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Influence of Post-Synthesis Heat Treatments on the
Molecular Structure and Thermal Stability of

Phosphatized Starch

Florian Rothenhdusler, Felix Ludik, Rika Schneider, Felix Bretschneider, Beate Bojer,
Helen Griininger, Andreas Greiner, and Holger Ruckdaeschel*

The threat of fires necessitates effective flame retardants (FR) to safeguard
human life and property. In response to the demand for sustainable options,
bio-based FR have emerged, with phosphatized starch (PS) standing out as a
promising candidate. This study explores the influence of post-synthesis heat
treatments on the molecular structure of PS to enhance its thermal stability
for processing in polymeric matrix materials. The molecular structure of the
flame-retardant PS is characterized via solid state and solution nuclear
magnetic resonance spectroscopy, Fourier-transform infrared spectroscopy,
and differential scanning calorimetry. Through a comprehensive analysis of
results from thermo-gravimetric analysis, thermo-gravimetric
Fourier-transform infrared spectroscopy, and elemental analysis, the thermal
stability and thermal decomposition mechanisms of PS are investigated. The
post-synthesis heat treatment leads to the decomposition of residual urea and
carbamate groups, as well as to the formation of ammonium polyphosphates.

By employing thermal modification, the thermal stability and
phosphorus-content are enhanced.

1. Introduction

The threat of fires poses a significant hazard to both human life
and property, underscoring the vital importance of effective flame
retardants (FR).['*] FR are chemical additives used to reduce the
flammability of various materials, thereby mitigating the risks
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associated with fires.! However, the con-
ventional use of halogenated FR, once
widely embraced for their effectiveness, are
increasingly facing scrutiny and even bans
in several parts of the world due to their
persistence in the environment, potential
toxicity, and the formation of hazardous
by-products when exposed to fire.>7] This
necessitates the search for more envi-
ronmentally friendly and health-conscious
alternatives to meet the ever-increasing de-
mand for fire-safe materials. Among the po-
tential alternatives, phosphorus-based FR
have emerged as a promising solution to ad-
dress these concerns.[®!

Phosphorus-based FR offer several ad-
vantages over their halogenated counter-
parts. They are recognized for their abil-
ity to efficiently inhibit combustion by pro-
moting char formation, which serves as a
protective, intumescent barrier, preventing
the spread of flames.>1%1 Additionally, the
radical chain reaction in the flame zone is interrupted by
phosphorus-containing radicals that form as result of the com-
bustion process.[>!!l Thereby, they produce significantly fewer
toxic by-products when exposed to fire, making them a safer
choice for fire safety applications.['”) Moreover, phosphorus-
based FR exhibit a lower environmental impact and are increas-
ingly being employed as an eco-friendly option."’]

In light of the environmental and health concerns surround-
ing traditional FR, there has been a growing interest in develop-
ing bio-based, phosphorous FR, reducing the reliance on non-
renewable raw materials and minimizing the carbon footprint.['*]
As part of this sustainable approach, phosphatized starch (PS)
has emerged as a compelling candidate among bio-based
FR.[1>16] Starch, a natural polymer derived from plants, is abun-
dant and readily available, making it an ideal feedstock for sus-
tainable FR development.'] PS is usually derived by mixing urea
and phosphatizing-agents with starch and letting it react at tem-
peratures at ~#135°C for several hours.['®] As a result, the hydroxyl
groups of the anhydroglucose units (AGU) are transformed into
a variety of different esters containing functional groups,
such as phosphate, ammonium phosphates and carbamate
groups, depending on the ratio of starch to the phosphatizing-
agents and urea, and reaction temperature and time (see
Figure 1).1811 PS in particular, shows promise as a sustain-
able FR as it combines the inherent flame-retardant properties
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Figure 1. Functional groups resulting from the reaction of starch, urea
and phosphoric acid according to Passauer et al.l']: A) Starch phosphates
carbamates, B) ammonium starch phosphate, C) starch carbamate phos-
phate with blocked amino group, D) starch phosphoric amide, and E)
starch carbamoyl phosphate.

of phosphorus with the renewable and biodegradable nature of
starch. By the presence of both nitrogen and phosphorus in PS
the phosphorus-nitrogen synergism can be utilized.[?0-22]

PS has already been used as an FR for wood fibers, expandable
polystyrene foams, paper and cotton.[?>?’] In dynamic thermo-
gravimetric analysis (TGA) of the PS it was noted that mass loss
occurred at x133°C as the result of urea decomposition.!?8%°]
Thereby, volatile ammonia and isocyanic acid are released as
gases.’%l The isocyanic acid itself is hydrolyzed into carbon diox-
ide and ammonia.3!! Another concern is the decomposition of
carbamate groups into ammonia and carbon dioxide.[?*} Previous
studies on the reactions in the starch-urea—phosphoric acid sys-
tem proposed a series of condensation reactions that might lead
to the release of ammonia.32*] The release of gases via decom-
position or condensation reactions that occur in PS at elevated
temperatures causes pores in the polymeric matrix material dur-
ing processing. This phenomenon has yet to be addressed in liter-
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ature to enable the application of PS as an FR for polymers whose
processing takes place at elevated temperatures.

This paper explores the influence of post-synthesis heat
treatments on the molecular structure of PS to enhance its
thermal stability for processing in polymeric matrix materials.
The molecular structure of the flame-retardant PS is character-
ized via solid state and solution nuclear magnetic resonance
spectroscopy (NMR), Fourier-transform infrared spectroscopy
(FTIR), and differential scanning calorimetry (DSC). Through
a comprehensive analysis of results from thermo-gravimetric
analysis (TGA), thermo-gravimetric Fourier-transform infrared
spectroscopy (TGFTIR), and elemental analysis, the thermal
stability and thermal decomposition mechanisms of PS are
investigated.

2. Experimental Section

2.1. Materials

Wheat starch was sourced from VWR Chemicals (Radnor, PA,
US). Urea (299.5 %) used was purchased from Carl Roth GmbH
(Karlsruhe, Germany) and the phosphoric acid (85%) from
Fisher Scientific GmbH (Schwerte, Germany). All chemicals
were used as received.

2.2. Synthesis

100 g of wheat starch (616.8 mmol; 1 eq) were thoroughly mixed
with 222.3 g of urea (3.7mol; 6eq). Subsequently, 83.2mL of
phosphoric acid (1.23 mol; 2 eq) were added to the solid mixture
and blended firmly to form a paste-like mass. The resulting mix-
ture was placed in a vacuum oven at 135°C and 60mbar for 2 h to
react, during which it exhibited vigorous foaming.

After the reaction period, the mass was cooled to room temper-
ature, and water was added, causing the solid to swell. Following
this, methanol was added until the solid precipitated completely.
The solution was decanted, and the solid was washed twice more
with aqueous methanol (80 % by volume). Subsequently, the solid
was stirred for 30 min in pure methanol, then filtered off, and
dried overnight at 50°C in a vacuum oven. The resulting PS was
obtained as an almost white powder. The synthesis procedure fol-
lowed the methodology described by Heinze et al.[®]

However, the resulting PS proved unsuitable for polymer pro-
cessing methods requiring temperatures as low as 100°C, due to
the presence of thermally unstable carbamate and ammonium
phosphate groups, as well as residual urea. To address this, a
heat treatment was conducted using an IKA RV 10 rotary evap-
orator from IKA Werke GmbH & Co. KG (Staufen im Breisgau,
Germany). The PS was placed in a 2 L round-bottom flask and
heated in an oil bath at 160°C for 3 h, with the rotary speed set to
20min~! and a vacuum pressure of 150mbar applied (tempera-
ture monitored with an analog thermometer with a precision of
+0.1°C). It is essential to note that the 160°C in the oil bath does
not directly translate to 160°C in the round-bottom flask, a criti-
cal consideration for avoiding excessive glycosidic bond cleavage
(GBC) during heat treatment, as discussed in the results.

For analysis of thermal decomposition processes, samples
were extracted every 30 min up to 180 min. Ammonia resulting
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from the thermal treatment was neutralized using an acidic so-
lution made from equal parts of water and glacial acetic acid. The
thermal decomposition process resulted in the PS turning into a
dark brown to black powder.

Subsequently, the PS was milled using a Retsch CryoMill
from RETSCH GmbH (Haan, Germany) with milling balls of di-
ameters 2mm and 10 mm, without cooling by liquid nitrogen.
Milling was conducted at an oscillation frequency of 20s™! for
5 min, yielding a fine powder.

2.3. Material Characterization
2.3.1. Nuclear Magnetic Resonance Spectroscopy

13C NMR spectra were acquired via solid-state magic angle spin-
ning (MAS) NMR spectroscopy using an Avance II HD spec-
trometer from Bruker BioSpin (Rheinstetten, Germany) at a
magnetic field strength (B,) of 7.1T, employing a spinning rate
of 12.5kHz and a 4mm triple resonance probe. The acquisi-
tion of *C NMR spectra was conducted through ramped cross-
polarization (CP) experiments with a repetition time of 2 s, where
the nutation frequency (v,,) on the proton channel was lin-
early varied by 50 %. The corresponding v, on the *C chan-
nel and the contact time were adjusted to approximately 50kHz
and 1 ms, respectively. Throughout acquisition, including single-
pulse and CP, proton broadband decoupling was applied using
a spinal-64 sequence with v, ,, = 60 kHz. 3C spectra were refer-
enced using the secondary standard adamantane with respect to
tetramethylsilane.

'H (500MHz, D, = 1s) and *'P (202MHz, D, = 5s) NMR
spectra were recorded using a Bruker Avance III HD 500 spec-
trometer from Bruker BioSpin (Rheinstetten, Germany). Deuter-
ated water was utilized as the solvent. *'P NMR spectra were ref-
erenced with respect to 85 % H;PO,, set at Oppm.

2.3.1.1. Fourier-Transform Infrared Spectroscopy: Fourier-
transform infrared spectroscopy was conducted using a Nicolet
iS50 FTIR spectrometer from Thermo Fisher Scientific Inc.
(Waltham, Massachusetts, USA). Each sample underwent an
averaging of 128 scans within a wavenumber range spanning
from 600 to 4000 cm™! in attenuated total reflection mode.

2.3.1.2.  Thermo-Gravimetric ~ Analysiss The  thermo-
gravimetric analyses were performed using a Netzsch 209
F1 Libra instrument from Erich Netzsch GmbH & Co. Hold-
ing KG (Selb, Germany). For dynamic measurements, the PS
samples were heated from 25°C to 1000°C at a constant rate
of 10°Cmin™" under either a nitrogen atmosphere or synthetic
air. For isothermal measurements, the PS samples were heated
from 25°C to temperatures ranging from 100°C to 180°C at a
constant rate of 10°Cmin~" under a nitrogen atmosphere, and
then held at the respective temperature for 30 min. Samples
weighing around 10 mg were tested in triplicate.

2.3.1.3. Thermo-Gravimetric Fourier-Transform Infrared Spec-
troscopy: Thermo-gravimetric Fourier-transform infrared spec-
troscopy was performed by combining a Mettler Toledo
TGA/SDTA 851E from Mettler-Toledo International Inc. (Colum-
bus, Ohio, USA) with a Nicolet iS50 FTIR spectrometer from
Thermo Fisher Scientific Inc. (Waltham, Massachusetts, USA).
Samples weighing ~15 mg were subjected to heating from 25°C
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to 1000°C at a constant rate of 10°Cmin™" under a nitrogen

atmosphere. Volatile degradation products were analyzed ev-
ery 24 s by averaging 20 scans over a wavenumber range from
400 to 4000 cm~! in transmission mode. To enhance compa-
rability, the intensity profiles were normalized to the sample
mass.

2.3.1.4. Differential Scanning Calorimetry: The enthalpy re-
leased during GBC (Hjc) and the temperature at which the heat
flux peaks (T,,) were determined through dynamic differential
scanning calorimetry measurements using a Mettler Toledo DSC
1 instrument from Mettler-Toledo International Inc. (Columbus,
Ohio, USA). The measurements were conducted with a heating
rate of 10 Kmin! from 25°C to 280°C. The sample mass was
maintained at 1 + 0.1 mg, and a nitrogen flow rate of 50 mLmin~!
was used.

2.3.1.5. Inductively Coupled Plasma Optical Emission Spec-
troscopy: The phosphorus concentration of the PS was deter-
mined via inductively coupled plasma optical emission spec-
troscopy (ICP-OES) on a Perkin Elmer Optima 2000 DV spec-
trometer from PerkinElmer, Inc. (Waltham, MA, US). For the
measurement, 20 mg sample, 5 mL concentrated nitric acid and
2mL hydrogen peroxide solution were mixed and were digested
at 185°C for 15 min at a heating rate of 8 °Cmin " in a microwave
oven. After cooling, the sample was diluted to 100 mL with de-
ionized water and analyzed by ICP-OES at 213.617 nm. For cali-
bration a commercially available phosphorus standard from Carl
Roth GmbH (Karlsruhe, Germany) was used.

2.3.1.6. Influence of the Thermal Decomposition on the Chemi-
cal Composition of PS:  To better understand the thermal decom-
position processes in PS, PSOmin was heated in the TGA from
30°C to temperatures between 200°C and 1000°C in 100°C in-
crements. The resulting char was then analyzed using IPC-OES
and elemental analysis to correlate specific mass losses in the
TGA thermograms with changes in the chemical composition
of PS during thermal decomposition. The concentrations of hy-
drogen, carbon, nitrogen, and sulfur in the PS were determined
via CHNS analysis using a UNICUBE instrument from Elemen-
tar Analysensysteme GmbH (Langenselbold, Germany). Approx-
imately 2 mg of each sample was pyrolyzed in the presence of a
catalytic oxide additive (V,0Os) at 1150°C. The pyrolysis products
were then transported by the carrier gas (He) into the reduction
tube and reduced at 850°C. Additionally, by combining the re-
sults of ICP-OES and CHNS, and assuming PS consists only of
hydrogen, carbon, nitrogen, oxygen, phosphorus, and sulfur, the
oxygen content in the PS can be calculated. For simplicity, the
specimens in Figure 8 were labeled according to the highest tem-
perature they were exposed to during the TGA.

3. Results and Discussion

3.1. Nuclear Magnetic Resonance Spectroscopy

To evaluate the NMR spectra of PS, spectra of theoretical cy-
clodextrin model compounds comprising glucose-6-phosphate,
glucose-6-diphosphate, and glucose-6-triphosphate, as well as
carbamate and urea, were simulated using “Mnova NMR spec-
tra predict 15.0.0” by Mestrelab Research, S.L. (Santiago de Com-
postela, Spain) (see Supporting Information). To closely match
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Figure 2. "H NMR spectra of PS90min and PS180min.

w

the experimental spectra, simulation parameters included a line
width of 75 Hz for 'H, 500 Hz for *C, and 25 Hz for *'P. Deu-
terium oxide served as the solvent for simulating the 'H spec-
trum, while deuterated chloroform was selected for both *C and
31P spectra, as deuterium oxide was unavailable for these simu-
lations. Considering the significant impact of phosphate group
protonation on NMR spectra, simulations for the cyclodextrin
included two extreme states: complete protonation and deproto-
nation with ammonia groups as counter-ions.3>3¢! Both experi-
mental and simulated NMR spectroscopy data are referenced to
identical compounds. To analyze changes in the chemical struc-
ture of PS, samples including PSOmin, PS30min, PS90min, and
PS180min were chosen. These samples offer a comprehensive
overview of molecular alterations in PS, representing its state
post-synthesis, after minimal heat treatment, midway through
the maximum heat treatment duration, and following the full
heat treatment period, respectively.

Figure 2 illustrates the 'H NMR spectra of PS90min and
PS180min. The spectra for PSOmin and PS30min are omitted as
they closely resemble those of PS90min but with a lower signal-
to-noise ratio. The prominent peak observed at ~4.7ppm in all
TH spectra corresponds to semi-heavy water, formed via proton
exchange with deuterium oxide.’”] Additional peaks at 3.23ppm,
2.10 ppm, 1.79ppm, and 1.11ppm are attributed to water-soluble
components of the starch, as determined from measurements of
a starch suspension decant. Starch itself exhibits two distinct sig-
nal groups: one between 5.80ppm and 5.27ppm, corresponding
to OH groups and the H! proton, and another between 4.45ppm
and 3.37ppm, associated with H? to H® protons.[**3°] Following
heat treatment, a triplet indicative of ammonium ions gradually
emerges at 7.08ppm, with an intensity ratio of 1:1:1.14%41] This
emergence is attributed to the decrease in pH resulting from
thermal treatment at 160°C, which triggers the decomposition
of urea and the elimination of ammonium groups through con-
densation reactions between ammonium phosphate groups (see
Section 3.3). Notably, ammonium ions are only detectable in 'H
NMR at a pH value lower than 3.5, with the optimal signal-to-
noise ratio observed at a pH value of 2.1l Otherwise, no sig-
nificant changes are observed in the spectra due to the ther-
mal treatment. The 'H measurements were conducted in deu-
terium oxide, leading to the predominant exchange of protons

Macromol. Chem. Phys. 2025, 226, 2400252 2400252 (4 of 13)

www.mcp-journal.de

—— PS180min

—— PS90min
PS30min
PSOmin

Normalized intensity in a.u.

O
|

_O/C \N/R'

H
02.3‘5

O
i
C

LN SNH, ot s

Cl
cYce
T T T
150 125 100 75 50

Chemical shift in ppm

Figure 3. ¥C NMR spectra of PSOmin, PS30min, PS90min, and
PS180min.

from acid and ammonium groups with deuterons, rendering
them barely measurable.

The 3C NMR spectra of PS are presented in Figure 3, revealing
three distinct signal groups. The first group, spanning between
164ppm and 155ppm, comprises the urea peak at 163ppm and
the carbamate group peak at 159ppm.!"8] The second and third
groups correspond to the carbon atoms of the AGU. Specifically,
the C! atom displays signals at 101ppm and 96ppm, the C* atom
at 80ppm, and the C?, C?, and C° atoms at 72ppm, with the C°
atom appearing at 65ppm.[*?!

Resulting from the heat treatment, urea decomposes into am-
monia and isocyanic acid, which subsequently hydrolyzes into
ammonia and carbon dioxide, leading to the disappearance of
the urea signal. Likewise, the relative intensities of signals corre-
sponding to carbamate groups decrease with longer durations of
heat treatment, from 8.33 % for PSOmin to 5.94 % for PS30min,
and further to 4.33 % for PS180min. However, aside from these
changes, the ¥C NMR spectra exhibit no detectable alterations
due to the heat treatment. This might be attributed to the par-
tial triggering of the GBC during heat treatment, as evidenced
in Section 3.3. Furthermore, the comparison between the exper-
imental and simulated *C NMR spectra of PS reveals excellent
agreement, reinforcing the reliability of the simulations.

Figure 4 illustrates the 3'P NMR spectra of PS, revealing
up to four discernible signals. The first signal, observed be-
tween 1.52ppm and 2.60 ppm, likely corresponds to glucose
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Figure 4. 3p NMR spectra of PSOmin, PS30min, PS90min, and
PS180min.

6-phosphate, which is released upon GBC.[*}] The subsequent
signals are identified between 0 ppm and 0.38 ppm, —9.38 ppm
to —10.78 ppm, and —22.99 ppm to —23.29 ppm, corresponding
to the P® atom, the P! atom, and the P? atom, respectively.[“*3] In
this terminology, the superscript number displays the number
of P-O-P bonds a P atom has, i.e. P° is a monophosphate, P! a
diphosphate, and P2 a polyphosphate (see Figure 4).

The relative intensities of the signals corresponding to dif-
ferent phosphate functional groups undergo significant changes
due to prolonged heat treatment of PS. Initially, the signal inten-
sity attributed to the P° atom (0.38 ppm) is maximal for PSOmin,
indicating the prevalence of ammonium monophosphate esters
following the phosphatization step of synthesis. Simultaneously,
the presence of ammonium diphosphate esters in PSOmin is con-
firmed by the signal corresponding to the P! atom at —9.38 ppm.
Upon heat treatment, the signals corresponding to glucose-6-
phosphate, the P, and P! atoms of PS30min shift upfield to
1.83 ppm, 0.08 ppm, and —10.28 ppm, respectively. This shift
likely arises from changes in the degree of protonation and thus
in pH value, which significantly influences phosphate group
chemical shifts. Blennow’s and Maki’s groups found that the
chemical shift of glucose-6-phosphate or triphosphate esters and
thus of the P°, P! and P? atoms changes by around 4 ppm be-
tween a pH value of 4 and 9.1333¢ Subsequently, the measured
signals shift due to urea decomposition and condensation of am-
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Table 1. Chemical shifts of P%, P!, and P? atoms of PS180min compared
to literature.

Study PO in ppm P'in ppm P2 in ppm
Rothenhiusler and Ludik et al. 0 —-10.8 -233
Heinze et al.l"®] 3.3 -8 -20
Passauer et al.["?] 13 -1-0

Fiss et al.[4] 0.3 -12

Kroger et al.[4%] 1.4 -83

Azeroual et al.[46] 2 -10

monium phosphate groups, releasing ammonia in both reactions
and lowering the sample’s pH value. With prolonged heat treat-
ment, the signals continue shifting upfield, and the signal cor-
responding to the P! atom increases from 7.3 % for PSOmin to
22.9% for PS30min. At —23.17 ppm, a triplet corresponding to
the P2 atom gradually emerges, indicating condensation reac-
tions between ammonium phosphate esters, and polyphosphate
formation via ammonium mono- and diphosphate ester con-
densation. In accordance with TGFTIR results (see Section 3.3),
showing that ammonia and water are released upon temperature
increase, it can be assumed that a reaction similar to the decom-
position of ammonium polyphosphate takes place.[’! In the *'P
NMR spectrum of PS180min, increased signals for the P! and
P? atoms are observed due to condensation reactions between
ammonium phosphate esters, with P! becoming the dominant
signal while P° decreases to 98.6%. Notably, shoulders gradu-
ally emerge next to the main signals corresponding to the P° and
P! atoms, likely indicating phosphatization at all three hydroxyl
groups of the AGU. Steric considerations favor phosphatization
at the C® atom, explaining the largest signal (—0.01 ppm). Phos-
phatization at the C? atom is preferred due to its higher acidity
compared to the C* atom, resulting in the second-highest signal
(—0.29 ppm, 3.2 %), while the C* atom shows the smallest sig-
nal (0.62 ppm, 2.0%).[8! This phosphatization of the hydroxyl
groups of the C? and C? atoms may occur via secondary phos-
phatization by ammonium phosphate groups separated during
heat treatment. The implications of such separation on PS’s ther-
mal stability and GBC are detailed in Section 3.3. Table 1 com-
pares the 3P NMR spectra results with those of this study, re-
vealing moderate chemical shift differences. The measured spec-
trum aligns more closely with the spectrum of completely depro-
tonated phosphates, reinforcing arguments for the existence of
ammonium phosphate esters.

In summary, prior to heat treatment, PS contains residual
urea, carbamate-type functional groups, as well as ammonium
monophosphate esters and monophosphoric amides, along with
some ammonium diphosphate esters. As the heat treatment
progresses post-phosphatization, several changes occur: residual
urea is eliminated, thermally unstable carbamate-type groups de-
compose, and the ammonium phosphate esters condense into
ammonium polyphosphates (see Figure 5).

3.2. Fourier-Transform Infrared Spectroscopy

The functional groups present in unmodified wheat starch (WS),
PS without additional heat treatment after synthesis (PSOmin),
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Figure 5. Chemical structures of starch, PS, and thermally stabilized PS.

and PS subjected to the maximum duration of heat treatment at
160°C (PS180min) were analyzed using FTIR spectroscopy. Both
WS and PS exhibit characteristic peaks typical of polysaccharides,
corresponding to vibrations of the OH, CH, C-O-C, and C-O-H
groups (see Table 2). However, the functional groups introduced
in PS as a result of its modification with urea and phosphoric acid

Table 2. Wavenumbers and the corresponding band assignments of the
FTIR spectra of WS and PS.

Sample Wavenumbers Band assignment
incm™!
WS 3300 O-H stretching!]
2930 CH, antisymmetric stretching(°%>1]
2900 CH, symmetric stretchingl*031]
1640 C-O bending associated with OH groupl!®?]
1415 CH, symmetric scissoring!®?]
1335 CH, CH, deformation[®*]
1245 CH, CH, deformation[®3]
1210 CH, CH, deformation[>4]
1150 C-O-C a-1,4 glycosidic linkagel>®]
1080 C-O-HI>3!
995 C-O-C a-1,4 glycosidic linkage!**]
930 C-O-C a-1,4 glycosidic linkage!*®]
860 C-O-C ring model®’]
760 CH, 15
PS 3190 N-H stretchingl®®]
2920 CH, 150
1700 C = O Urea, Carbamatel 8]
1650 C-O bending associated with OH group!®?]
1440 CHP7I
1250 CH, CH, deformation!®3]
1150 P = 0, C-O-C a-1,4 glycosidic linkagel>>8]
1020 P-O-C, C-O-C a-1,4 glycosidic linkagel>>3%60]
920 P-O-H, C-O-C a-1,4 glycosidic linkage[26:5%]
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overlap with the peaks observed in WS. A new peak emerges at
1700 cm™, corresponding to the C = O group of urea and vari-
ous carbamate-type groups (see Figure 1). Similarly, the P = O
vibration is observed at 1150 cm™!, while peaks resulting from P-
O-C and P-O-H groups are found at 1020 cm™! and 920 cm ™!, re-
spectively. In contrast to the NMR results, there is no significant
difference between the FTIR spectra of PSOmin and PS180min
(Figure 6).

3.3. Thermo-Gravimetric Analysis and Thermo-Gravimetric
Fourier-Transform Infrared Spectroscopy

Upon elucidating the molecular structure of PS and its al-
terations during post-synthesis heat treatment via NMR spec-
troscopy, the ensuing discourse delves into the thermal stability
and decomposition mechanisms of PS. This necessitates a simul-
taneous elaboration of the TGA thermograms of PS after various
heat treatment durations (see Figure 7), the corresponding FTIR

25
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Figure 6. FTIR spectra of wheat starch, PSOmin and PS180min.
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Figure 7. TGA thermograms of PS under nitrogen after different periods
of heat treatment at 160°C.

spectra derived from TGFTIR analysis (see Figures 9 and 10), and
changes in the chemical composition PSOmin resulting from its
decomposition (see Figure 8). Special emphasis is placed on the
absorbance-temperature profiles observed at distinct wavenum-
bers: 965 cm™! (indicative of ammonia), 420 cm™! (potentially as-
sociated with hydrocarbons), 2310cm™! (representative of car-
bon dioxide), 2180cm™" (corresponding to carbon monoxide),
1250 cm™! (associated with P = O bonds), and 715 cm™ (poten-
tially indicative of P-N-C or C-N-C bonds). It is imperative to ac-
knowledge a certain temporal discrepancy between the initiation
of PS decomposition, the liberation of low molecular weight com-
pounds leading to weight loss as detected by TGA, and the subse-
quent detection of these volatile species via FTIR. In the interest
of clarity, the discussion initially centers on measurements con-
ducted under a nitrogen atmosphere, prior to an examination of
the impact of oxygen on the thermal decomposition of PS (refer
to Figure 13).

The TGA thermograms depicted in Figure 7 illustrate the ther-
mal decomposition behavior of PS following various durations of
heat treatment at 160°C, as outlined in Section 2.2. Before delv-
ing into the impact of different heat treatment durations on PS,
it is advisable to provide a general overview of the TGA thermo-
grams. PS exhibits multiple decomposition stages upon elevation
of temperature. First, there is a mass loss observed up to 100°C,
attributed to the evaporation of water attracted to the hydroxyl
groups of the AGU within the PS structure.[®!! This is substanti-
ated by several peaks spanning the wavenumber ranges of 3400
t0 4000 cm™! and 1300 to 1800 cm™!, alongside a prominent peak
at 1630 cm™, as depicted in Figure 9.[62]

100 2]
Ho
80 N
Hc
60 (H):}
40
20
0 is 4.3 03

200°C 300°C 400°C 500°C 600°C 700°C 800 °C 900 °C 1000 °C

Chemical composition in %

Figure 8. Chemical composition of PSOmin after pyrolysis at temperatures
between 200°C to 1000°C in the TGA.
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Figure 9. TGFTIR spectra of PS30min.

The subsequent stage involves a reduction in mass up to
170°C, attributable to diverse chemical reactions such as the
decomposition of carbamate groups and the consequent lib-
eration of ammonia.l®®% The presence of ammonia is read-
ily discernible in the FTIR spectra by two pronounced peaks
at 925cm™! and 965 cm™!, accompanied by various peaks be-
tween 800cm™! and 1200cm™!, alongside a weaker peak at
3330 cm™! (refer to Figure 9).1°% This process coincides with the
decomposition of urea into ammonia and isocyanic acid.[®®) Pas-
sauer et al. noted a peak at 2250 cm™!, corresponding to the
N=C=O stretching vibration of isocyanic acid during TGFTIR of
PS.[6266] Notably, there are no significant readings for PSOmin
and only noise for PS30min and PS180min at the same
wavenumbers.

Concurrently, condensation reactions leading to the liberation
of water and ammonia occur across a broad temperature range,
significant up to 600°C.[*} Plausible mechanisms entail conden-
sation reactions involving ammonium phosphate groups and
phosphate groups. As elucidated in Section 3.1, the relative in-
tensities of diphosphate esters and triphosphate esters notably
increase with prolonged heat treatment at 160°C. Since resid-
ual phosphoric acid is absent post PS synthesis and purifica-
tion, the formation of ammonium di- and triphosphate esters
must stem from condensation reactions between ammonium
monophosphates, ammonium mono- and diphosphate esters, re-
spectively. Consequently, water and ammonia are liberated, while
new P-O-P bonds are formed, akin to the thermal decomposition
of ammonium polyphosphate (APP).[*%’l Camino et al. demon-
strated that ammonia release resulting from condensation reac-
tions during the thermal decomposition of APP persists up to
600°C, consistent with Figure 10 (a).[*’] The intensified peak at
965 cm™! confirms the release of ammonia as a consequence of
the aforementioned mechanisms. Intriguingly, the FTIR peaks
corresponding to ammonia and water both diminish around
600°C, further supporting the previously outlined decomposition
mechanism. ]

It is imperative to reiterate that the discussed condensation
mechanisms invariably yield highly cross-linked PS, wherein
AGU are not only linked to their neighboring AGU of the
same amylose molecule via ether bonds but also connected to
the AGU of other amylose molecules via various functional
groups.l*¢®] The released ammonia and water substantially
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Figure 10. Absorbance-temperature profiles at wavenumbers of 965 cm™" (a), 420cm™" (b), 2310cm™" (c), 2180cm~" (d), 1250cm~" (e), and 715cm™!

(f) from TGFTIR of PSOmin, PS30min, and PS180min.

contribute to the flame retardancy of PS by diluting the flame
zone with non-combustible gases and diminishing the combus-
tion efficiency.!1%70]

Following the aforementioned stages, a gradual decrease in
mass is succeeded by a sharp mass loss commencing at approxi-
mately 170°C, signifying GBC. This entails the fragmentation of
the starch backbone through the rupture of ether bonds between
AGU, yielding anhydrosugars such as levoglucosan which are
subsequently dehydrated.l”*73] During this process, a rapid suc-
cession of chemical reactions occurs, yielding a diverse array of
viscous and volatile decomposition products.’+7¢! Alongside an-
hydrosugars, aldehydes, furanoid, and pyranoid compounds are
generated and partially released alongside volatile compounds
like CO, CO,, H,0, and CH,."”7% Zhang et al. demonstrated
that the char of starch post thermal decomposition primarily
comprises phenol, benzene, and furan-like structures bonded via
methylene or ether bonds.!”]

Ji et al. investigated the char of PS using FTIR and demon-
strated that pyrolysis of PS at 250°C results in a crosslinked,
phosphate-containing, and carbonized starch.>*! Considering

Macromol. Chem. Phys. 2025, 226, 2400252 2400252 (8 of 13)

the pyrolysis products of native starch, it is plausible that the
GBC of PS results in crosslinked aromatics that are functional-
ized, among other things, with ammonium phosphates. Based
on current knowledge of their molecular structure, the pyrolysis
products of PS in the temperature range of the GBC could be de-
scribed as phosphatized polyaromatics (PPA). To date, the poten-
tial of PPA as FR has not yet been scientifically explored. How-
ever, the molecular structure, thermal decomposition behavior,
and chemical composition of PPA play a key role in understand-
ing the flame retardancy of PS.

GBC in unmodified starches typically occurs at around 300°C,
contingent upon the starch’s source and amylose content.[#-82]
Phosphorus-containing FR can act as acid catalysts in the con-
densed phase, inducing charring through esterification and de-
hydration in temperature ranges preceding the decomposition
of the original materials.®*# This elucidates why GBC occurs
in PS at #130°C lower temperatures compared to unmodified
starch.I®] During this process, PS experiences a mass loss of
around 15%, leaving ~ 80 to 85% residual mass at 220°C.
This contrasts sharply with unmodified starch, which typically
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retains around 20 % residual mass post GBC, contingent upon
the starch’s source and amylose content.[®) Passauer et al. con-
cluded that the disparity in mass loss due to GBC between
unmodified starch and PS might be attributed to the influ-
ence of phosphate and ammonium phosphate groups on the
condensed phase.[®”] These groups induce phenomena such
as acid-catalyzed dehydration, esterification, cross-linking, and
aromatization.!7:88]

Resulting from the decomposition of residual urea, thermally
less stable carbamate groups, and the GBC, the chemical compo-
sition of PSOmin changes. Since no phosphorus is released dur-
ing these decomposition reactions, its concentration increases
from 15.2 % to 17.8 % (see Figure 8). In contrast, the concentra-
tions of hydrogen and nitrogen decrease by the release of am-
monia. Notably, the intensity-temperature profiles resulting from
TGFTIR of ammonia and water exhibit heightened intensities at
much lower temperatures than that of the GBC (Tpc). However,
in contrast to water, the FTIR peaks corresponding to ammonia
abruptly decline at Tp. Passauer et al. observed a similar trend
during their thermal characterization of ammonium starch phos-
phate carbamates but did not provide insight into why this phe-
nomenon might occur.[%]

Two plausible explanations arise: a) the release of ammonia
is abruptly stopped precisely at T.pc, or b) the ammonia re-
leased during T is consumed in the manifold reactions occur-
ring during GBC. The abruptness of the intensity-temperature
profile drop lends credence to the latter explanation. However,
the specific reactions in which ammonia participates remain
unclear. One conceivable reaction may involve the incorpora-
tion of ammonia during the secondary phosphatization of PS,
akin to the synthesis of APP.[#%] The peaks corresponding to
CO, and water reach their maximum during GBC, while no
CO was detected (see Figure 10c,d).[°?) Additionally, the peak
at 420cm™!, accompanied by peaks at 400 cm~! and 450 cm™1,
also undergoes a significant increase at Ty, potentially cor-
responding to hydrocarbons (see Figure 10b). However, with-
out additional analysis techniques such as gas chromatography
and mass spectrometry, this assumption must be approached
cautiously.

Following GBC, the mass of PS gradually decreases with in-
creasing temperature, accompanied by the release of water and
ammonia. Condensation reactions involving functional groups,
such as ammonium phosphate, are likely responsible for the
continuous release of water and ammonia up to approximately
600°C. This results in a decrease of the concentration of hydro-
gen and nitrogen, and a slight increase in the phosphorus content
up to 400°C. However, there is a drop in the phosphorus concen-
tration between 400°C and 600°C which is akin to the thermal de-
composition of APP. At this temperature, the residual mass of PS
typically ranges between 45 to 50%. Subsequently, between 600°C
and approximately 800°C, a slow mass loss occurs, attributed
to an increased release of CO and CO,, indicating the aromati-
zation and graphitization of PS during its decomposition. (see
Figure 10c,d). In this temperature range, the oxygen concentra-
tion in PSOmin decreases from 47.1 % to 30.8 % while the carbon
concentration increases from 29.8 % to 42.1 %. A steep decline in
mass occurs at around 900°C, resulting in a residual mass of ap-
proximately 20 % at 1000°C, thus aligning with the residual mass
of unmodified starch.
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Although unmodified starch achieves a similar residual
mass shortly after GBC, PS undergoes multiple decomposi-
tion steps post-GBC. The incorporation of phosphorus enhances
the thermo-oxidative stability of the char at high temperatures,
thereby contributing to the increased residual mass of PS.!
The final mass loss coincides with elevated signals for CO and
CO,. Simultaneously, significant increases are observed in the
absorbance-temperature profiles at 965 cm~! and 1250 cm™! of
PS30min and PS180min, corresponding to ammonia and P = O,
respectively (see Figure 10a,e).8*] The steep mass loss at around
900°C is accompanied by a significant decrease in the phos-
phorus concentration, agreeing with the TGFTIR absorbance-
temperature profiles of PS30min and PS180min at 1250 cm™".
This indicates that the polyphosphates decompose and PO
radical-forming compounds are released, which was not detected
in previous investigations.[?>®?] Simultaneously, the carbon con-
centration increases from 42.1% at 800°C to 57.9 % at 1000°C,
suggesting further aromatization and graphitization of the PS.

Figure 9 illustrates the aforementioned vibration bands as well
as the distinct vibration bands between 950 to 1200 cm™! result-
ing from P-O-C and P-O-H groups. PO radicals originating from
these groups significantly contribute to the flame retardancy of
PS by inhibiting flames through radical scavenging of H and OH
radicals in the flame zone.[?] Intriguingly, another peak emerges
at715cm™" at around 800°C, following the peaks corresponding
to CO and CO, but preceding those of ammonia and P = O. Shao
et al. argued during their investigation of the thermal decompo-
sition mechanisms of APP modified with ethanolamine that the
peak at 720 cm™! corresponds to the formation of P-N-C bonds,
consistent with findings by Camino et al.[*7:939*] Alternatively, the
presence of C-N-C bonds akin to urea may account for the peak
at 715 cm~L.[%]

Comparing the TGA thermograms of PS for different heat
treatment durations reveals a trend wherein the mass loss be-
tween room temperature and 100°C decreases with increasing
heat treatment periods, diminishing from 1% for PSOmin to
0.5 % for PS180min. This initial mass loss primarily arises from
the physical drying of PS and the evaporation of water. Upon fur-
ther temperature elevation to 150°C, PSOmin experiences an ad-
ditional mass loss of approximately 2.1 %, whereas PS180min ex-
hibits a reduced loss of around 0.9 %. This decline in mass loss
within the same temperature range can be attributed to the pre-
ceding decomposition of urea and the ceasing of condensation
reactions, which are no longer initiated during TGA following
the heat treatment at 160°C. The onset of ammonia release oc-
curs at higher temperatures for longer periods of heat treatment
(see Figure 10a). Concurrently, there is a significant reduction
in the intensity of peaks at 965 cm™!. Since the mass loss arises
from the evaporation of volatile decomposition products, there is
a significant reduction in the risk of pore formation at elevated
temperatures during the processing of thermoplastics and ther-
mosets.

During GBC, there is a noticeable reduction in the intensity
of the peak corresponding to CO, at 2310 cm™! with increasing
periods of heat treatment at 160°C. This reduction in CO, read-
ings suggests that GBC may be partially initiated during the heat
treatment, leading to decreased CO, emissions. This observa-
tion suggests the potential to enhance the thermal stability of
PS by incorporating GBC as part of a further modified synthesis
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Figure 11. T,o;, Tsos, Megg, and myggg resulting from TGA of PS under
nitrogen after different periods of heat treatment at 160°C.

procedure. As a result, the onset of decomposition would not
be solely determined by GBC, but rather by the temperature
at which the formation of ammonium polyphosphates trig-
gers an increased release of ammonia and water. Following
GBC, the TGA thermograms of PS with varying heat treat-
ment durations generally exhibit similar trends. The residual
mass of PS increases with longer heat treatment periods up to
1000°C.

The TGA thermograms depicted in Figure 7 are further ana-
lyzed in Figure 11, which illustrates the temperature at which 2 %
mass loss occurred (T,o,), the temperature at which 5 % mass loss
occurred (Tsy), and the residual masses at 600°C () and at
1000°C (m, ) of the PS after varying periods of heat treatment
at 160°C. The T,,, exhibits a gradual increase from 128.6°C for
PSOmin, plateauing at approximately 168.3°C for PS180min, in-
dicating an enhancement in thermal stability within this temper-
ature range with prolonged heat treatment periods. This eleva-
tion in Ty, is likely attributable to the initiation of condensation
reactions and the decomposition of residual urea within the PS,
as previously discussed. In contrast, the Ty, shows a narrower
increase, rising marginally from 180.5°C to 187.2°C, indicating
that T¢p remains unaffected by the heat treatment at 160°C. The
Mo increases from 45.5 % for PSOmin to 49.1 % for PS180min,
while m,, remains around 20 % irrespective of the duration of
heat treatment. This elevation in m,, can be attributed to the
heightened phosphorus content of PS, which increases from ap-
proximately 15.2 % for PSOmin to about 16.5 % for PS subjected
to heat treatment. Additionally, the observed increase in my,, may
be influenced by the aforementioned condensation reactions that
have already occurred.[®!]

Polymer processing entails prolonged exposure to elevated
temperatures, making it imperative to evaluate the thermal sta-
bility of PS under such conditions. Isothermal TGA measure-
ments are conducted across temperatures ranging from 100°C
to 180°C, as depicted in Figure 12. Substantial differences in
mass loss become apparent even at modest temperatures such
as 100°C. Below 140°C the mass loss ranges from approximately
2.2 to 4.2%. However, a notable increase in mass loss occurs
around 150°C, signaling the onset of GBC. Beyond this thresh-
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Figure 12. Mass loss resulting from isothermal TGA measurements of
PSOmin and PS180min at temperatures between 100°C and 180°C for
30 min.

old, the rate of mass loss gradually aligns with that observed
during dynamic TGA measurements subsequent to GBC. As
previously highlighted, the diminished mass loss at tempera-
tures necessary for polymer processing significantly mitigates
the risk of pore formation. Moreover, given that the glass transi-
tion temperature of epoxy resin-based thermosets typically spans
a narrow temperature range around the maximum curing tem-
perature, increasing the upper limit of the curing temperature
enables the curing of epoxy resins and curing agents with a
higher potential glass transition temperature, thereby enhanc-
ing overall mechanical performance.[®®*’] Nevertheless, it is cru-
cial to acknowledge that the maximum curing temperature is
constrained by the Tjg. of the PS (140°C). This limitation un-
derscores the necessity for a meticulous understanding of the
thermal properties of PS in the context of polymer processing
to optimize processing conditions and material performance
effectively.

The extensive discussion of the thermal decomposition mech-
anisms in PS under anaerobic conditions can be summarized as
follows:

a) Decomposition of thermally unstable carbamate groups, re-
sulting in the release of ammonia.

b) Decomposition of residual urea, leading to the generation of
ammonia and isocyanic acid, which further hydrolyzes into
CO, and ammonia.

¢) Condensation reactions between ammonium phosphate
groups, releasing water and ammonia.

d) GBC triggered by the release of acid functionalities, accom-
panied by the release of CO, and water, while the production
of ammonia is reduced.

e) Aromatization and graphitization of the PS, resulting in the
release of CO and CO,.

f) Decomposition of phosphate functional groups, releasing
PO-type compounds.

Following the examination of the thermal stability and ther-
mal decomposition mechanisms of PS under an inert nitrogen
atmosphere, the discussion now shifts to the TGA thermograms
of PS in a synthetic air environment, as illustrated in Figure 13.
Notably, GBC initiates at slightly lower temperatures in synthetic
air compared to nitrogen, approximately 5°C lower. Similar to the
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Figure 13. TGA thermograms of PS in synthetic air after different periods
of heat treatment at 160°C.

trends observed in Figure 7, PS subjected to longer periods of
heat treatment exhibits higher residual masses post-GBC. Up to
500°C, the TGA thermograms of PS in both nitrogen and syn-
thetic air exhibit analogous patterns. However, beyond 500°C,
while PS undergoes distinct decomposition steps in nitrogen,
decomposition in synthetic air occurs more gradually between
500°C and 750°C, resulting in residual masses of only a few per-
cent. This discrepancy suggests that the decomposition of am-
monium phosphate groups is instigated at lower temperatures
in synthetic air, thereby enhancing the gas phase activity of PS
under aerobic conditions. The residual mass observed at 1000°C
may potentially stem from the formation of polyphosphate-based
inorganic glasses.[®?]

3.4. Differential Scanning Calorimetry

As explored in the preceding section, the heating of PS initiates
numerous physical and chemical reactions, yielding various en-
dothermal and exothermal heat fluxes, notably highlighted by
the exothermal heat flux during GBC. This phenomenon is char-
acterized by two key parameters: the temperature of the maxi-
mum heat flux (T;) and the enthalpy of the exothermal reac-
tion (Hgpc), as depicted in Figure 14. Observations reveal a sub-
tle shiftin T, towards slightly lower temperatures with increas-
ing periods of heat treatment, ranging from 202.7°C for PSOmin
to 199.6°C for PS180min. This trend aligns with findings by
Passauer et al., attributing the shift to a heightened degree of
modification.[?]

The enthalpy released during GBC ranges from —68.7 Wg™! to
—83.5 Wg~!. The absolute value of Hgpc tends to decrease with
prolonged heat treatment periods. This observation corresponds
with the trends observed in Figure 10a,c, indicating decreased
ammonia and CO, peaks with increased heat treatment periods.
Both phenomena likely stem from partially triggered condensa-
tion reactions and GBC, resulting in reduced gas emissions and,
consequently, a decrease in Hgpe.

4, Conclusion and Outlook

A modified synthesis approach for PS is introduced, and its im-
pact on the molecular structure, thermal stability and thermal de-
composition mechanisms of PS are investigated. Elevated heat

Macromol. Chem. Phys. 2025, 226, 2400252 2400252 (11 of 13)
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treatment beyond the conventional 135°C used in PS synthesis
induces several molecular alterations: first, the residual urea is
eliminated as evidenced by the 1*C NMR spectra. Second, the
C? and C® of the AGU undergo phosphatization in a secondary
phosphatization reaction, as evidenced by shoulders in the 3P
NMR spectra. Third, monophosphate esters and diphosphate es-
ters give rise to increased formation of diphosphate and new
polyphosphate esters, facilitating cross-linking of the PS. Phos-
phatization yields various functional groups with overlapping vi-
bration bands akin to the WS, although no discernible differences
are observed in the FTIR spectra of PSOmin and PS180min. Ther-
mal decomposition mechanisms of PS are meticulously analyzed
via TGFTIR up to 1000°C, identifying volatile decomposition
products and hypothesizing corresponding molecular changes
in PS.

This study marks the first instance of detecting P = O type
compounds as PS decomposition products via TGFTIR. Possi-
ble flame retardant mechanisms in the condensed phase might
involve acid-catalyzed dehydration, cyclization, cross-linking and
aromatization. Corresponding possible gas-phase mechanisms
might include flame zone dilution with non-combustible gases
(ammonia and water) and flame inhibition via radical scaveng-
ing by PO radicals. Isothermal TGA measurements assess the
thermal stability for polymer processing, revealing significantly
enhanced thermal stability, and delayed and reduced release of
volatile compounds, enabling PS processability in bulk materi-
als up to 140°C. DSC demonstrates a shift in Ty, to slightly
lower temperatures due to increased phosphorus-content result-
ing from heat treatment, possibly partially triggering GBC and
leading to decreased Hgpc-

By comprehensively evaluating molecular structural changes
in PS resulting from heat treatment, and its decomposition
mechanisms during TGA, avenues for further enhancing the
thermal stability of PS are explored. Subsequent studies will
investigate the potential of PPA as FR for polymers requiring
processing temperatures exceeding Tgpc. Furthermore, the im-
proved processability of PS through the modified synthesis route
prompts investigation into its flame retardancy in epoxy resins,
marking a pioneering application of PS as an FR in polymeric
bulk materials.
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Figure 14. Temperature at which the heat flux is maximal Ty and the en-
thalpy released during the GBC Hggc of PS after different periods of heat
treatment at 160°C.
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