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Given the finite nature and overuse of our natural resources, sustainable use is crucial to preserving the
foundations of life for the future. In addition to fossil resources, certain metals, and rare earth elements,
phosphorus (P) is considered to be a strategic resource. We describe the synthesis of various ammonium
salts of phytic acid, a sustainable source of P, as biobased flame retardants (FRs). The performance of the
novel ammonium-phytates (AmPs) was tested in wood-polymer-composites (WPCs) based on wood
and bio-HDPE. The resulting compounds
thermogravimetric analysis (TGA), limiting oxygen index (LOI), UL-94, micro combustion calorimetry

flour were comprehensively characterized by
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Accepted 20th July 2026 (MCC), cone calorimetry and environmental scanning electron microscopy (ESEM). We were able to
demonstrate a comparable reaction-to-fire performance for AmP compared to the reference FR
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composition and performance of AmPs is given.

This research project contributes directly to the UN Sustainable Development Goals 3, 8, 9, 11, 12 and 13. The use of sustainable sources of carbon and
phosphorus helps to protect human health from the effects of climate change and the destruction of livelihoods. By avoiding energy-related CO, emissions
during the extraction of phosphorus from phosphate rock and through the long-term storage of CO, in plant-based additives, a contribution to environmental

and climate protection is made. The utilization of locally available raw and residual materials in the form of phytic acid strengthens the competitiveness and

future viability of the European economy.

1. Introduction

Phosphorus (P) is a finite and critical raw material. P is an
irreplaceable component in all living organisms and an essen-
tial plant nutrient and therefore an indispensable component
of fertilizers, and also the active ingredient in modern, halogen-
free flame retardants (FRs)." To date, P and its compounds have
been obtained almost entirely from calcium phosphate
minerals in the form of apatite Cas(PO4);X (X = OH, F, Cl).
These minerals are all located outside Europe, making imports
necessary. Recycling and alternative sources are targeted to play
an increasingly important role in ensuring a secure supply of P
as a raw material.>® Phytic acid (PA) is one of the most prom-
ising sources of bio-based phosphorus. It is a largely available
agricultural waste product, and it is estimated that nearly 35
million tons of PA are produced annually from crops for agri-
cultural purposes.® PA is the hexa-phosphoric acid ester of myo-
inositol, and serves as a storage for phosphate and cations in
plants such as legumes, cereals, and oilseeds.?
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Apart from ruminants, mammals cannot use PA as
a nutrient, due to the lack of the enzyme phytase. Owing to its
complex-forming properties, PA can bind minerals such as
calcium, magnesium, iron, and zinc to an insoluble form, so
that they are no longer available to the body. This fact further
increases the appeal of PA, as it is a renewable source of
phosphorus that does not compete with human nutrition or
animal feed.

PA is a highly polar and very water-soluble compound. A
commercial 50% aqueous PA solution has a pH value of 0.5. Its
effectiveness as a flame retardant on its own is low. PA as a FR is
therefore combined with other compounds to obtain a syner-
gistic FR system with higher effectiveness and broader appli-
cability. Three strategies are generally pursued: (a) the
formation of salts with metal cations, (b) combination with
another functional or filler material, and (c) the formation of
amine salts with low-molecular-weight organic compounds.
The latter has shown the most promising results and has been
summarized in recent review articles.*” The main areas of
application for PA are in thermoplastic and thermosetting
polymers such as polypropylene (PP), polylactic acid (PLA) and
epoxy resins (EP). There are also examples of applications in
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cotton and polyethylene terephthalate (PET) textiles, thermo-
plastic starch (TPS) and wood-polymer composites (WPC). As
amine component for the formation of PA salts, different
amines, such as amino acids, imidazole, melamine, piperazine,
furfurylamine, ammonia in the form of urea, choline, and tri-
s(hydroxymethyl)aminomethane (TRIS) for example have
already been tested.*** Despite the enormous potential of PA as
an efficient flame retardant consisting of bio-based carbon and
phosphorus, there has been no systematic investigation of the
relationship between the amine component and the FR effect.
The lack of a systematic classification of ammonium-phytates is
based on several factors. In most studies only one single amine
component is investigated, which restricts a comparison or
ranking. In several studies there is a second FR active
compound used to increase the FR efficiency. In many cases the
additional compound is ammonium-polyphosphate (APP),
however, it could also be a functional material such as
expandable graphite or lignin.**"” In almost all studies, the ratio
between amine and PA is chosen arbitrarily or follows an
unsubstantiated ratio of 6:1,4:1 or 3:1.5"*

In this study, for the first time, the effect of different amine
components on the FR effect of ammonium-phytates was
systematically investigated and the composition-performance
relationship of ammonium-phytates determined. We used
a bio-based high-density polyethylene (HDPE)-wood polymer
composite (WPC) as model system, made from almost 100%
renewable raw materials. As amines we used a variety of
components with a broad range of physicochemical properties
such as structure, pK, value and solubility in water.

2. Experimental
2.1 Materials

Phytic acid (50 wt% in water), polyethyleneimine (30 wt% in
water), r-histidine (>99%), r-arginine (>99%) were purchased
from TCI. Ammonia solution (25 wt% in water), ethylenediamine
(>99.5%), ethanolamine (>99%), triethanolamine (>99%), 1,4-di-
azabicyclo[2.2.2]octane (>99%), 1,8-diazabicyclo-[5.4.0Jundec-7-
ene (>98%), melamine (>99%) and sodium hydroxide (>98%)
were purchased from Carl Roth. Triethylamine (>99%), imidazole
(>98%), 3,5-diamino-1,2,4-triazole (>98%), aminoguanidine
bicarbonate (97%), tris(hydroxymethyl)aminomethane (>99%)
were purchased from Sigma-Aldrich. Furfurylamine (99%),
piperazine (99%), guanidinium carbonate (99%) 5-amino-
tetrazole monohydrate (99%) and dicyanodiamide (99%) were
purchased from Thermo Fisher Scientific.

Bio-based high-density polyethylene (bio-HDPE) and wood
flour were used as main components for WPC. Softwood
(spruce/fir) flour with a main particle size between 75 and 180
pm (Jeluxyl WEHO 500, Jelu, Rosenberg, Germany) was used as
filler for WPC. A bio-high-density polyethylene (bio-HDPE) resin
(SHA7260, Braskem, Sao Paulo, Brazil) with a density of
0.955 g cm * and a melt flow rate (190 °C; 2.16 kg) of 20 g/
10 min was used. The minimum biobased carbon content of
this grade is 94%, determined according to ASTM D6866.

The coupling agent for the HDPE-based composites was
a maleic-anhydride-grafted, linear, high-density polyethylene
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(MAPE) in powder form with MA-content of 1.5 wt% (Scona
TSPE 2102 GAHD, BYK, Schkopau, Germany).

The reference flame retardant used for the polymer matrix
was APP micro-encapsulated with melamine (Exolit AP462,
Clariant).

2.2 Synthesis

General procedure for the synthesis of ammonium-phytates.
To an ice-bath cooled solution of phytic acid (50 wt% in water, m
= 100 g, n = 75.7 mmol) in H,O (100 mL) was added the
respective amine portion-wise (1.0 equiv. each). The pH-value
was determined after each addition until a pH of 7 was
reached. In case of a resulting solution, water was removed by
freeze-drying. In case of a resulting suspension, the solid was
filtered off, washed with H,O (2 x 50 mL) and dried at 60 °C and
20 mbar in a drying cabinet for 18 h. Due to their hygroscopic
properties, the yields exceeded 100% (see Fig. S16).

Synthesis of sodium-phytate (Na-PA). To an ice-bath cooled
solution of phytic acid (50 wt% in water, m = 100 g, n = 75.7
mmol) in H,O (100 mL) was added NaOH portion-wise (1.0
equiv., n = 75.7 mmol, M = 40.00 ¢ mol ', m = 3.03 g, each).
The pH-value was determined after each addition until a pH of 7
was reached (9.0 equiv. in total). The water was removed by
freeze-drying for 3 days. The product was obtained as slightly
beige-colored solid (m = 75.4 g, 115%).

Synthesis of melamine-phytate (melamine-PA). To a solution
of phytic acid (50 wt% in water, m = 66.0 g, n = 50.0 mmol) in
H,O (500 mL) at 80 °C was added melamine portion-wise (1.0
equiv., n = 50.0 mmol, M = 126.12 g mol~ ', m = 6.31 g, each).
The pH-value was determined after each addition until the
reaction mixture reached a viscosity that made homogeneous
mixing impossible (6.0 equiv. in total, pH 2.5). After cooling to
room temperature the precipitate was filtered off, washed with
H,O0 (2 x 100 mL) and dried at 60 °C and 20 mbar in a drying
cabinet for 18 h. The product was obtained as colorless solid (m
=73.9 g, 104%).

2.3 Processing

Wood particles, bio-HDPE, maleic anhydride-grafted poly-
ethylene (MAPE) and the synthesized flame retardants were used
to process formulations, with a constant amount of bio-HDPE
and MAPE (37 wt% and 3 wt%). The wood particles were dried
overnight at 80 °C prior to compounding. The total amount of
bio-HDPE and MAPE was kept constant at 40 wt%. The general
composition of the formulations is shown in Table 1.
Compounds were produced by mixing the formulations in
a kneading mixer with Banbury rotors (Thermo Fisher PolyLab

Table 1 Composition of the used formulations

Flame retardant Bio-based HDPE MAPE Wood particles
[wt%] [wt%] [wt%] [wt%]

0 37 3 60

10 37 3 50

20 37 3 40

30 37 3 30

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with Rheo Mix 3000 QC; mixing chamber volume of 379 cm?).
Mixing was performed at 165 °C for 10 min at 50 rpm. The
actual mass temperature was approximately 20 °C higher. Due
to the hygroscopicity of the ammonium-phytate salts, the
release of water vapor during mixing was observed. Thermo-
plastic mixtures were ground into small granules. A mini-
injection molding machine (HAAKE Minijet II, Thermo Fisher
Scientific, Karlsruhe, Germany) equipped with a self-designed
mould was used to prepare specimens of 80 mm x 10 mm X
4 mm for determination of LOI and UL-94-classification.

2.4 Test methods

2.4.1 Thermogravimetric analysis. Thermal stability of
selected compounds was investigated by means of thermogravi-
metric analysis (TGA) using a TGA/DSC 1 (Mettler-Toledo AG,
Schwerzenbach, Switzerland). Samples (approx. 10 mg) were
weighed into a TGA crucible and subsequently placed in the TGA
instrument. Samples were heated from 25 to 1000 °C at a heating
rate of 10 K min " under a constant nitrogen flow of 10 mL min .

2.4.2 Limiting oxygen index (LOI) and UL-94 test. Speci-
mens were conditioned at 20 £ 2 °C and 65 £ 5% relative
humidity for four days prior to LOI tests and UL-94 determi-
nation. The oxygen index test measures the minimum concen-
tration of oxygen in a flowing mixture of oxygen and nitrogen
that will just support flaming combustion. Determination of the
LOI was done according to modified DIN EN ISO 4589-2:2006. A
small test specimen is supported vertically in an oxygen-
nitrogen mixture that is flowing upward through a glass
column. The upper end of the specimen is ignited, and the
subsequent burning behaviour of the specimen is observed.
Basically, if a test specimen is hard to burn, it requires more
oxygen to cause flaming combustion, and this increases its
oxygen index. Vertical UL-94-tests were performed according to
modified DIN EN 60695-11-10 (2014) using five conditioned test
samples (80 mm x 10 mm x 4 mm) per formulation.

2.4.3 Micro combustion calorimetry (MCC). The MCC
measurements were performed with a FAA micro calorimeter
from Fire Testing Technology (FTT) according to ASTM D7309,
method A. The sample weight was adjusted to ensure an oxygen
consumption of 10%. The samples (5-15 mg) were heated to
750 °C using a linear heating rate of 1 K s~ while maintaining
a nitrogen flow rate of 80 cm® min~". The thermal degradation
products of the sample were mixed with a 20 cm® min~* stream
of oxygen prior to entering the combustion furnace with
a temperature of 900 °C. Each sample was run in two replicates
and the values presented are the average of these two
measurements.
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The heat release capacity (HRC) was calculated using the
1 n

following equation: HRC = 3 Z PHRR; where § is the heating
=1

rate, and pHRR represents the peak of the heat release rate.

2.4.4 Cone calorimetry. The cone calorimeter is used to
determine the heat release rate, total heat release, time to
ignition, and other parameters of a test specimen submitted to
a constant heat flux. It is based on the oxygen consumption
method according to ISO 5660-1. Specimens of the size 100 mm
x 100 mm x 4 mm were exposed to constant radiant heat of 35
kW m~? by means of a conical heater and ignited by a spark
igniter in a horizontal setup. Prior to testing, specimens were
conditioned at 20 £ 2 °C and 65 + 5% relative humidity until
constant weight was obtained. Back sides and edges of samples
were wrapped in aluminium foil. Each sample was run in two
replicates and the values presented are the average of these two
measurements.

2.4.5 Environmental scanning electron microscopy (ESEM)
and light microscopy. A Thermo Fisher Scientific environ-
mental scanning electron microscopy (ESEM), Prisma E,
equipped with energy dispersive X-ray spectroscopy (EDX), was
used to display the structure of the material and the distribu-
tion of the flame retardants (phosphorus). Using a chamber
pressure of 50 Pa and water vapor as the residual atmosphere,
no further preparation of the samples was required.

Reflected-light microscopy images were captured with
a Nikon DS-Fi3 digital camera attached to a Zeiss Axioplan
microscope. Brightness, contrast, and exposure were adjusted
for image presentation using NIS-Elements D software.

3. Results and discussion
3.1 Synthesis of ammonium-phytates

For the synthesis of ammonium-phytates we used a straight-
forward procedure in the green solvent water. A 50 wt%
aqueous solution of phytic acid was diluted with H,0, cooled to
0 °C and the amine was added equivalently until a pH value of 7
was reached (Fig. 1). A neutral pH value was chosen for the
ammonium-phytate salt in order to have a common reference
point for comparing the different salts. A second reason relates
to the prevention of a reaction between the FR and the polymer
matrix. In the case of a bio-composite with HDPE as polymer
matrix, no reaction can be expected due to the chemical inert-
ness of the HDPE but in the case of a polar polymer such as PLA
with multiple ester bonds, a too low or too high pH value will
inevitably lead to some extent of degradation. As amine
component we used a wide variety of compounds starting with

Fig. 1 General reaction scheme for the synthesis of ammonium phytates.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Overview of the utilized amines for the synthesis of ammonium phytates, number of equivalents used and relevant physicochemical

properties®

# Structure Name Equiv. PK, Solubility in H,O
NH; Ammonia 10 9.24 531 g L' (20 °C)
2 NEt, Triethylamine 12 10.8 112 g L™ (20 °C)
3 NH Ethylenediamine 5 6.90, 9.95 Completely
HZN/\/ 2
4 OH Ethanolamine 9 9.50 Miscible
HZN/\/
5 N/%\/OH) Triethanolamine 9 7.74 Miscible
3
OH
6 HO OH Tris(hydroxymethyl)-aminomethane (TRIS) 9 8.2 678 g L' (20 °C)
NH,
H
N
7 [ ] Piperazine 5 9.8 150 g L™ (20 °C)
N
H
N
8 [ej 1,4-Diazabicylo-[2.2.2]octane (DABCO) 7 3.0, 8.8 400 g L' (20 °C)
N
N\
9 K/N 1,8-Diazabicyclo-[5.4.0Jundec-7-ene (DBU) 7 12 n.a
10 \VN+ Polyethyleneimine (PEI) 12 n.a Soluble
Hn
(o}
11 @/\NHZ Furfurylamine 9 n.a Soluble
N co,
12%* ¢ J/\‘/ . L-Histidine 10 9.17 38 g L7 (20 °C)
HN NH;
N
13 ¢ J Imidazole 10 6.99 633 g L™ (20 °C)
HN
X
- co, v 1
14 HaN HW\I/ L-Arginine 9 12.1 150 g L™ (20 °C)
NH,
"NH,
15 JJ\ CO4% Guanidinium carbonate 6 13.6 450 g L' (22 °C)
HN “NH, |
16* NI ~N Melamine 6 9.0 3.2 gL' (20 °C)
HN" N7 NH,
-
\
17* HZN/QN,N 5-Aminotetrazole 10 n.a 12 gL' (18 °C)
H
N—N
18% HzN/QN»\NHz 3,5-Diamino-1,2,4-triazole (guanazole) 10 n.a Soluble
H
RSC Sustainability © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd.)
# Structure Name Equiv. pK, Solubility in H,O
H
HN N_ . .
19* Y NH, Aminoguanidine 10 n.a. n.a
NH,
HoN N
2 N7 N
20% NH Diycandiamide 10 n.a. 413gL"
2

“ n.a.: not available; *: pH value of 7 was not reached due to the insufficient solubility of the amine in water at the respective concentration.

the simplest one, ammonia, and continuing with inexpensive,
basic chemicals such as triethylamine, ethylenediamine, etha-
nolamine, triethanolamine and tris(hydroxymethyl)amino-
methane (TRIS) (Table 2). Further compounds were monocyclic
aliphatic diamine piperazine, bicyclic aliphatic diamine 1,4-
diazabicylo-[2.2.2]Joctane (DABCO), bicyclic aliphatic amidine
1,8-diazabicyclo-[5.4.0Jundec-7-ene (DBU) and the polymeric
amine polyethyleneimine (PEI). We further used biobased
amines like furfurylamine and the amino acids r-histidine and
L-arginine, as well as their functional components imidazole
and guanidine in the form of guanidinium carbonate.

As heterocyclic aromatic and nitrogen-rich compounds we
employed melamine, 5-aminotetrazole and 3,5-diamino-1,2,4-
triazole (guanazole), as aliphatic nitrogen-rich compounds
aminoguanidine and dicyanodiamide. The two relevant
parameters for the salt formation in an aqueous solution,
basicity and solubility, are listed in Table 2. The values range
from very low solubilities of 3.2 g L™ " for melamine to very high
solubilities of 678 g L™ for TRIS. pK, values range from very
strong bases like guanidinium carbonate to weak bases like
imidazole. Notably, a pH value of 7 was not reached for the
amines r-histidine, melamine, 5-aminotetrazole, 3,5-diamino-
1,2,4-triazole, aminoguanidine and dicyandiamide due to the
insufficient solubility of the amine in water at the respective
concentration. The respective number of equivalents ranges
from 5 for primary and secondary diamines (entry 3 and 7) to 12
for tertiary monoamine and polymeric amine (entry 2 and 10).
In the case of the insufficiently soluble amines pH values
deviating from 7, according to the pK, value of the amine, were
achieved: t-histidine (entry 12) 5.8, melamine (entry 16) 2.5, for
5-aminotetrazole (entry 17) 1.0, 3,5-diamino-1,2,4-triazole (entry
18) 5.1, aminoguanidine (entry 19) 4.7, and dicyandiamide
(entry 20) 0.8.

3.2 UL-94 tests and limiting oxygen index evaluation

As an initial screening test for the prepared WPC formulations
equipped with different ammonium phytates as FR we used
a combination of the UL-94 test and the limiting oxygen index
(LOI) (Table 3).

The oxygen index test measures the minimum concentration
of oxygen in a flowing mixture of oxygen and nitrogen that will

© 2026 The Author(s). Published by the Royal Society of Chemistry

just support flaming combustion. It is a parameter used to
describe the fire behaviour of plastics in particular, but has also
been used for WPC.*® Under standard conditions, the volume
concentration of oxygen in the air is 21%. A plastic that requires
a higher oxygen concentration for combustion should be self-
extinguishing. Pure bio-HDPE and the WPC consisting of 40%
polymer (37% bio-HDPE, 3% MAPE) and 60% wood flour show
a LOI of 19% and 20%, respectively. As reference flame retar-
dant we used Exolit AP462, which stands for ammonium poly-
phosphate (APP), crystal form II, micro-encapsulated with
melamine.

The compound with 10% Exolit AP462 showed a LOI of 25%
and failed in the UL-94 test (rating: not classifiable). An
increased amount of Exolit AP462 of 20% resulted in a LOI of
27% and an UL-94 classification of V-0. We therefore also used
20% of all synthesized ammonium-phytates and additionally
tested sodium-phytate as a further reference substance. All
WPCs equipped with FRs showed a LOI between 23% and 32%
and can therefore be classified as self-extinguishing materials
(LOI > 21%). From all tested compounds ammonia-PA stood out
(entry 7), showing a LOI of 32% and an UL-94 V-0 classification,
and thus outperformed the reference FR Exolit AP462.
Decreasing the amount of FR to 10% for ammonia-PA resulted
in a LOI of 24% and no classification in the UL-94 rating. All
other 20 ammonium-phytates tested at 20% FR loading did not
pass the UL-94 test. The LOI of the FRs showed a range from
23% (Na-PA and r-histidine-PA, entry 5 and 20) to 31% (PEI-PA
and 5-aminotetrazole, entry 17 and 26). Despite the same clas-
sification, differences in the reaction-to-fire behaviour of the
test specimens were observed. This mainly concerns the after-
burn time following the initial 10 seconds exposure to flame. In
some of the compounds, several or all of the five test specimens
were self-extinguishing after the initial exposure to flame. Based
on this criterium in combination with the highest obtained LOI,
we chose the three most promising ammonium-phytates
ethylenediamine-PA, PEI-PA and guanidine-PA (entry 9, 17
and 23) for testing at a higher FR loading of 30%. As expected,
the LOI increased for all three compounds to 35, 34 and 35.
However, the UL-94 classification improved only for guanidine-
PA to V-0 (entry 24).
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Table 3 UL-94 (4 mm thickness) and LOI results of bio-HDPE, WPC
and flame-retarded WPCs. Formulations #9, #17 and #23 were self-
extinguishing after the first flame treatment in the UL-94 test, hence,
the amount of FR was increased to 30%“

# Compound LOI [%] UL-94 rating
1 Bio-HDPE 19 n.c.
2 WPC 20 n.c.
3 WPC/10% Exolit AP462 25 n.c.
4 WPC/20% Exolit AP462 27 V-0
5 WPC/20% Na-PA 23 n.c.
6 WPC/10% ammonia-PA 24 n.c.
7 WPC/20% ammonia-PA 32 V-0
8 WPC/20% triethylamine-PA 24 n.c.
9 WPC/20% ethylenediamine-PA 27 n.c.
10 WPC/30% ethylenediamine-PA 35 n.c.
11 WPC/20% ethanolamine-PA 27 n.c.
12 WPC/20% triethanolamine-PA 26 n.c.
13 WPC/20% TRIS-PA 24 n.c.
14 WPC/20% piperazine-PA 27 n.c.
15 WPC/20% DABCO-PA 24 n.c.
16 WPC/20% DBU-PA 27 n.c.
17 WPC/20% PEI-PA 31 n.c.
18 WPC/30% PEI-PA 34 n.c.
19 WPC/20% furfurylamine-PA 24 n.c.
20 WPC/20% r-histidine-PA 23 n.c.
21 WPC/20% imidazole-PA 24 n.c.
22 WPC/20% r-arginine-PA 25 n.c.
23 WPC/20% guanidine-PA 27 n.c.
24 WPC/30% guanidine-PA 35 V-0
25 WPC/20% melamine-PA 27 n.c.
26 WPC/20% 5-aminotetrazole-PA 31 n.c.
27 WPC/20% guanazole-PA 24 n.c.
28 WPC/20% aminoguanidine-PA 25 n.c.
29 WPC/20% dicyanodiamide-PA 27 n.c.

“ PA: phytic acid; n.c.: not classifiable.

3.3 Thermogravimetric analysis

Next, we investigated the thermal properties of the FRs as well
as of the flame-retarded compounds by means of thermogravi-
metric analysis (TGA) under nitrogen atmosphere. First, we
tested the reference FR Exolit AP462 and the four most prom-
ising ammonium-phytates based on their performance in UL-94
and LOI tests.

Exolit AP462 as ammonium-polyphosphate shows two
degradation steps (Fig. 2a and b). The first step is visible
between 300-450 °C, where ammonia and water are released
and polyphosphoric acid is formed. In the second step at the
temperature window of 550-750 °C the polyphosphate network
is degraded, and finally, at 1000 °C, a residue of 13% remains.*®
The thermogravimetric profile of pure phytic acid corresponds
to dehydration, carbonization and char degradation.”® For the
synthesized four ammonium-phytates a similar degradation
pattern is observed. All AmPs show a weight loss of about 10%
which is due to the release of water in the temperature range
from 130-160 °C. This is in line with their appearance as
hygroscopic resins or solids. The degradation of the
ammonium-phytates started at 210 °C for ammonia-PA and
extended up to 260 °C for PEI-PA. Guanidine-PA showed the
steepest curve profile with the highest mass losses at 260, 305
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and 915 °C (see Fig. 3b). From a temperature of 567 °C, the
curves of ethylenediamine-, guanidine-, and PEI-PA were almost
identical, but ended with different amounts of residue (14%,
6.4% and 12.7%, respectively).

At a temperature range of 357 to 653 °C ammonia-PA was the
most stable compound, ending up with a residue of 10% at 1000 °
C. Fig. 2c and d shows the TGA and DTG curves of the WPC, its
components bio-HDPE and wood flour, as well as the WPC
equipped with 20% of the FRs Exolit AP462 and ammonia-PA.
Bio-HDPE showed a sharp, single-stage degradation with the
DTG peak at 485 °C, resulting in 0% residue (Table 4). Wood flour
showed a minor mass loss below 100 °C, which can be attributed
to a gradual evaporation of moisture. The main degradation step
occurred in the temperature range of 250 to 400 °C (DTG peak at
365 °C), followed by a flat curve profile with a mass loss of 11%.
The more complex curve profile is based on the major constitu-
ents in wood flour, namely hemicelluloses, cellulose and lignin,
which decompose thermally in the temperature range of 250 to
500 °C.>* The TGA curve of the WPC showed both degradation
features of its main components, wood particles and HDPE. A
first mass loss of 43% in the temperature range of 250 to 400 °C
(DTG peak at 365 °C) corresponded to the wood flour, and
a second mass loss of 48% at the DTG peak at 483 °C could be
attributed to the bio-HDPE. The curves of the WPCs equipped
with FRs Exolit AP462 and ammonia-PA showed an almost
identical degradation behaviour.

Ammonia-PA shows in the temperature range of 230-370 °C
(DTG peak at 280 °C) the first degradation step, while Exolit
AP462 is slightly more stable with a DTG peak at 316 °C. The
second step with a mass loss of 48% each at the DTG peak of 487
and 488 °C, respectively, coincide for both FRs. The flat curve
profile in the temperature range of 520 to 1000 °C is very
similar, resulting in slightly higher residue values of 14.5% for
ammonia-PA compared to 11.6% for Exolit AP462.

A closer look at the difference between the experimental and
theoretical amounts of residues for the flame retarded WPCs
revealed the condensed phase FR activity (Table 4). The theo-
retical residue was calculated by the summation of the
percentage shares of the pure compounds, e.g. WPC and FR. For
example, the theoretical residue for WPC/20% Exolit AP462 is
WPC x 0.8 + FR x 0.2 (8.9% X 0.8 +13.2% x 0.2) = 9.8%. The
experimental residue with 11.6% is 1.8% higher, which is an
absolute increase of 18%. For WPC/20% ammonia-PA the values
are even higher. The relative increase is 5.4% and the absolute
one 59%, underlining the synergistic effect between the matrix
and the FR.

3.4 Micro combustion calorimetry

As a further analysis tool for the flammability parameters of the
compounds, we used micro combustion calorimetry (MCC). It
measures the rate at which the heat of combustion of the fuel
gases is released by a solid during controlled pyrolysis (heated
to 750 °C using a linear heating rate of 1 °C s™) in an inert gas
stream. The fuel gases are mixed with excess oxygen and com-
busted (oxidized) at a temperature of 900 °C, and the instan-
taneous heat of combustion of the flowing gas stream is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TGA (a) and DTG (b) of APP and selected ammonium phytates; TGA (c) and DTG (d).

measured by oxygen consumption calorimetry.>* The graphs for
the heat release rate (HRR) in dependence of the temperature
for bio-HDPE, WPC, WPC equipped with 20% ammonia-PA and
reference FR are depicted in Fig. 3a. Due to its poor combusti-
bility, no meaningful values for the pure wood flour could be
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obtained. Bio-HDPE has the highest total heat release (THR)
with 34.0 k] g7, the highest peak heat release rate (pHRR) with
821 W g ! at the temperature of 492 °C, the highest heat release
capacity (HRC) of 809 J g ' K" and the lowest residue of 0%
(Table 5).
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Fig. 3 Comparison of MCC curves for bio-HDPE, WPC and flame-retarded WPCs (a) and selected flame-retarded WPCs together (b).
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Table 4 TGA results of bio-HDPE, wood flour, WPC and flame-retarded WPCs

# Compound 1st step 2nd step 3rd step 4th step Residue exp. Residue theo. 4 residue
1 Bio-HDPE 485 °C, —100% 0%

2 Wood flour 60 °C, —3.4% 365 °C, —73.6% 409 °C, —11.1% 11.9%

3 WPC 365 °C, —42.7% 483 °C, —48.4% 8.9% 7.1% +1.8%

4  Exolit AP462 335 °C, —17.7% 602 °C, —49.7 747 °C, —19,4% 13.2%

5 Ammonia-PA 143 °C, —8.4% 286 °C, —25.7% 626 °C, —45.8% 876 °C, —10.1% 10.0%

6 WPC/20% Exolit AP462 316 °C, —24.2% 488 °C, —48.3% 747 °C, —15.9% 11.6% 9.8% +1.8%

7 WPC/20% ammonia-PA 280 °C, —27.5% 487 °C, —48.1% 747 °C, —9.9% 14.5% 9.1% +5.4%

Table 5 MCC results of bio-HDPE-WPC and selected flame-retarded WPCs?

# Compound THR [k] g7 '] PHRR [W g '] T (pHRR) [°C] HRC[Jg 'K ] Residue [%)]
1 Bio-HDPE 34.0 + 0.4 821 + 15 492 + 4 809 + 15 0.0 4+ 0.0
2 WPC 23.2 + 0.1 446 + 11 500 + 0 438+ 8 9.9 4+ 0.5
3 WPC/20% Exolit AP462 19.8 + 0.8 459 + 21 499 + 3 453 + 18 21.8 + 0.3
4 WPC/20% Na-PA 21.3 £ 0.1 438 £ 5 494 £5 432 + 4 21.0 + 0.4
5 WPC/20% ammonia-PA 18.5 £ 0.2 465 + 17 499 + 4 465 + 17 23.7 + 1.4
6 WPC/20% ethylenediamine-PA 18.2 £ 0.3 429 £ 5 493 £2 42845 24.2+0.3
7 WPC/20% guanidine-PA 18.9 + 0.1 445 + 5 496 + 4 441 + 2 21.3 4+ 0.3
8 WPC/20% PEI-PA 20.7 £ 0.2 469 + 10 503 £ 2 466 + 10 241403

“ Results from two replicates; PA: phytic acid; THR: total heat release; pHRR: peak heat release rate; HRC: heat release capacity.

The WPC display already a significantly reduced value with
aTHR of 23.2 k] ¢ ', pHRR of 446 W g™ " at 500 °C, HRC of 438
J ¢ 'K " and an increased residue of 9.9%. The values for the
reference FR Exolit AP462 and the sodium- and ammonium-
phytates range between 18.2 and 21.3 k] g ' for HRC,
between 429 and 469 W g~ " at 493 to 503 °C for pHRR, between
428 and 466 J g ' K~ ' for HRC, and for the residues between
21.0 and 24.2%. Notably, the two best performing FRs Exolit
AP462 and ammonia-PA (according to UL-94 rating) exhibited
neither the lowest THR value nor the lowest HRC value, thus
a direct correlation between UL-94 rating and MCC values
cannot be drawn. The amount residue measured by MCC for
pure WPC and WPC/20% Exolit AP462 is in good agreement,
although lower, with the results from TGA (9.2%@750 °C and
21.2%@750 °C, respectively), while the amount residue for
WPC/20% ammonia-PA is significantly lower (21.6%@750 °C)
than the result from MCC.

Both methods TGA and MCC take place under inert gas, but
they differ in the heating rate of 10 K min~" for TGA (corre-
sponds to 0.17 °C s~ ") and 1 °C s~ for MCC. Low heating rates
lead to a higher residue yield. Slow heating gives the molecules
more time for dehydration and recombination reactions, which
promotes the formation of stable carbon structures.

Fig. 3b shows the MCC graph for the composites with the
four ammonium-phytates ammonia-, ethylenediamine-, guani-
dine-, PEI-PA and Exolit AP462 in a more focused section. All
compounds posses a very similar curve profile consisting of
a first pHRR between 283 and 316 °C and a second pHHR
between 429 and 469 °C. The two peaks originate from the wood
flour and bio-HDPE content, as already shown by TGA (see
Fig. 2). They differ within a narrow range by the total heat
release, given by the area under the HHR curve (see Table 5).

RSC Sustainability

3.5 Environmental scanning electron microscopy (ESEM)

In order to proof a homogenous distribution of the FR in the
wood polymer matrix, we have taken ESEM images with inte-
grated EDX measurement (Fig. 4). The images confirmed an
even distribution of the APP- and ammonia-phytate particles in
the matrix. The size of the APP- and ammonia-phytate particles
were 1 um to 30 um.

The energy-dispersive X-ray spectroscopy (EDX) of the WPCs
equipped with FR showed the proportion the relevant elements
C, N, O and P (Table 6).

With the aim of gaining a deeper understanding of char
quality, additional light microscopy and ESEM images of
different chars were taken. For a meaningful comparison of the
char quality, we used the char layer of the test specimens after
the UL-94 test (Fig. 5). Light-microscopy and ESEM images
showed that the residual carbon of the samples equipped with
PEI-PA, ethylenediamine-PA, guanidine-PA and melamine-PA as
FR were full of pores, while the residual carbon of the samples
equipped with Exolit AP462 and ammonia-PA was mostly
continuous and dense, displaying only small and few pores.
This apparent difference in the char quality plays a crucial role
in isolating heat, oxygen and fuel, and therefore in the perfor-
mance of the flame retardant. The amount of char has a lower
influence on flammability as can be seen from the char residue
data obtained in the MCC experiments and from the UL 94 test
results. While the residues of PEI-PA and ethylenediamine-PA
were 24.1% and 24.2%, respectively, and no classification in
the UL-94 test was achieved, Exolit AP462 and ammonia-PA with
lower or similar amounts of char residue (21.8% and 23.7%)
obtained a V-0 classification.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Environmental scanning electron microscope (ESEM) images with a scalebar of 100 pm of (a) WPC; (b) WPC/20% Exolit AP462; (c) WPC/

20% ammonia-PA (element P is highlighted).

Table 6 Elemental analysis of WPC/20% Exolit AP462 and WPC/20%
ammonia-PA by energy-dispersive X-ray spectroscopy (EDX)

WPC/20% Exolit AP462 WPC/20% ammonia-PA

Element Atomic% Weight% Atomic% Weight%
C 56.0 48.0 53.8 45.5
N 13.2 13.2 8.7 8.6
O 27.4 31.2 34.2 38.6
P 3.4 7.5 3.3 7.3

3.6 Cone calorimetry

To access further characteristics of WPC equipped with
ammonia-PA and Exolit AP462 we performed cone calorimetry.
Fig. 6 shows the graphical plot of HRR (a) and THR (b) against

the time for WPC/20% Exolit AP462 and WPC/20% ammonia-
PA. The associated relevant data are listed in Table 7. The
heat release rate for the flame retarded WPCs were reduced by
54 and 51%, peak heat release rates were reduced by 64 and
49%, total heat release by 51 and 45%, time to ignition was
prolonged by 138 and 166% for Exolit AP462 and ammonia-PA,
respectively, as compared to pure WPC. The total smoke
production (TTP) was increased by 24 and 57%, and the residue
increased by 451 and 312%, respectively. Overall, ammonia-PA
showed a slightly weaker performance in the parameters asso-
ciated with the burning properties compared to the reference,
however it displayed an improved time to ignition. It should not
be overlooked that, unlike ammonia-PA, Exolit AP462 contains
a melamine encapsulation. Therefore, ammonia-PA performs
very well overall as a flame retardant consisting of 100%

Fig. 5 Light microscopy (left) and ESEM images (right) of char on test specimens after UL-94 test with a scalebar of 500 pm: WPC/20% Exolit
AP462 (a), WPC/20% ammonia-PA (b), WPC/20% ethylenediamine-PA (c), WPC/20% guanidine-PA (d), WPC/20% PEI-PA (e), WPC/20% mela-

mine-PA (f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Heat release rate (HRR) (a) and total hest release (THR) (b) obtained by cone calorimetry from twor replicates for WPC, WPC/20% Exolit

AP462 and WPC/20% ammonia-PA.

Table 7 Cone calorimetry results from two replicates, respectively”

# Compound HRR [kW m?] PHRR [kW m™~?] THR [M] m 7] TTI [s] TSP [m?] Residue [%)]
1 WPC 103.0 £ 4.7 370.7 £ 4.0 107.3 £ 4.2 68 £1 8.4 £ 0.4 8.1+02
2 WPC/20% Exolit AP462 47.0 £ 0.6 132.5 £ 29.5 52.2 + 0.1 94 + 11 10.4 £ 0.4 44.6 + 1.5
3 WPC/20% ammonia-PA 51.0 + 4.8 190.0 + 6.0 59.0 + 1.0 113 + 14 13.2 £ 0.9 33.4 £ 0.2

% PA: phytic acid; HRR: heat release rate; pHRR: peak heat release rate; THR: total heat release; TTIL: time to ignition; TSP: total smoke production.

recycled phosphorus, reducing the critical parameters HRR,
PHRR and THR by nearly the half.

Fig. 7a shows the three test specimens of the WPC, WPC/20%
Exolit AP462 and WPC/20% ammonia-PA before and after cone
calorimetry. While the two flame retarded WPCs left behind a solid
char residue, the residue of the pure WPC consisted of fine dust.

Fig. 7b and ¢ shows ESEM images of the residue of WPC/20%
Exolit AP462 and WPC/20% ammonia-PA after the cone

calorimeter test. Typical melting structures are observable in
both cases but no structural disintegration of the materials.

3.7 Composition-performance relationship

In order to establish a correlation between the composition of
ammonium-phytates and their performance as flame retar-
dants, the calculated elemental composition of selected
compounds has been compiled in Table 8. It becomes evident,

Fig.7 Test specimens before (top) and after (down) cone calorimeter test. From left to right: WPC, WPC/20% Exolit AP462, WPC/20% ammonia-PA
(a); ESEM images with a scalebar of 20 pm of the residue after the cone calorimeter test. WPC/20% Exolit AP462 (b); WPC/20% ammonia-PA (c).
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Table 8 Calculated elemental analysis of selected ammonium phy-
tates. The three best performing candidates based on the results from
UL-94 and LOI tests are shown in bold

Element [%]

#  Compound C H N Na o P

1 Ammonia-PA 8.6 58 169 — 46.4 224
2 Triethylamine-PA 51.1 109 9.2 — 19.4 9.4
3 Ethylenedi-amine-PA  24.0 7.6 21.0 — 32.0 15.5
4 Furfurylamine-PA 39.9 53 8.2 — 344 121
5 Imidazole-PA 32.6 44 209 — 28.6 13.9
6  Arginine-PA 32.6 6.5 22,6 — 30.2 8.3
7  Guanidine-PA 14.2 48 249 — 379 183
8 Melamine-PA 20.6 3.8 356 — 27.1 131
9 Na-PA 8.4 1.3 — 24.1 44.7 216

that the highest percentage share of the flame retardant-active
element phosphorous (P) is present in the ammonia-PA. This
is in line with LOI and UL-94 tests at 20% FR loading, in which
ammonia-PA performed by far the best. Na-Pa with the second
highest percentage share of P showed a rather low performance
in LOI, UL-94 and MCC. The reason for the low flame-retardant
effect of Na-PA is the lack of nitrogen present in the molecule. In
order to obtain a highly efficient FR, the simultaneous presence
of P and N is essential which leads to synergistic effects.
Guanidine-PA and ethylenediamine-PA are on position three
and four regarding the P content and contain a relatively high
amount of N as well. This is again in accordance with high LOI
values of 27, respectively, and a V-0 classification for guanidine-
PA with a FR loading of 30% (see Table 3).

Light microscopy and ESEM analysis of the char quality of
test specimen after UL-94 test show that ammonia-PA as FR
forms the most compact char layer. These findings are consis-
tent with a mechanism of action in the condensed phase that is
known for FR on the basis of phosphates.> Using the methods
and analyses employed in this study, no clear correlation was
found between the specific amine structure of a given
ammonium-phytate and its performance as FR. We assume that
synergy between phosphorous and nitrogen, as well as the
amount of phosphorous present, are the decisive factors for the
effectiveness of ammonium-phytates.

4. Conclusion

In this study we have investigated the flame retardant-
performance of a variety of ammonium-salts of phytic acid.
We synthesized 20 different ammonium-phytates and prepared
wood-polymer composites (WPC) based on wood flour and bio-
HDPE with and without flame retardant (FR). These composites
were subjected to limiting oxygen index (LOI) and UL-94 tests to
preselect the most promising ammonium-phytates. In these
tests ammonia-phytate outperformed the reference FR APP.
Together  with  ethylenediamine-,  guanidine-, and
poly(ethylenimine)-PA, the FR as well as composites were
further characterized by means of thermogravimetric analysis
(TGA) and micro combustion calorimetry (MCC). The best per-
forming FR ammonia-PA together with the reference FR was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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subjected to cone calorimetry showing a reduction of the rele-
vant burning properties heat release rate (HRR), peak heat
release rate (pHRR) and total heat release (THR) by approxi-
mately 50% compared to pure WPC. Compared to a WPC with
APP, ammonia-PA showed almost comparable reaction-to-fire
performance. It is expected that by optimization of the formu-
lation composition, further improvements can be achieved in
future. The distribution of FR and the morphology of the flame
retarded WPC was analysed by environmental scanning elec-
tron microscopy (ESEM) and energy-dispersive X-ray spectros-
copy (EDX). Finally, a rational for the composition-performance
relationship of ammonium-phytates is given by their elemental
composition. This study shows, that ammonium salts of phytic
acid can be used as highly efficient FR for wood polymer
composites. It opens the way for a circular economy, in which
critical and finite raw materials like phosphorous can be
sourced from renewable resources.
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