was negligible at 300 °C, became
evident at 400 °C, and their relative intensity increased with increasing
pyrolysis temperature (Fig. 1). Pyrazines were present in a variety of
alkylated forms dominated by 2-methylpyrazine, 2,3-dimethylpyrazine
and 2-ethylpyrazine. Interestingly, pyrazines were observed as degra-
dation products of ethanolamine under process conditions of post-
combustion COz capture and the most abundant were pyrazine > 2-
methylpyrazine > 2,3-dimethylpyrazine/2-ethylpyrazine similarly to
our study [15]. The proposed mechanism of formation involved oxida-
tion and reactions with aldehydes which of course could not be applied
to our pyrolysis conditions.

Besides pyrazines, other aromatic amines were tentatively identified
at lower proportions, such as pyrroles, pyridines, imidazoles variously
alkylated (Table 1).

A simplified mechanism of formation of the main pyrolysis products
so far discussed is depicted in Fig. 2. Emphasis was given to the cleavage
of C-N bonds, which have slightly lower bond dissociation energy than
C-C bonds; even though less favoured, the dissociation of C-C bonds can
also occur [16]. Cleavage of C-N bonds was observed in collisional
fragmentation of quasi molecular ions of PEI oligomers upon soft ion-
isation [13]. Thus, chain scission at the C-N bonds is thought to be
responsible for the formation of linear aliphatic polyamines, in Fig. 2,
exemplified by ethylenediamine and diethylenetriamine.

The formation of piperazines from a radical mechanism was pro-
posed by Lepaumier et al. [2010] [17] under oxidative conditions; the
intermediate is a quaternary ammonium ion that is prone to elimination
following the nucleophilic attack of the nitrogen atom on the alpha
carbon adjacent to the charged nitrogen. The presence of ionised ni-
trogen atoms could favour the formation of piperazines from intermo-
lecular reactions of linear amines, as for instance coupling of two
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Table 1

GC-MS data and structural attribution of the pyrolysis products from the PEIs.
RT: retention time (minutes); m/z: mass to charge ratio of relevant ions, base
peaks are in bold, molecular ions in italics. Compound with names in bold were
identified by injection of the pure compound.

Compound RT m/z
trimethylamine 1.54 42, 58, 59
ethylamine 1.60 30, 44, 45
ethanamine, N-methyl- 1.75 30, 44, 59
ethylenediamine 2.72 30, 43, 60
pyrazine 3.87 52, 53, 80
pyrrole 4.60 39, 41, 67
2-methylpyridine 6.39 66, 78, 93
1-ethylpyrrole 6.41 67, 80, 95
2-methylpyrazine 6.75 53, 67, 94

2 or 3-methylpyrrole 7.51 53, 80, 81

2 or 3-methylpyrrole 7.86 53, 80, 81
1,4-dimethyl piperazine 7.98 43,71, 114
1-methyl piperazine 8.03 42, 58, 100
piperazine 8.14 44, 56, 85, 86
dimethylpiperazine 9.37 30, 58, 99, 113
2,5 (or 2,3) dimethylpiperazine 9.61 58,99, 114
2,5-dimethylpyrazine 10.0 42, 81, 108
2-ethylpyrazine 10.1 80, 107, 108
2,3-dimethylpyrazine 10.3 40, 67, 108
1-methyl imidazole 10.9 42,54, 82
1,2,4-trimethylpiperazine 11.1 42,57, 128
dimethylpyrrole 11.2 80, 94, 95
2-propanone-1-(N-cyanomethylimino) 11.2 42, 69, 110
unknown (aliphatic polyamine?) 11.3 72,99, 114
2-methyl, 2-imidazoline 12.4 42,55, 84
2-ethyl-5 or 6-methylpyrazine 13.1 39,121, 122
1H-pyrazole, 3-ethyl-4,5-dihydro-1,4-dimethyl- 13.2 83,111, 126
trimethylpyrazine 13.3 42,81, 122
2-ethyl-3-methylpyrazine 13.4 67,121, 122
2-propylpyrazine 13.5 94, 107, 122
2-ethyl-4-methylpyrrole 13.6 67, 94, 109
Triethylenediamine 13.8 42,55,112
1H-imidazole, 1,2-dimethyl- 139 54, 95, 96
2-methyl-1-vinylimidazole 14.2 41, 54, 108
diethylenetriamine 14.5 30, 44, 73
N-(2-aminoethyl)-N-methylenediamine 14.7 44, 58, 87
2-methyl-3-propylpyrazine 15.2 108, 121, 136
1H-imidazole,1-ethyl-2-methyl 159 81,95,110
1-piperazine ethanamine 18.6 56, 70, 99, 129
unknown 21.1 55, 136, 137
triethylenetetramine 24.8 44,73, 99
unknown 27.2 97, 98, 142
tetraethylenepentamine 31.8 44, 99, 116

ethylenediamines. In the example of Fig. 2, the intermolecular formation
of the piperazine ring would be favoured by a proper conformation of
the polymer chain.

3.2. Py-GC-MS of PEI 800. Effect of silica

Mesoporous silica also had a remarkable effect on the abundance and
distribution of the pyrolysis products, as one can see by comparing the
intensity of peaks in the pyrograms shown in Fig. 1 (at 500 °C) without
silica and Fig. 3 with silica. In comparison to the internal standard, it is
evident the increased formation of piperazines and pyrazines in the
presence of silica. This finding indicates that silica promoted cyclization
reactions of linear oligomers or PEI backbone. The propensity to cycli-
zation is highlighted by the presence of a tricyclic diamine, triethyle-
nediamine (DABCO) (Table 1). As a result, the linear diethylenetriamine
was not detected.

The presence of SiO, caused a remarkable increase of alkylated
pyrazines, principally 2-methyl, 2,3-dimethyl and 2-ethylpyrazine.
Similar behaviour was observed for piperazines for which different
methylated species were tentatively identified (e.g. 1-methyl and 1,4-
dimethyl, Table 1). Several GC peaks exhibited mass spectra with an
intense ion at m/z 99 assigned to N-methylenepiperazinium ion (Section
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Fig. 4. TIC chromatograms from Py-GC-MS at 500 °C with and without silica of
diethylenetriamine (top) and 1-piperazine ethanamine (bottom). 1: pyrazine, 2:
2-methylpyrazine, 3: piperazine, methylpiperazines, 4:C2-pyrazines, 5: trie-
thylenediamine (DABCO).

3.1).

The propensity of silica to promote cyclisation, aromatisation and
alkylation was supported by the pyrolysis of diethylenetriamine and 1-
piperazine ethanamine (Fig. 4). Py-GC-MS of 1-piperazine ethanamine
produced triethylenediamine (DABCO), pyrazine, 2-methylpyrazine,
2,3-dimethylpyrazine, 2-ethylpyrazine (Fig. 4). Piperazine and N-
methylpiperazine were also formed suggesting that 1-piperazine
ethanamine is an appropriate model compound for studying the pyro-
lytic behaviour of PEL Instead, diethylenetriamine produced essentially
pyrazines when pyrolyzed in the presence of silica, while piperazines
and the original substrate were not observed suggesting that thermal
degradation was more severe for acyclic than cyclic oligomers. Alky-
lated pyrazines were not detected as impurities by direct GC-MS analysis
of the model compounds, while pyrazine was barely detected. This
finding confirmed that pyrazines were formed upon pyrolysis and not by
volatilisation of pyrazines originally present in the standard substances.

Surprisingly, pyrazines with a high degree of alkylation (C3-
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Fig. 5. MS-pyrograms of PEI of different molecular weight pyrolyzed at 500 °C (all normalised at the same Y value of 8 10° counts; 125 ug all but PEI 800 250 ug).
Product identification based on the analysis of pure compounds (the same in all the pyrograms): 1: ethylenediamine; 2: pyrazine; 3: 2-methylpyrazine; 4: piperazine;
5: 2,3-dimethylpyrazine, 2-ethylpyrazine; 6: diethylenetriamine; 7: 1-piperazine ethanamine. Internal standard: i.s.

pyrazines) were also observed at significant levels, in particular pro-
pylpyrazine and 2-ethyl-3-methylpyrazine. The formation of C3-
pyrazines is difficult to rationalise through intramolecular reactions of
the PEI backbone that contains C2-N units. It could be explained by
reactions of coupling of alkyl radicals and the formation of in-
termediates such as ethylene or propylene followed by alkylation of
pyrazines. The formation of higher molecular weight hydrocarbons from
the pyrolysis of aliphatic amines has been reported and explained as the
result of termination reactions between the alkyl radicals formed during
pyrolysis [16]. A similar mechanism was proposed to describe the for-
mation of alkylamines and hydrocarbons produced by the pyrolysis of
simple amines in the presence of TiO; [18].

3.3. Py-GC-MS of PEI with different molecular weight

Pyrograms of the different PEI, conducted at 500 °C, appeared rather
similar and did not display any obvious trend with increasing MW
(Fig. 5). The most relevant pyrolysis products that could be reliably
identified were low MW linear polyamines, piperazines and pyrazines
without evident differences in their distribution. This finding would
indicate that under the experimental conditions of this study, Py-GC-MS
was unable to highlight possible differences in the degree of branching.
The degree of branching can be associated to the relative ratios of pri-
mary/secondary/tertiary amine groups which was not measured here.
Presuming that these ratios are those reported by a manufacturer of PEIs
in a technical report (“Lupasol® types” 08_0806130e-02, 2010, BASF)
the values would be 1/0.9/0.5, 1/0.9/0.6, 1/0.9/0.6, 1/1.1/0.7, 1/1/
0.7 for 800, 1300, 2000, 25,000, 750,000, respectively. These ratios
were rather similar regardless the MW, as evidenced in the literature
[19]. Although the theoretical ratio of primary/secondary/tertiary
amines was calculated to be 1/2/1, the ratio in commercially available

products is closer to 1/1/1, indicative of higher branching [2]. Even
though the relative proportion of tertiary amines appeared to slightly
increase with increasing MW, the change was probably insufficient to be
captured by Py-GC-MS.

Most of the pyrolysis products formed broad peaks with overlapping
mass spectra and could not be identified, even though the common
presence of ions at m/z 44, 99, and 116 suggested the presence of
aliphatic polyamines (see Section 3.1). Although not identified by
analysis of pure analytes, these oligomers appeared to be released at
higher relative intensityfrom low MW PEIs. Thermogravimetric analysis
(TGA) up to 700 °C in the presence of oxygen showed a similar behav-
iour of PEIs with different MW; only a slightly higher thermal stability
was observed for the polymers with higher MW (10,000 and 60,000)
that remained almost intact until above 300 °C [19].

The presence of silica influenced differently the decomposition of
PEIs with different MW (Fig. 6). The most noticeable effect was the
decrease of the peak intensity of aliphatic amines, particularly pipera-
zines (piperazine, methyl piperazine and N-aminoethylpiperazine) and
ethylenediamine with increasing MW. These pyrolysis products pro-
duced intense peaks in the pyrograms of PEI 800, and weak peaks in the
pyrograms of PEI 25,000 and PEI 750,000. Instead, these latter PEIs with
high MW exhibited a higher relative intensity of a group of pyrolysis
products tentatively identified as alkylated 1H-imidazoles. We were
unable to identify the possible reason of the decreasing amount of
aliphatic amines and increasing amount of alkylated imidazoles with
increasing MW. As seen above, PEIs with higher MW could have a higher
degree of branching that favoured the formation of aromatics, including
imidazoles. Other factors to be investigated could be the different chain
end concentration and viscosity of the various PEIs.

Pyrazine, 2-methylpyrazine, 2,3-dimethyl and 2-ethylpyrazines
remained the dominant pyrolysis products of all the PEIs.
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Fig. 6. MS-pyrograms of PEI at different molecular weight pyrolyzed at 500 °C in the presence of SiO,. Dashed arrows: aliphatic amines, full arrows:pyrazines. The
molecular structures of compounds with similar retention times are placed vertically over the arrow.

The influence of silica on the pyrolytic behaviour of the polyamines
was confirmed by TGA of PEI 2000. The onset of volatilisation started at
270-280 °C for raw PEI and at lower temperature, around 200 °C, for
PEI loaded on silica.

TGA under N of different silica-PEI systems indicated a rapid weight
loss in the 200-500 °C temperature range that was the highest in the
200-300 °C interval for the PEI with the lowest MW (800 Da) [20]. This
last finding was attributed to the volatilisation of low MW components
that should be in higher proportions in PEI 800. Accordingly, our
Py-GC-MS data revealed the release of oligomers from PEI 800 at a
higher intensity compared to PEI with higher MW at 500 °C (Fig. 5).
Silica appeared to reduce the evolution of oligomers (Fig. 6), even
though Li et al. reported a weight loss between 130 and 160 °C of
PEI-nano silica adsorbents that was explained by the loss of PEI mole-
cules, while adsorbed water would be eliminated below 130 °C [20].

The production of alkyl pyrazines as a characteristic compound
family from the pyrolysis of PEI is of interest due to their importance in
various applications. Pyrazines are widely distributed in nature where
they act as parasite repellents and in food products for their olfactory
properties [21]. Among the principal pyrazines found in PEI pyrolysates,
2,3-dimethylpyrazine and 2-ethylpyrazines are used as flavouring ad-
ditives in human food and animal feed.

4. Conclusions

This is the first detailed study on the thermal behaviour of branched
polyethyleneimines at the molecular level performed by Py-GC-MS.
Pyrolysis of these polymers with different molecular weights produced
three main classes of compounds: linear aliphatic acyclic polyamines,
cyclic aliphatic amines, principally piperazines, and aromatic amines
dominated by pyrazines. High temperatures and the presence of silica

favoured the formation of pyrazines. Besides pyrazines, other aromatic
amines were formed, among them alkylated pyrroles and imidazoles.
Aliphatic acyclic oligomers and piperazines featured the pyrolysates of
low molecular weight polymers, while aromatic amines were the
dominant products for high molecular weight polymers in the presence
of silica.

The knowledge of the thermal degradation products of PEIs, pure
and in the presence of porous silica, is essential in the field of carbon
capture, where these materials can be prone to severe oxidation, and
pyrolysis offers a means to generate potentially valuable chemicals from
spent PEL The presence of relatively high levels of pyrazines in the PEI
pyrolysates could have interesting implications as pyrazines are an
important class of chemicals with notable applications in food industry
due to their flavouring properties.

CRediT authorship contribution statement

Irene Coralli: Investigation, Validation, Visualization. Daniele
Fabbri: Funding acquisition, Resources, Writing — orignal draft. Andrea
Facchin: Investigation. Cristian Torri: Conceptualization. Lee A. Ste-
vens: Investigation. Colin E. Snape: Funding acquisition, Resources,
Conceptualization.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



L Coralli et al.

Data Availability

Data will be made available on request.

Acknowledgments

ERANET (H2020) Cofund ACT 3 (Accelerating CCUS Technologies)

project N. 327334 ABSALT Accelerating Basic Solid Adsorbent Looping
Technology.

References

[1]

[2]

[3]

[4

=

[5]

[6]

[7]

[8

—

[9]

T. Gleede, L. Reisman, E. Rieger, P.C. Mbarushimana, P.A. Rupar, F.R. Wurm,
Aziridines and azetidines: building blocks for polyamines by anionic and cationic
ring-opening polymerization, Polym. Chem. 10 (2019) 3257-3283, https://doi.
org/10.1039/C9PY00278B.

M. Jager, S. Schubert, S. Ochrimenko, D. Fischer, U.S. Schubert, Branched and
linear poly(ethylene imine)-based conjugates: synthetic modification,
characterization, and application, Chem. Soc. Rev. 41 (2012) 4755-4767, https://
doi.org/10.1039/c2cs35146c.

Z. Chen, Z. Lv, Y. Sun, Z. Chi, G. Qing, Recent advancements in polyethyleneimine-
based materials and their biomedical, biotechnology, and biomaterial applications,
J. Mater. Chem. B. 8 (2020) 2951-2973, https://doi.org/10.1039/C9TB02271F.
S. Choi, J.H. Drese, C.W. Jones, Adsorbent materials for carbon dioxide capture
from large anthropogenic point sources, ChemSusChem 2 (2009) 796-854, https://
doi.org/10.1002/cssc.200900036.

A.M. Varghese, G.N. Karanikolos, CO2 capture adsorbents functionalized by amine
— bearing polymers: a review, Int. J. Greenh. Gas. Control 96 (2020), 103005,
https://doi.org/10.1016/j.ijggc.2020.103005.

S. Choi, M.L. Gray, C.W. Jones, Amine-tethered solid adsorbents coupling high
adsorption capacity and regenerability for CO2 capture from ambient air,
ChemSusChem 4 (2011) 628-635, https://doi.org/10.1002/cssc.201000355.

V.V. Nedel’ko, B.L. Korsunskii, F.I. Dubovitskii, G.L. Gromova, The thermal
degradation of branched polyethylenimine, Polym. Sci. U. S. S. R. 17 (1975)
1697-1703, https://doi.org/10.1016/0032-3950(75)90172-0.

V.V. Nedel’ko, B.L. Korsunskii, F.I. Dubovitskii, O.V. Anan’ina, Thermal
decomposition of N-methyl- and n-benzoyl derivatives of linear polyethylene
imine, Polym. Sci. U. S. S. R. 19 (1977) 1832-1838, https://doi.org/10.1016/
0032-3950(77)90199-X.

S. Zulfiqar, M. Zafar-uz-Zaman, A. Munir, I.C. McNeill, Thermal degradation of
poly(tert-butyl aziridine), Polym. Degrad. Stab. 47 (1995) 59-65, https://doi.org/
10.1016/0141-3910(94)00095-P.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Journal of Analytical and Applied Pyrolysis 169 (2023) 105838

W.G. Barb, Some aspects of the polymerization and depolymerization of N-
substituted ethyleneimines, J. Chem. Soc. (1955) 2577-2580, https://doi.org/
10.1039/JR9550002577.

E. Andreoli, A.R. Barron, Correlating carbon dioxide capture and chemical changes
in pyrolyzed polyethylenimine-C60, Energy Fuels 29 (2015) 4479-4487, https://
doi.org/10.1021/acs.energyfuels.5b00778.

T.C. Drage, A. Arenillas, K.M. Smith, C.E. Snape, Thermal stability of
polyethylenimine based carbon dioxide adsorbents and its influence on selection of
regeneration strategies, Microporous Mesoporous Mater. 116 (2008) 504-512,
https://doi.org/10.1016/j.micromeso.2008.05.009.

E. Rivera-Tirado, C. Wesdemiotis, Characterization of polyethylenimine by
electrospray ionization and matrix-assisted laser desorption/ionization, J. Mass
Spectrom. 46 (2011) 876-883, https://doi.org/10.1002/jms.1964.

1. Ogura, S. Kawakami, D.L. Duval, K. Miyajima, Characterization of low-
molecular-weight polyethyleneimines using GC/CI-MS and GC, Anal. Sci. 12
(1996) 97-102, https://doi.org/10.2116/analsci.12.97.

A. Rey, C. Gouedard, N. Ledirac, M. Cohen, J. Dugay, J. Vial, V. Pichon,

L. Bertomeu, D. Picq, D. Bontemps, F. Chopin, P.-L. Carrette, Amine degradation in
CO; capture. 2. New degradation products of MEA. Pyrazine and alkylpyrazines:
analysis, mechanism of formation and toxicity, Int. J. Greenh. Gas. Control 19
(2013) 576-583, https://doi.org/10.1016/j.ijggc.2013.10.018.

S.C. Moldoveanu, Pyrolysis of amines and imines, in: Techniques and
Instrumentation in Analytical Chemistry, Elsevier, 2010, pp. 349-364, https://doi.
0rg/10.1016/50167-9244(09)02813-3.

H. Lepaumier, S. Martin, D. Picq, B. Delfort, P.-L. Carrette, New amines for COy
capture. III. Effect of alkyl chain length between amine functions on polyamines
degradation, Ind. Eng. Chem. Res. 49 (2010) 4553-4560, https://doi.org/10.1021/
1€902006a.

B. Komarkova, M. Mattonai, I. Degano, V. Slovak, Disclosing the thermal reactions
of aliphatic amines in the presence of TiOz nanoparticles by multi-shot analytical
pyrolysis, J. Anal. Appl. Pyrolysis 159 (2021), 105284, https://doi.org/10.1016/j.
jaap.2021.105284.

K. Grenda, A. Idstrom, L. Evends, M. Persson, K. Holmberg, R. Bordes, An analytical
approach to elucidate the architecture of polyethyleneimines, J. Appl. Polym. Sci.
139 (2022) 51657, https://doi.org/10.1002/app.51657.

K. Li, J. Jiang, F. Yan, S. Tian, X. Chen, The influence of polyethyleneimine type
and molecular weight on the CO2 capture performance of PEI-nano silica
adsorbents, Appl. Energy 136 (2014) 750-755, https://doi.org/10.1016/j.
apenergy.2014.09.057.

F.B. Mortzfeld, C. Hashem, K. Vrankovd, M. Winkler, F. Rudroff, Pyrazines:
synthesis and industrial application of these valuable flavor and fragrance
compounds, Biotechnol. J. 15 (2020) 2000064, https://doi.org/10.1002/
biot.202000064.


https://doi.org/10.1039/C9PY00278B
https://doi.org/10.1039/C9PY00278B
https://doi.org/10.1039/c2cs35146c
https://doi.org/10.1039/c2cs35146c
https://doi.org/10.1039/C9TB02271F
https://doi.org/10.1002/cssc.200900036
https://doi.org/10.1002/cssc.200900036
https://doi.org/10.1016/j.ijggc.2020.103005
https://doi.org/10.1002/cssc.201000355
https://doi.org/10.1016/0032-3950(75)90172-0
https://doi.org/10.1016/0032-3950(77)90199-X
https://doi.org/10.1016/0032-3950(77)90199-X
https://doi.org/10.1016/0141-3910(94)00095-P
https://doi.org/10.1016/0141-3910(94)00095-P
https://doi.org/10.1039/JR9550002577
https://doi.org/10.1039/JR9550002577
https://doi.org/10.1021/acs.energyfuels.5b00778
https://doi.org/10.1021/acs.energyfuels.5b00778
https://doi.org/10.1016/j.micromeso.2008.05.009
https://doi.org/10.1002/jms.1964
https://doi.org/10.2116/analsci.12.97
https://doi.org/10.1016/j.ijggc.2013.10.018
https://doi.org/10.1016/S0167-9244(09)02813-3
https://doi.org/10.1016/S0167-9244(09)02813-3
https://doi.org/10.1021/ie902006a
https://doi.org/10.1021/ie902006a
https://doi.org/10.1016/j.jaap.2021.105284
https://doi.org/10.1016/j.jaap.2021.105284
https://doi.org/10.1002/app.51657
https://doi.org/10.1016/j.apenergy.2014.09.057
https://doi.org/10.1016/j.apenergy.2014.09.057
https://doi.org/10.1002/biot.202000064
https://doi.org/10.1002/biot.202000064

	Analytical pyrolysis of polyethyleneimines
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Py-GC-MS
	2.3 TGA

	3 Results
	3.1 Py-GC-MS of PEI 800. Identification of evolved products
	3.2 Py-GC-MS of PEI 800. Effect of silica
	3.3 Py-GC-MS of PEI with different molecular weight

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	References


