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Abstract:

Although flame/fire retardants are very effective in reducing the fire hazard of polymeric
materials, their presence in the resin matrix may be detrimental to mechanical strength. Hence, in
order to have a holistic improvement of performance properties, a new approach has been
developed wherein biochar pores are used to host fire retardants. The issue of loss in mechanical
strength of a polymer host is alleviated by the use of reinforcing biochar whereas the fire-safety is
enhanced by the presence of the fire retardants. Initially, three different doping procedures were
investigated, namely, dry mixing, and chemical and thermal-based doping, to integrate fire
retardant into the biochar pores. The doped biochar was used to develop bioplastic-based
composites. The mechanical and flammability properties of the composites were assessed. It was
found that thermal doping was the most effective in introducing significant amounts of fire-
retardant particles inside the biochar pores. The bioplastic containing thermally doped biochar
had tensile strength, which was comparable to that of the unmodified material. The thermally
doped biochar composites displayed low cone calorimeter peak heat release rate for combustion
and the high apparent activation energy for decomposition. However, a comparison between fire
retardants (lanosol and ammonium polyphosphate), bioplastics (wheat gluten and polyamide 11)
and composite processing methods (compression and injection moulding) revealed that doped
ammonium polyphosphate in gluten made by compression moulding has the best fire-safety
properties with the lowest peak heat release rate (186 kW/m?) with acceptable mechanical
properties compared to the unmodified bioplastic. However, the doped lanosol in gluten made by
compression moulding has an overall acceptable fire and mechanical properties compared to the
corresponding neat bioplastic. Thus, for gluten-based polymer matrices, the use of fire-retardant
additives thermally doped into biochar made by compression moulding is recommended to both
simultaneously improve fire-safety and conserve mechanical strength.
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Background:

The growing concern about the environmental hazards of synthetic materials necessitates the
development and use of biobased materials [1-3]. The development of biobased plastics and
composites has accelerated in recent years [4-8]. Biocomposites have the potential to replace
fossil-based composites in a wide range of items, including aeroplane and automotive parts,
furniture, packaging, building materials, implants, and household appliances [9-13]. However,
polymers, including biobased ones have some drawbacks that limit their application, for instance,
poor fire resistance and thermal behaviour [14-17]. In biocomposites, both the reinforcement and
matrix are susceptible to degradation by fire. Typically, the reinforcement in biocomposites may
be a fibre or biomass that degrades at relatively low temperatures (ca. 200 °C) that negatively
affects the bonding with the polymeric matrix [18, 19]. The matrix material also undergoes
thermally induced changes and degradation, often at even lower temperatures than the
fibres/biomass (e.g., polypropylene starts melting at ca. 160 °C). However, protein-based matrices
are slightly less prone to burning as compared to their synthetic counterparts but may still lose
structural integrity during and post-fire heat exposure [20]. In fact, there is a dearth of knowledge
about the flammability of protein-based bioplastics. In order to employ bioplastics for composite
development, it is imperative that they undergo fire-retarding treatments. Moreover, a fire-resistant
replacement for biomass/natural fibres should also be identified.

Often, the application of fire-retardant (FR) treatments (non-halogenated) in biocomposites creates
unintended and detrimental consequences [21, 22] such as a reduction in mechanical strength [23,
24]. The microscopic presence of FR particles can act as stress concentration points that lead to a
decrease in the tensile strength of the material [25]. Poor dispersion of FR particles and their
incompatibility with the polymer matrix is also unfavourable for the retention of good mechanical
properties [26]. It is desirable to achieve holistic improvement in the performance properties of the
developed biocomposites. Hence, FR treatments should therefore be aimed at conserving or even
improving the mechanical properties along with imparting fire resistance. It is desirable to apply
FR treatments for the biocomposite constituents before the manufacturing process to avoid the
aforementioned issues. In this regard, graphene sheets, silica nanoparticles, and biochar have been
reported to create a balance between the mechanical and flammability properties of plastics [27,
28].

Biochar, which is the solid pyrolysis product of biomass [29-31], having a stable carbon main
chain, porous honeycomb structure, and lacking flammable volatiles, is reported to have acceptable
fire resistance, thermal stability as well as the ability to enhance composites’ mechanical
performance [32, 33]. The numerous pores in the biochar’s surface facilitate the flow of molten
polymer into the particles during processing and thus, create a mechanical interlocking, which may
enhance mechanical properties [34]. Biochar has been identified as a potent reinforcement for
composite materials that may also improve fire resistance [20]. However, the fire resistance that
biochar bestows is purely of additive nature and is solely dependent on the loading amount
contained inside the polymer. Additionally, biochar containing polymers have not been reported
to display a V-0 rating in UL-94 vertical burn tests and do not possess significantly higher limiting
oxygen indices than those observed for the unmodified polymeric material [21]. The advent of
biopolymers such as wheat gluten (WG) and polyamide 11 (PA 11) bioplastics has helped to
reduce environmental footprints globally. Wheat gluten has been used as a matrix in biocomposites
containing biochar as reinforcement. On the other hand, PA 11 is extensively used in tubing,



electrical covers, and also in textiles. Polylactide (PLA) was not readily available for this current
project in a ground form and hence, PA 11 was used, which has a more widespread application
than PLA, apart from also being a bioplastic. Lanosol is a naturally occurring flame retardant
obtained from red algae [35]. Lanosol functions by releasing free radicals mostly in the gas phase
of the wheat gluten’s combustion and hinder the chemical reactions happening within the flame.
In this particular FR, characteristic atoms are released that remove high-energy H and OH radicals
formed during combustion. The quenching of the flame’s chemical reactions can lead to the
reduction of heat release rate and fire spread [35]. It should be noted that the optimal amount of
lanosol required for improved flame retardancy is 4 wt.%. The usage of small quantities
consequently reduces the amount of HBr released compared to other halogenated FR’s which
require 10 wt.%. The integration of lanosol to biochar and wheat gluten further reduces the HBr
content since the char formed by the WG controls the emission of gases. Ammonium
polyphosphate (APP) is a potent and widely used FR, which is considered to be benign to human
health and possesses very low environmental impact. APP is an intumescent FR, which functions
in the condensed phase system in a polymer matrix and capitalises the phosphorous-nitrogen

synergy.

Doping of fire-retardant treatments have been used to take advantage of the synergistic effects of
multiple fire retardants. In the work of Attia [36], polypyrrole nanoparticles were doped with
phosphoric acid to study the thermal and fire behaviour at different loading amounts. Significant
improvements were seen in the flammability of the doped samples, however, the effect of the
doping on the mechanical properties of the samples was not determined. In light of the
aforementioned, the overarching aim of this project was to treat a composite constituent with an
optimal FR system (i.e. lanosol or APP-based) and to use the same to manufacture biocomposites
with an optimal manufacturing process and polymer that are both fire-retardant and mechanically
strong. The first step was to treat biochar individually with lanosol as the FR to create a ‘fire-
retardant biochar’, which is an upgradation from merely ‘fire-resistant biochar.” In fact, the doped
biochar will act as a FR delivery vehicle (i.e., functionalised biochar) into the bioplastic’s matrix.
This is an important novelty consideration because the biochar would trap the FR particles in its
numerous pores and enable them to react appropriately under fire when added to the bioplastic to
create a composite. Being housed inside biochar pores, the FR particles can be effective in reducing
the fire hazard without acting as stress concentration points in the bioplastic matrix. This would
simultaneously facilitate the capitalisation of the FR’s advantage (i.e., reducing flame growth) and
circumventing its disadvantage (i.e., lowering of mechanical properties). With this motivation,
three different methods have been developed in this investigation to introduce the FR into the
biochar pores, which was followed by composite manufacturing by two different processing
techniques (i.e. compression and injection moulding) containing two different bioplastics (i.e. WG
and PA 11). The biocomposites were tested for their fire and mechanical properties. The report is
divided into two parts wherein in the first, lanosol was doped in biochar using various mechanisms
and them mixed with WG followed by fire and mechanical testing and kinetic analysis. The second
part of the report describes the comparison between the two FRs (lanosol and APP) using the
selected doping method from the first part as well, as the comparison between two bioplastics (WG
and PA 11) with the selected doping method and the FR and finally, the assessment of two
processing techniques (compression and injection moulding) with the selected doping method, FR,
and the bioplastic. Finally, a composite having the most desirable doping method, FR, bioplastic
and made using a suitable processing method was identified.



Part 1: Investigation of doping methods and resulting fire, mechanical and
thermal kinetic properties

1. Experimental:

1.1 Materials:

Biochar was prepared from pine bark in a batch reactor at pyrolysis temperature of 800 °C for a
residence time of 1 h, the details of which are explained in a previous article [32]. The biochar was
ground to ca. < 150 um using ZM 200 granulator. Wheat gluten (WG) having a gluten protein
content of 86.3 = 0.3 (Dumas method, NMKL 6:2003, USA, N x 6.25) was obtained from
Lantménnen Reppe AB, Sweden. The fat content was 0.9 + 0.1 % (2009/152/EU mod) and the ash
content was 0.8 £ 0.1 %, (NMKL 173). Glycerol (99 % purity) was purchased from PWG Produkter
AB, Sweden and 25 % was used to plasticise the WG, based on the gluten/glycerol content. Lanosol
(2,3-dibromo-4,5-dihydroxybenzyl alcohol) as a flame retardant was procured from AApin
Chemicals Limited, UK.

1.2 Doping methods:

The primary goal of this study was to integrate lanosol into biochar pores and investigate the
synergistic effect of flame retardant lanosol and biochar on WG-based composites. Lanosol was
doped into biochar pores using three different methods: dry mix (mechanical doping), thermal and
chemical doping. In all three methods, 4 wt.% of the lanosol was doped into 6 wt.% of the biochar.
Fig. 1 shows the schematic representation of three different doping methods employed.
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Fig. 1: Schematic representation of doping methods.
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In the dry mix process, the biochar and lanosol particles were mechanically mixed (without any
solvent) in a vortex mixer for 10 min. The scanning electron micrograph (method explained
subsequently, section 2.4.3) shows an acceptable doping of lanosol in biochar particles, Fig. 2a
although a considerable amount remained on the biochar’s surface. In the chemical doping process,
lanosol was dissolved in the acetone (solvent). Then, the biochar was added to the solution and
mixed in the vortex mixer for 10 min. The acetone was allowed to evaporate, leaving the lanosol-
doped biochar. From Fig. 2b, a ‘coating’ of lanosol can be seen over and inside the pores of the
biochar particles. For thermal doping, first the biochar was placed in the tray and a thin layer of



lanosol particles was placed over it and heated at 135 °C for 1 h. In this process, it was observed
that lanosol particles aggregated on the top side of the biochar (Fig. 2c), hence, the doping
efficiency was deemed to be low. To address this issue, the dry mixed sample was directly used,
which was placed in the oven and heated to 135 °C for 3 h. This method effectively doped the
lanosol particle into the pores of the biochar (Fig. 2d).
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Fig. 2: SEM images of biochar samples after doplng with lanosol (LBWG — Dry method doped
biochar, CLBWG - Chemically doped biochar, TLBWG — Thermally doped biochar).

1.3 Biocomposites Manufacturing:

For biocomposite manufacturing, WG powder was dry blended with glycerol using an electric
mixer for 30 min and then conditioned at room temperature for 12 h. The mixture was flash-frozen
in liquid N2 and ground by a granulator (Retsch GmBH, 5657 HAAN, Germany). The lanosol
doped biochar samples were dry blended with the prepared WG powder for 30 min. Additionally,
the WG was blended with 4 wt% of lanosol and 4 wt% of biochar, separately, to produce samples
for comparison purposes. The loading amount of lanosol and biochar was chosen based on findings
in previous work [37, 38]. The final mixtures were compression moulded (or hot pressed) under
250 kN force at 140 °C for 20 min (Fontijne Presses TP 400, Netherlands). The hot pressing
temperature was chosen since it was found to be optimal for the processing of WG plastics [39].
The weight fractions of the constituents in samples LBWG, CLBWG, and TLBWG were 65%
WG, 25% glycerol, 6% biochar, and 4% lanosol. Table 1 shows the labels of the six samples used
in this study.



Table 1: Sample labels

Samples Labels
Wheat Gluten WG
Biochar (4 wt.%) + Wheat Gluten BWG
Lanosol (4 wt.%) + Wheat Gluten LWG
Dry Mix (Lanosol + Biochar + Wheat Gluten) LBWG

Chemically Doped (Lanosol + Biochar + Wheat Gluten) CLBWG
Thermally Doped (Lanosol + Biochar + Wheat Gluten) = TLBWG

1.4 Characterisation:

1.4.1 Mechanical testing:

Biocomposite samples with a width of 12.7 mm, a length of 100 mm, and a thickness of 0.5 mm
were tensile tested. An Instron 5566 equipped with a 500 N cell was used to measure tensile
modulus (chord modulus between 0.05 and 0.25 % strain), strength, and strain at break based on
the ASTM D638 protocol. The crosshead speed and gauge length were 50 mm/min and 50 mm,
respectively.

1.4.2 Thermogravimetric analysis (TGA):

Mass loss curves of the blends were obtained by a thermogravimetry analyser (Mettler Toledo
TGA/DSC 1 STARe system). The sample in an alumina pan was heated at a constant rate of 10
°C/min from 40 to 750 °C. Furthermore, the derivative (DTG) of mass loss curve was obtained to
analyse the decomposition rates. All the samples were tested under nitrogen flow of 50 ml/min
[40].

1.4.3 Morphology:

A Hitachi TM 1000 table-top scanning electron microscope (SEM) was employed to analyse the
morphology of doped biochar samples and tensile fractured cross sections of composite samples
as well as their char residues after the fire test.

1.4.4 Fire testing:

1.4.4.1 Microscale combustion calorimetry:

Combustibility of the samples was measured by a Microscale Combustion Calorimeter (MCC)
(Deatak™) using the ASTM D7309 [41]. The thermal degradation (Method A) and thermo-
oxidative degradation (Method B) processes were employed for the flammability analysis [15, 42,
43]. The heating rate selected ranged from 0.5 to 5.5 K s’ and the sample mass was 2 mg. For
Method A experiments, the samples were pyrolysed in an oxygen free atmosphere from 75 to 600
°C. The volatile effluent was swept out of the pyrolyser using nitrogen gas at a flow rate of 80 cc
min!. Upon entering the combustor, excess oxygen was added to the mixture for a complete
oxidation at a temperature of 900 °C. Measurements in Method A are the peak heat release rate
(PHRR), total heat release (THR), heat release capacity (HRC), and heat release temperature

(pTemp).

With Method B, the samples were heated in an oxidising environment. The end products were
pushed out of the specimen chamber by a mixture of nitrogen and oxygen having flow rates of 80



cc min™' and 30 cc min’!, respectively, for combustion in a furnace. Method B provides information
on the peak combustion rate (pCR), net calorific value (ho), and the peak combustion temperature
(pCT). The samples were labelled according to the names, pyrolysis mode, and heating rates.

1.4.4.2 Cone Calorimetry:

Reaction-to-fire measurements under heat radiation were conducted using a cone calorimeter (FTT
Limited, East Grinstead, UK). The biocomposites (100 x 100 mm?) were tested in a horizontal
position by an external heat flux of 50 kW m™. The distance between the cone heater and sample
surface was 25 mm and a balance was equipped to measure mass loss during the testing. In this
test, time to ignition (TTI), peak heat release rate (PHRR), and total smoke production (TSP) were
addressed to discuss the flammability of the bioplastics. The experiments were in accordance with
the processes described in ISO-5660 [44, 45]. All preliminary calibrations were established before
the tests were conducted.

1.4.4.3 Statistical analysis:

A single factor analysis of variance (ANOVA) test was performed on the means of the results from
the mechanical test. The confidence level was selected as 95% and the Scheffe post hoc test was
performed if the null hypothesis was rejected.

2. Results and Discussion:

2.1. Mechanical properties:

Fig. 3a depicts the tensile strength and modulus of the WG bioplastics, whereas Fig. 4 includes all
the SEM micrographs of the tensile fractured samples. Neat WG had a semi-brittle fracture, which
is observed by the rough surface of the fractured region (Fig. 4a). However, the addition of only
lanosol to the WG reduced the tensile strength of the composite by 19 %. A similar observation
was made in a previous study [38]. The lanosol particles acted as stress-concentrating points in the
WG matrix, nucleating cracks and yielding a lower strength (Fig. 4b). On the other hand, the
addition of only biochar to the WG (sample BWGQG) significantly increased the composite's tensile
strength compared to the other samples. This trend was similar to a previously reported study [37].
The tensile strength of the neat WG was 5.4 MPa and the addition of biochar increased it by ca.
19 %. The mechanical interlocking developed between the biochar and WG was attributed to the
increase in tensile strength of the composite. The molten WG, during fabrication, infiltrated the
empty biochar pores and created an interlaced structure (Fig. 4c). The main reason for the addition
of lanosol was to reduce the flammability of the WG. However, because of the higher stress
concentration at the lanosol particles, the strength tended to decrease. This deficiency was
remedied by the addition of lanosol-doped biochar, however, the blends with lanosol-doped
biochar had a variation in properties. The LBWG sample had the lowest tensile strength,
statistically similar to the LWG sample, which contained only lanosol. In the LBWG sample, the
incomplete doping (see Fig. 3a) resulted in lanosol particles in the WG matrix, which acted as
stress concentration points from where the cracks grew (Fig. 4d). Interestingly, the chemically and
thermally doped samples (CLBWG and TLBWG) were able to conserve the tensile strength equal
to that of the neat WG (their tensile strength values were statistically insignificant). This indicates
that the chemical and thermal doping was not detrimental for the strength, which is advantageous
where fire behaviour of these composites is concerned (discussed below). Fig.s 4e and 4f depict
lanosol particles doped inside biochar pores as well as the mechanical interlocking of the WG
matrix and the particle pores. The tensile strengths of these samples (CLBWG and TLBWG) were



lower than that of sample BWG due to the reduced infiltration of molten WG as a result of some
of the pores being occupied by lanosol. Nevertheless, this reduction was acceptable because those
samples (CLBWG and TLBWG) were able to preserve the tensile strength of the neat WG.
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Fig. 3. Tensile properties of WG composites, (a) tensile strength and modulus, (b) Elongation
and energy at break (*Results with the same-coloured circle were not significantly different,
ANOVA).

The modulus of the neat WG sample was statistically the lowest (Fig. 3a), which was increased by
the addition of lanosol, biochar, and lanosol-doped biochar. This result was expected because the
addition of these hard particles (compared to the softer polymer) increased the stiffness[20]. The
BWG had a maximum modulus of 285 MPa, which was 126 % higher than that of WG. When
compared to the WG, the modulus of LBWG, CLBWG, and TLBWG increased by ca. 44, 96, and
111 %, respectively. For tensile strength, the values for CLBWG and TLBWG were statistically
lower, but insignificantly different from the modulus of BWG. It is to be noted that for both tensile
strength and modulus, the values for LWG and LBWG were statistically insignificant, which
shows that the dry mix doping process was inefficient.
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Fig. 3b shows the Elongation and energy at break of the composite samples. The WG had the
highest Elongation at break followed by LWG, BWG, CLBWG, LBWG, and TLBWG. The LWG
had a 30% reduction when compared to the WG. The elongation at break of the biochar-added
composites (BWG and the lanosol-doped samples) was found to be 50-70 % lower than that of the
WG. TLBWG exhibited a maximum reduction of 70%. This was attributed to the brittle nature of
the biochar and lanosol particles. The addition of biochar increased the resistance to deformation
while decreasing the plasticity. It should be noted that there was no significant difference in the
elongation at break between all the biochar-added and lanosol-doped biochar/WG composites. WG
had the maximum energy at break of 2.8 J, which was reduced by 40-75 % with only biochar and
lanosol-doped biochar addition and 46 % with only lanosol addition (Fig. 3b). The energy at break
values of LBWG, CLBWG, and TLBWG were statistically insignificant.

In conclusion, the reinforcement of lanosol-doped biochar did not affect the tensile strength and
enhanced modulus compared to neat WG, but it reduced the ductility and toughness. However, it
is important to emphasise that the least ductile material, had still a sizeable ductility (an elongation
at break of ca. 20 %, Fig. 3b). It is important to note that while FRs, such as lanosol, in polymers,
can increase flame resistance, the strength of the resulting composite suffers as a result of stress
concentrations caused by the FR particles. However, the current study showed that there is a viable
solution to counteract this negative effect. By doping lanosol into biochar, the aforementioned
issue can be alleviated, and the polymer's strength and flame resistance can be preserved and
increased, respectively. The effect of this doping on the fire and thermal properties of WG
composites is discussed in the following sections.

2.2.Flammability Assessment:

2.2.1. Thermogravimetry Analysis (TGA):

The TGA curves shown in Fig. 5a demonstrate a similar mass loss trend for all the samples tested.
The initial mass loss (ca. 10 %), which occurred between 100 and 250 °C was mainly attributed to
moisture evaporation. The major decomposition that occurred between 250 and 350 °C was due
to the disruption of S-S, O-N, and O-O bonds in the peptide along the WG protein chain [46].
Above 450 °C, the composites degraded more slowly until reaching the final temperature of 750
°. The residual mass at 140 °C, 300 °C, and 750 °C were measured and recorded in Table 2. At
lower temperatures (140 °C), the mass loss rate was similar for all the samples with the residual
mass ranging from 95.2 % to 96.5 %. The LWG and WG samples exhibited the lowest residue
content at 300 °C. At 750 °C, the neat WG had the lowest content of residue (16.6 %). The residue
increased with the addition of biochar and lanosol depicting the effectiveness of lanosol to enhance
the stability over the entire temperature range (higher residue amounts at 750 °C for LBWG,
CLBWG and TLBWG compared to the neat WG). Combining the three constituents (i.e., samples
LBWG, CLBWG and TLBWG) somewhat lowered the rate of decomposition as compared to the
neat WG (Fig.s 5b and c). In other words, the WG sample degraded at a faster rate compared to
the other samples. In addition, the peak at the initial stage was more defined in the doped samples
(i.e., LBWG, CLBWG and TLBWG) than the un-doped ones (i.e., WG, LWG and BWG).
Amongst the lanosol-doped samples, LBWG had the lowest rate of decomposition. This was
because of the ineffective doping, which lead to a significant amount of the lanosol particles
exposed. Consequently, the higher prevalence of lanosol particles in the matrix conferred
somewhat higher stability over the full temperature range than the CLBWG and TLBWG samples.
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Fig. 5: (a) Mass loss curves of plasticised WG and its composites (b, ¢), DTG curves of WG and
its composites.
Table 2: Residual mass of WG and its composites measured at 140 °C, 300 °C and 750 °C.

Samples WG BWG LWG LBWG CLBWG TLBWG
3 o
Weight at 140°C o0 4 959 96.5 96.2 96.4 95.2
(%)
300 °C (%) 619 633 61.7 64.2 64.0 62.7
750 °C (%) 166 185 22 26.1 25 235

2.2.2. Microscale Combustion Calorimeter Results:

The heat release parameters of the samples obtained with Methods A and B modes of MCC are
discussed in this section. Table 3 lists the averages of experimental results from 0.5 to 5.5 K s™!
heating rates. Due to the large variation of PHRR and pCR, these exhibited also the highest
standard deviations. Characteristic graphs showing the HRR curves at these heating rates are also
presented in Fig. S1 (Supplementary information). It is evident from Table 3 that the addition of
lanosol (sample LWG) and biochar (sample BWG) to WG reduced its flammability, and the effect
was highest with lanosol. The addition of lanosol yielded a drastic reduction (ca. 30 %) in both
PHRR and pCR. HRC was reduced by 31 %, while THR attained a 30 % decrease. Lanosol is a
flame retardant, thus it improves the fire performance of plastics by reducing the PHRR. At the
same heating rates, it was seen that the combustion temperature increased, although the net
calorific value and pTemp both decreased (Table 3). A slight improvement in the flame retardancy



performance was observed when biochar was mixed with the WG powder (BWG). The peak heat
release temperature was higher (371 °C) compared to that of LWG (354 °C). The combined effects
of lanosol and biochar on WG (LBWGQ) are also clearly shown. As seen in the plots in Fig. S1, the
HRR curves have three distinct peaks indicating the degradation of the respective compositions.
Expectedly, the flame retardancy performance of LBWG was a balance between that of the
separate mixtures of LWG and BWG (Table 3). Considering the doped samples, CLBWG had
somewhat better heat release properties than TLBWG (Table 3). Both methods produced similar
results and the differences were almost insignificant. The particularly outstanding parameter was
the pCT of the chemically doped composite (450 °C), which was significantly higher than that of
the thermally doped sample (375 °C). In general, the doping lowered the PHRR for the neat WG,
with the strongest effect shown for the LBWG sample, although the differences between the doped
samples were not significant. Nevertheless, it can be concluded that the addition of lanosol-doped
biochar to WG, lowered its PHRR, HRC, and pCR, indicating higher fire-resistance of the doped
samples.

Table 3: Average values of heat release parameters measured by MCC

Method A Method B
Samples  pyRR  pTemp ( JH Rl(lj( (E;IR pCR pCT ( JH Rl(lj< he°
Wegh) o UF yE | weh o co 5 igh

WG 336175  374+£27  120£22  20£7 | 300£178  367+32 99+49.1 1342
LWG  239+123.8 354+24  83+10 1443 | 212£119.5 379+£71  78£12.5 1544
BWG 330£160 371422 116£13 1743 | 279140 347+24  89+8.7 1442

LBWG 272+130.7 348+23  98+16 14+4 | 219+£119 367+25 86+14.8 16+3
CLBWG 284+138.4 350+16  97+12 1743 | 235£121.6  450£19  75£22.6  15£3
TLBWG  289+144  344+18 100+13 1643 | 243+137.2 375+17  79+24 16+4

2.2.2.1. The effect of lanosol and biochar on the ignition temperature (Tign) of WG:

Pyrolysis generates volatile fuel fragments which escape to the gas phase and mix with oxygen or
air. The minimum temperature required to initiate combustion of the combustible mixture is the
ignition temperature. The ability of a material to resist flaming combustion is characterised by the
time and temperature of ignition. Hence, the higher the ignition temperature, the lower is the
flammability of the material. The temperature corresponding to 5 % of the integrated HRR versus
temperature curve was recorded as Tign. The Tign values of the WG and its composites are shown
in Tables S1 to S3 as well as in Fig. 6. Since there is a peak at the initial pyrolysis stage of the
thermal decomposition process, the ignition temperatures in Method B were higher than in Method
A. According to the results, the average ignition temperature at 0.5 to 5.5 Ks™! heating rate for neat
WG was 130 and 238 °C, respectively, for Methods A and B. The addition of lanosol to WG
resulted in a decrease in Tign to 110 °C in Method A. However, due to the presence of excess
oxygen in Method B, the reaction of bromine gas was delayed, thereby extending the ignition to
higher temperatures [47]. This is demonstrated with an increase of Tign to 250 °C for the thermal



oxidative decomposition process. The BWG sample somewhat maintained the ignition
temperatures of the neat WG. The Tiga for the LBWG was lower while the CLBWG and TLBWG
samples showed no increase. It is worth noting that the thermally doped composite (TLBWG)
showed the highest ignition temperature (Method B) amongst all the samples tested which could
be attributed to the effective doping of lanosol and biochar, although the difference was not
statistically significant.

2.2.2.2.The effect of lanosol and biochar on the Ignition Capacity (IGC) of WG:

The ignition capacity (IGC) shows a material’s propensity to ignite when exposed to adequate
thermal energy. It is defined as the ratio of heat released during the entire combustion process to
the ignition temperature. For any material, the lower the IGC is, the better is the flame resistance.
The ignition capacity of the composites and neat WG using Methods A and B are shown in Table
S1 — Table S3 and Fig. 6. A relatively high IGC (152 J g! K'') was obtained for neat WG in
Method A. Interestingly, lanosol and biochar greatly lowered the IGC value of the WG. The LWG
and BWG samples had an IGC of 132.1 and 110.4 J g'' K'!, respectively. The IGC of the thermally
doped sample (TLBWG) was 125.8 J ¢! K'!. However, the chemically doped samples (CLBWG)
attained an IGC of 142.1 J g! K'!. On the other hand, Method B yielded results with a different
trend. The neat WG had the least IGC, followed by LWG, then the CLBWG, BWG, and TLBWG.
The order may have been influenced by the oxidative pyrolysis mode. From a general point of
view, the samples tested with Method A had higher IGCs than the Method B samples.
Nevertheless, considering Method A, the thermally doped sample reduced the IGC of the
composite compared to the neat WG, which is an advantageous trait.

2.2.2.3. The effect of lanosol and biochar on the Fire Growth Capacity (FGC) of WG:

A material’s potential for fire growth by ignition and flame spread is known as fire growth capacity
(FGC). FGC combines the ability of a material to ignite with or without an ignition source (IGC)
and its propensity to release heat is referred to as HRC, which is used to estimate the rate of fire
growth. In flammability analysis, FGC values of materials are compared to ascertain their
similarities with respect to flammability. Lower FGC values signify better ignition and flame
resistance. It can also be estimated by using Equation 1 [48].

FGCz( Q. ](TfTO] (1)
T,-T,) \T,-T,

where QO is the total heat release, 7o is the ambient temperature, which is 25 °C, T is the ignition
temperature and the burn out temperature is 72. The FGC results for WG composites are presented
in Fig. 6 as well as in Tables S1 — S3. The FGC results for Method A followed a similar pattern as
the IGC data. FGC of WG saw a sharp decrease with the addition of lanosol (LWG) while biochar
(BWG) decreased it by only 25 J g'! K™!. Among the samples with three combined components,
CLBWG had the highest FGC, with LBWG showing a relatively low FGC value (212 J g! K1),
while the FGC of the TLBWG sample lying between the two aforementioned samples.
Considering the results from Method B, the CLBWG and LWG composites had lower FGC; 135
Jg'K'and 137 J g! K, respectively, compared to the WG sample. These samples (CLBWG
and LWGQG) were able to resist fire growth due to the presence of lanosol coating on the surface of
the composites (Fig.2).
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Fig. 6: Tign, IGC and FGC of WG composites (a) Method A and (b) Method B.

2.2.2.4.Estimation of the activation energy (Ea) of WG composites:

The activation energy represents the minimum amount of energy required to initiate decomposition
reactions. It can be used to predict material properties, such as HRC [49]. In this study, the
Kissinger equation, defined in ASTM E698-05, was applied in the estimation of the average
activation energy. With the Kissinger method, the peak heat release or combustion temperature
obtained at each heating rate applied were considered as constant conversion points. The Kissinger

1
equation is shown in Equation 2 [50]. Plotting In F against T_ yields a straight line with
p p
the slope being {%} . Eq can thus be calculated from the slope:
AR | E
In ﬁz =ln| —|-—* )
) E, | RT )

where /3 is the heating rate, R is the gas constant, 4 is the pre-exponential factor, and 7, the

average of the peak heat release temperature (pTemp) in Table 3. Fig.s S2a and S2b show the plots
used to estimate the activation energies for Method A and Method B, respectively. Table 4 shows
the £, values with the corresponding statistical indices depicting the accuracy of the results. Since
the average values of pTemp were used for the estimation, the standard deviation of the £, values
was omitted in the table (but provided in Fig. 7). Fig. 7 compares the activation energies obtained
with the Method A and B experimental procedures. The Kissinger method does not capture the
change in E, for the entire pyrolysis process, hence, the activation energy here is referred to as an
apparent activation energy. The activation energy of the WG pyrolysis reaction was 24.2 kJ mol
!, which was the same when lanosol (LWG) was added. The addition of biochar (BWG) yielded a
slower reaction, requiring a higher activation energy (32.5 kJ mol™!). The combination of lanosol
and biochar in WG (LBWG) tended to decrease the activation energy, however, the doping
process, especially the thermal doping (TLBWG), increased the activation energy. The results
from the thermal oxidative decomposition were similar to that of Method A although lower £,
values were recorded (14.4 - 19 kJ mol") as shown in Table 4 and Fig. 7. Additionally, it was
observed that the R-value for WG was higher than the composites, which could mean that the
addition of flame retardants and the manufacturing process affected the accuracy of the estimations
(Table 4). This analysis proves that the effective doping of WG with lanosol and biochar increased



the minimum amount of energy required by WG for a burning reaction to take place thereby
delaying the burning rate of WG.

Table 4: Activation energy values of WG and its composites

Samples Method A Method B
EJ/k] Pearson’s Standard E./K] Pearson’s Standard
mol! R error mol’! R error
WG 24.2 0.99 0.24 19.0 0.96 0.64
LWG 24.2 0.91 1.31 16.2 0.75 1.73
BWG 32.5 0.98 0.65 18.1 0.71 2.18
LBWG 22.7 0.75 2.42 14.4 0.84 0.84
CLBWG 29.2 091 1.65 15.8 0.93 0.63
TLBWG 32.4 0.90 1.81 16.8 0.85 1.69
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Fig. 7: Comparison of activation energies calculated from Method A (M ‘A’) and B (M’B’)
results.

2.3.Cone Calorimeter Results:

The peak heat release rate (PHRR), time to ignition (TTI), time to PHRR (TTPHRR), total smoke
production (TSP), THR for neat WG, and the composites were measured with a cone calorimeter.
The average results of two tested samples are summarised in Table 5. The fire performance index
(FPI) and fire growth index (FGI), representing the response of the material to a radiation heat
source, were estimated from PHRR, TTI, and TPHRR. Illustrations of the heat release rate curves
for the materials are also displayed in Fig. 8. The shapes of the HRR curves are similar, except for
the thermally doped sample (TLBWG), which showed a small shoulder before the main peak. The
BWG sample had the highest PHRR (694 kW m™), which was unexpected because the high
temperature biochar used is a fire-resistant carbon skeleton hence, it should have a flame retardant
effect on the WG. The lowest PHRR was recorded for TLBWG. The cone test results presented a
clear distinction between the heat release and ignition parameters of the chemical and thermal



doping techniques. The results in Table 5 indicated that the TLBWG sample was more fire resistant
compared to the CLBWG sample.
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Fig. 8: Cone calorimeter analysis of the WG samples.

The total smoke produced in table 5 is lower for WG than the other samples due to the higher
amount of smoke released during smouldering or charring of materials. This further confirms the
flame retardant mechanism of the doped fire retardant. The ratio of TSP to total heat released
(TSP/THR) is used to distinguish between materials that release more or less smoke than heat in
the burning process. The results listed in Table 5 indicate that TLBWG showed the highest
TSP/THR (0.096 m? MJ!), which also confirmed that although the TLBWG composite produced
the lowest amount of heat, the quantity of generated smoke was the highest. This is one of the
issues to consider when producing TLBWG materials on a large scale. The char residue from the
cone test experiments of TLBWG and CLBWG are shown in Fig. 9. Similar quantities of char
residues were obtained from the tests. The SEM images show a dense residue structure with small
holes for TLBWG while a rugged and cracked char is observed in that of CLBWG. The dense char
residue shielded the underlying virgin material from the ambient O» causing incomplete
combustion in these samples, thereby increasing the amount of smoke produced. The effective
lanosol doping in TLBWG preserved the structural integrity and reduced the effect of the heat
exposure on the material.

Table 5: Cone calorimetry results of WG composites
Samples PHRR  TTPHRR TTI THR TSP TSP/THR
(kW m?) (s) (MJ m?) (m?) (m* (MJ)™")
WG 652438 25+¢15  23.044.0 13.1£7.0  0.6+0.0 0.046+0.0
BWG 694494 25+0 12.5¢0.7 13.4+0.2  0.6+0.0 0.045+0.0
LWG 645+10 25+0 14+4.0 11.840.3  1.1+0.1  0.089+0.08
LBWG 648441 20+0 11.540.7 12404 1.0+0.0 0.084+0.0
CLBWG 686+24 20+0 10.5+0.7 11.7£0.07 1.0+£0.1  0.086+0.08
TLBWG 636+24  22.5£3.5  13£2.8 11.5+#1.3  1.1£0.0  0.096+0.01
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Fig. 9: Cone calorimeter Bosttesf char residue (a) CBG and (b) TLWBG.

3. Conclusions:

In this study, the effects of lanosol-doped biochar on the mechanical and fire properties of a WG
bioplastic were investigated. To make the WG composites, 4 wt.% lanosol was doped into 6 wt.%
biochar using mechanical (dry mixing), chemical, and thermal doping techniques. The results
showed that the new approach for improving the fire-resistant properties of protein-based
bioplastics was successful in that it preserved the mechanical strength. The thermal and chemical
doping techniques were found to be the most effective in placing significant amount of lanosol
inside the biochar pores. The addition of only biochar to the bioplastic increased the tensile strength
and modulus the most. However, the thermally and chemically lanosol-doped biochar composites
were able to retain the strength of the neat WG bioplastic with a higher modulus. On the other
hand, the addition of doped biochar to WG reduced its ductility, which was expected. However,
the material was still quite ductile.

The TGA analysis of the samples showed a higher residue and slower decomposition rates for the
doped samples compared to the neat WG, thus, the stability of the WG, over the full temperature
range, was enhanced after doping. Additionally, from the MCC experiments, it was observed that
the doped samples had lower peak heat release rate, peak combustion rate, heat release and ignition
capacities than the neat WG, indicating an improvement in flame resistance. In general, all the
doping methods reduced the peak heat release rates of neat WG with the thermally doped sample
exhibiting the lowest value according to the cone test. Moreover, the structural integrity of the char
residue, in the thermally doped sample, was preserved after the cone calorimeter test, confirming
the effectiveness of the doping process. The same sample had the highest activation energy and
the lowest ignition and fire growth capacities. Hence, based on the results of the various tests, it
can be concluded that thermally doping lanosol into biochar is the most feasible method to impart
fire retardancy and retain mechanical strength in protein-based bioplastics. Additional studies
should be carried out to optimise the doping method. The new approach is probably useful (and
generic) in other polymer systems, but additional work must be made to confirm this.
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Part 2: Investigation of the most suitable FR, bioplastic and the processing
method

1. Experimental:

1.1. Materials:

In this part of the project, the doping method selected was thermal (i.e. TLBWG) but along with
WG, APP was also doped in the biochar. However, when doping the APP, the temperature used
was 230 °C instead of 135 °C, which was for lanosol. This is based on the melting points of the
respective FRs. The WG used was the same as explained in Part 1 of this report in section 1.1. The
PA 11 was obtained from Arkema (France) in powder form. The APP was procured from Sigma
Aldrich, Sweden.

1.2. Experimental design:

The experiments in this part of the project were designed in order to identify the most suitable FR,
bioplastic and processing technique, from the sets of two selected for the entire investigation. The
selection was done in an incremental manner wherein first the most suitable FR was identified
followed by the bioplastic and the processing method, as shown in Fig. 1. For lanosol, the weight
percentage of biochar was 6 and that of lanosol was 4. In the same line, for APP, the weight
percentage of biochar was 22.5 whereas the same was 15 for APP. The optimal amount of APP in
a polymeric system varies from 15 — 30 wt% [1]. The rest was the respective polymer (WG or PA
11). Note that WG was plasticised with 25 % glycerol as plasticiser.
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Fig. 1. Experimental design

The samples were named accordingly:
e Neat wheat gluten: Neat WG
e Neat polyamide 11: Neat PA 11



e Biochar with thermally doped lanosol in WG made by compression moulding:
BC Lanosol WG _COMP

e Biochar with thermally doped APP in WG made by compression moulding:
BC _APP_ WG _COMP

¢ Biochar with thermally doped APP in WG made by injection moulding: BC_APP WG _IN;j

e Biochar with thermally doped APP in PA 11 made by compression moulding:
BC_APP _PA11_COMP

1.3. Processing:

The manufacturing of the samples was done by mixing the constituents (bioplastic, FR-doped
biochar and plasticiser) through dry blending followed by flash freezing in liquid N> and grinding
(Retsch GmBH, 5657 HAAN, Germany). Note that PA 11 did not require the use of a plasticiser
or flash freezing. Instead, the samples with PA 11 were directly dry blended and subjected to
processing. The samples were compression moulded (Fortijne Presses TP 400, Netherlands). The
processing conditions for the compression moulding were decided from trial runs, which caused a
desirable sample finish. For WG-based samples, the pressing temperature was 140 °C; force:
250 kN; pressing time =20 min. For PA 11-based samples, the pressing temperature was 250 °C;
force: 250 kN; pressing time =20 min. The mould used yielded sheets with the dimension: 100 ¢
100 * 4 (mm)°. For injection moulding (Thermofisher), the sample mix powders (only WG-based)
were subjected to various injection time of 3, 5, 15 and 20 s and the temperature was 140 °C with
an injection pressure of 600 psi. Fig. 2 shows the summary of the processing conditions.

Compression moulding for WG: Compression moulding for PA 11: Injection moulding for WG:
Temp.=140 °C
Time= 20 mins
Pressure (actually force)=250 kN

Temp.= 250 °C Temp.=140 °C
Time= 20 mins Injection Time= 3,5, 15 and 20 5
Pressure (actually force)=250 kN Injection pressure= 600 psi
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Fig. 2. A summary of the processiﬁg conditions used for the part 2 of the project. a) Oisik Das
holding a compression mounded sample with the instrument in the background, b) the injection
moulding machine used in the project.

1.4. Characterisation:

1.4.1. Mechanical testing:

An Instron 5566 equipped with a 500 N cell was used to measure tensile modulus (chord modulus
between 0.05 and 0.25 % strain), strength, and strain at break based on the ASTM D638 protocol.
The crosshead speed and gauge length were 50 mm/min and 50 mm, respectively.



1.4.2. Thermogravimetric analysis (TGA):

Mass loss curves of the blends were obtained by a thermogravimetry analyser (TA Instruments
Q5000 IR thermogravimetric analyser). The sample in an alumina pan was heated at a constant
rate of 10 °C/min from room temperature to 650 °C. All the samples were tested under air flow of
25 ml/min.

1.4.3. Differential scanning calorimetry (DSC):

The thermal behaviour of the samples was analysed in a TA Instruments Q1000 Differential
Scanning Calorimeter (DSC). All the samples were heated to 250 °C with subsequent cooling to
room temperature.

1.4.4. Fourier transform infrared spectroscopy (FT-IR):

FT-IR spectra of the samples were obtained in ATR mode on a Perkin Elmer Spectrum 100. For
each sample, the spectra were averaged over 16 scans in the 600 to 4000 cm™ range with a
resolution of 4 cm!.

1.4.5. Scanning electron microscopy (SEM):

The morphology i.e. the fractured surfaces of the samples were observed through SEM (FEI
Magellan 400 field emission XHR-SEM) without any sputter coating. The working distance
ranged from 2.6 to 5.5 mm depending on the shape of the sample and the voltage used was 2 kV.

1.4.6. Cone calorimeter:

The reaction-to-fire properties of the samples were determined in a Dual cone calorimeter (Fire
testing technology). Rectangular samples of dimensions 100 x 100 x 2 mm were subjected to a
heat flux of 50 kW/m? until flameout. The standard used for the test was ISO 5660-1:2002. The
conditions were: ambient temperature: 30 °C - 32 °C and air humidity: 31 % - 32 %.

2. Results and discussion:

2.1. The forming of the samples and their analyses:

It is to be noted that out of all the samples, the only ones that could be successfully formed were
BC Lanosol WG _COMP and BC_APP_ WG _COMP. Only these two samples were subjected to
mechanical and fire testing. The other samples, including the aforementioned two, were subjected
to TGA, DSC, FT-IR and SEM and the reason why the other samples did not ‘form’ successfully
in the processing methods are explained subsequently.

2.2. Reaction-to-fire properties:

Fig. 3 shows the heat release curves of the samples that were successfully formed along with their
corresponding neat polymers (without any FR doped biochar) as determined through a cone
calorimeter. Table 1 shows the reaction-to-fire properties of the samples with their corresponding
neat polymers. From Fig. 3, it can be seen that the addition of lanosol has reduced the PHRR of
neat WG and the details are provided in section 2.3. of part 1 of this project report. Interestingly,
when the biochar was doped with APP, the PHRR was significantly lowered resulting in a broad
peak. The PHRR of BC_APP. WG _COMP sample was 186 kW/m?, which was a substantial
improvement from the 652 kW/m? of the neat WG and 636 kW/m? of the BC_Lanosol WG Comp
sample. The TTI of BC_APP_ WG COMP was also the highest amongst the WG-based sample.
Due to the broad nature of the heat release peak, the TPHRR was also delayed at 118 s. However,



the THR (i.e. the area under the heat release curve) of this sample was the highest because of the
prolonged albeit non-intensive burning. The FPI is an indicator of tendency to flashover. The
higher FPI values specify a higher fire retardancy performance and from Table 1, the WG-based
sample having APP doped biochar had significantly higher FPI than the other WG-based
composites. Table 1 also specifies the fire growth rate index (FIGRA) of the tested samples, and
it is the growth rate of the burning intensity or heat release during a cone calorimeter (or other fire
tests) test. FIGRA is also the maximum of the heat release rate of the tested divided by time [2].
The FIGRA of the BC_ APP. WG _COMP sample was the lowest amongst the WG-based samples
indicating that it is less likely to allow detrimental growth of fire. The neat PA 11 had a moderately
high PHRR at 535 kW/m?.
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Fig. 3. Heat release curves of various samples obtained from cone calorimeter

Comparing lanosol-doped biochar and APP-doped biochar, the latter clearly performed better in
the WG system both in the heat release profile with a broad peak and having superior reaction-to-
fire parameters. The effect of lanosol on WG has been described in detail in part 1 of this report,
wherein it aids in radical scavenging in the combustion regime. APP, on the other hand, acts in the
condensed phase to create char as well as the nitrogen containing gases from the ammonia helps
in the intumescence. WG, being a nitrogen protein, already is prone to charring during burning



and APP enhances this charring effect, which is the reason for a better fire performance that the
composite having lanosol-doped biochar [3]. Additionally, the polyphosphoric acid, produced
from the decomposition of APP at high temperatures reacted with the hydroxyl and amine groups
in WG further reducing the combustion rate of the composite [4]. Thus, the reactive nature of APP
and its tendency to cause an expanding char were the main reasons for the sample with APP
performing better under radiative heat that the composite containing lanosol. Only one other study
[5] has been identified where APP was used in protein-based bioplastics (in this case, Zein-based
bioplastic). The PHRR was very similar to the current study although the amount of APP was 10
wt% as opposed to 15 wt% in the current study, which corroborates the methods adopted in this
project. The authors of that study, unlike the current one, observed multiple peaks in the heat
release curves. Based on these observations, APP was selected as the most suitable FR and further
composites were designed with APP.

Table 1: Reaction-to-fire properties of various samples determined from cone calorimeter

Sample PHRR TPHRR TTI THR FPI FIGRA
P [KkW/m?] [s] [s] [MJ/m?] [m2s/kW] [KW/ms]
Neat WG 652 £+ 38 25+15 23+4 137.10:|: 0.038 £ 0.01 26+0.5
BC_Lanosol WG_COMP 636+24 23+35 13+2.8 “1'5; 0.035+0.02 283+0.3
186 + 118 + 275+
BC_APP_WG_COMP 02 10.6 35 58.04+5 0.63 £ 0.06 1.6+0.14
Neat PA 11 51325; 807  20%0 376'2; 0.155£002 6.64=09

2.3. Mechanical properties:

Table 2 summarises the mechanical properties of the formed samples. The effect of lanosol-doped
biochar on the mechanical properties of WG is explained in section 2.1 of part 1 of this project
report. Considering the standard deviation, the APP-doped sample has similar tensile strength as
the neat WG and the sample containing lanosol-doped biochar. However, the ductility of the APP-
doped sample is significantly lower than the other WG-based samples and this because of high
amount of biochar and APP in the resin matrix that reduces polymeric chain mobility [6]. This is
also the reason for this sample’s lower toughness as indicated by low value of energy at break. A
previous study by Verdolotti et al. [5] used APP (without the use of any biochar) in zein-based
composites, which is analogous to WG because both of them are proteinaceous. The authors
reported tensile strength of less than 1.5 MPa for both 10 and 30 wt% APP application in zein-
based composites, which is significantly lower than what was achieved in the current study. Thus,
it shows that doping of FR (regardless of lanosol or APP) in biochar helps to conserve the tensile
strength of polymeric composites, while enhancing the fire performance (as seen in the fire testing
in the current study). The neat PA 11 had a tensile strength of 42.5 MPa and modulus of ca. 1 GPa,
which is similar to previously reported studies and data sheets [7, 8, 9].



Table 2: Mechanical properties of various composite samples.

Sample Maximum tensile Modulus of Energy at Elongation at
strength [MPa] elasticity [MPa] break [J] break [mm/mm]
Neat WG 54+0.1 277.2+32.5 0.61+£0.1 0.35+£0.23
BC_Lanosol_WG 52+0.3 265.6 £ 27 0.68+0.2 0.34+£0.17
BC_APP_WG 3.6+1.5 - 0.03+£0.02 0.053 +0.027
Neat PA 11 42.5+4.0 1093 +£77.3 0.01 +£0.0 36.5+£14.0

2.4. Processing issues:

Certain samples were not able to be formed through compression and injection moulding
techniques. Specifically, the BC_APP PA 11 _COMP was attempted to be compression moulded
whereas injection moulding was tried on BC_APP WG INJ. In the case of BC_APP PA
11 _COMP the sample failed to fuse resulting in the plate getting shattered without any externally
applied forces, as seen in Fig. 4. From Fig. 4., it can be seen that the vertical heat transfer was
good, resulting in a cohesive ‘forming’ in the vertical direction. However, in the horizontal
direction, the sample did not fuse. It is speculated this could be due to the high amount of heat
shielding biochar in the sample, which hindered the flow of the melt more in the lateral direction
than the vertical. Different compression moulding conditions were used to alleviate the
aforementioned situation but yielded the same result as seen in Fig. 4. Thus, PA 11 was deemed
to be an unsuitable bioplastic for this particular blend because the APP-doped biochar in WG was
successfully compression moulded. Therefore, further manufacturing was conducted with WG as
the selected bioplastic.

Fig. 4. The BC_APP _PA 11 _COMP sample right after compression moulding. The sample
inherently did not fuse and when it was taken out of the mould, the plate shattered. Several

attempts gave the same result.




When the sample BC_APP WG INJ was attempted to be injection moulded, a similar issue
happened wherein the sample was not cohesive having large through-and-through voids that
hindered the formation of a ‘whole’ sample. Despite varying the injection time i.e. 3, 5, 15 and 20
s, the samples remained inconsistent, see Fig. 5. Hence, based on this, the injection moulding of
APP-doped biochar in WG was considered to be unsuitable and compression moulding was
identified as the preferred processing method for this type of formulation containing FR-doped
biochars. Thus, based on the incremental experiments, the most suitable FR, bioplastic and
processing method was APP, WG and compression moulding, respectively. This leads to the
identification of a sample that as the best balance of fire-retardant and mechanical properties,
which is APP-doped biochar in WG made by compression moulding or BC_APP. WG _COMP.
Nevertheless, the samples (BC_APP_PA11 COMP and BC_APP_WG INJ) that did not form in
the aforementioned processing methods were still subjected to TGA, DSC, FR-IR and SEM
analysis to identify their properties and get an insight into the reason for their inability to form
through the applied processing techniques.
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Fig. 5. The BC_APP_WG_INJ sample that failed to form into a cohesive sample.

2.5. Thermogravimetric analysis (TGA):

The mass loss curves of the samples as obtained from TGA analysis is shown in Fig. 6. Kindly
note that all the samples were analysed, including the ones that formed and did not form using the
processing techniques. Amongst the WG-based samples, the neat WG had the highest mass loss
with residue of only ca. 18 % followed by the sample containing lanosol-doped biochar made by
compression moulding and then the samples having APP-doped biochar (BC_APP_ WG _COMP
and BC_APP_WG INJ). Additionally, the presence of APP had delayed the onset temperature of
decomposition compared to the neat WG and the composite containing lanosol-doped biochar
made using compression moulding. Hence, it is clear that APP is more efficient in inducing a
beneficial thermal stability in the composites. In a previous study by Verdolotti et al. [5] where
zein bioplastic (similar to WG) was analysed, the addition of 10 wt% APP with 3 wt% alkaline
lignin increased the amount of residues remaining after the TGA test but the onset decomposition
temperature did not change, compared to the neat polymer. Nevertheless, other studies have
observed that the application of APP delays the onset decomposition temperature of the
corresponding neat polymer [10, 11]. The reason for APP being better in imparting thermal
stability in these WG composites compared to lanosol might be the same when it improved the
reaction-to-fire properties. The reactive nature of APP along with its char forming ability induced



a heat shielding effect, which protected the virgin polymer from thermal decomposition. Neat PA
11 lost the most amount of mass and the addition of APP-doped biochar significantly improved
both the onset decomposition temperature and the residue amount. It can also be inferred that the
thermal stability is not affected by the processing method, for both WG and PA 11-based samples.
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Fig. 6. TGA mass loss curves of all the composite samples and their corresponding neat
polymers.

2.6. Differential scanning calorimetry (DSC):

The DSC curves of the composites are presented in Fig. 7. DSC was performed in order to gain an
understanding, if possible, regarding the failure of certain mixes to form in the processing methods.
For the PA 11-based samples, the neat polymer melts at ca. 190 °C, which is consistent with
literature [12, 13] and crystallises at ca. 162 °C. However, when APP-doped biochar was added,
the melting occurred somewhat earlier at a lower temperature compared to the neat PA 11. This
could be due to the creation of small and flawed crystals structures that have lower melting
temperature [14]. However, the crystallisation temperature was higher when doped biochar was
included compared to the neat PA 11. This is due to the nucleation effect of the biochar particles,
which acted as initiators for crystal growth [15, 16]. Despite this, no insight was able to be gained
as to why the sample having APP-doped biochar in PA 11 failed to form in compression moulding.
Similarly, the APP-doped biochar in WG made by compression and injection moulding was
subjected to DSC to understand why compression moulding worked but not injection moulding. It
is to be noted that in Fig. 7, the WG-based samples do not have a crystallisation peak because at
or after ca. 150 °C, WG crosslinks, akin to a thermoset polymer. Regardless of the processing
method, the melting temperature of the WG-based samples were similar. In fact, both
BC APP WG INJ and BC_APP. WG COMP had almost the same thermal profile. Hence, the



reason for injection moulding not being able to form APP-doped biochar with WG needs to be
evaluated with other means, such as electron microscopy as discussed subsequently.
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Fig. 7. DSC analysis of the composite samples.

2.7. Fourier transform infrared spectroscopy (FT-IR):

The FT-IR spectra of the composite samples are shown in Fig. 8. The FT-IR spectra of the
composite samples are shown in Fig. 8. FT-IR analysis was carried out to gain a better
understanding of the chemical modification in the fabricated composites. In the FTIR spectra of
neat PA11, the peak at ca.1316 cm™! corresponds to the N-H stretching. The peaks at ca. 1633
cm ! correspond to the axial deformation vibration of C = O and ca. 1537 cm™! correspond to the
angular deformation vibration of NH, both are the typical peaks of PA11, i.e., amide I and amide
II, respectively. The symmetric and antisymmetric stretching vibrations of C-H were observed at
ca. 2850 cm 'and ca. 2918 cm!, respectively, which are the intense peaks of PA. The symmetric
angular deformations of CH, are represented by the peak at ca. 1465 cm ! and ca. 1375 cm ' This
agrees with the previous research done on PA11 [17]. The main characteristic peak of biochar was
found in the BC_APP_PA11_COMP at ca. 980 cm !, indicating the presence of C-H stretching
vibrations in the aromatic ring. This can be confirmed through the FT-IR peaks of
biochar/polypropylene composites developed by Zhang et al. [18]. The addition of biochar
changed the position and magnitude of the PA peak characteristic in the region between ca. 739 to
1263 cm !, indicating ineffective cohesion between PA and biochar. Barczewski et al. [19] found
similar results on biochar/PP composites.



The compression moulded and injection moulded biochar wheat gluten composites are having
similar FTIR spectra. A medium intensity peak was observed between ca. 1565-1700 cm ' and a
weak intensity peak at ca. 1475 to 1560 cm™!, which correspond to the vibrational stretching of
amide I (C=0) and the vibration frequency of amide II (N-H), respectively. Another medium
intensity peak was observed at ca. 1430-1480 cm ' corresponds to the amide III. The broad
hydroxyl (OH) band was observed at ca. 3120-3315 cm™!. The presence of the amide and broad
hydroxyl (OH) band confirms the overall molecular conformation of the protein. Similar peaks
have been noted in the investigation of Mohamed et al. [20]. In the region between ca. 745-1180
cm !, the intensity of the injection moulded composite was slightly increased when compared to
compression moulded composite. This led to the conclusion that the manufacturing process has an
impact on the characteristics of the resultant composite.
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Fig. 8. FT-IR spectra of the composite samples.
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2.8. Scanning electron microscopy (SEM):

The SEM micrographs of the composite samples are depicted in Fig. 9. The tensile fractured
surface of neat PA 11 shows clear sign of ductile fracture with numerous fibril tears that coincides
with the normal zone of the applied tensile stresses. However, when, APP-doped biochar was
added to PA 11, the micrograph completely changed. The sample (BC_APP PA 11 COMP)
shows numerous chunks with clean edges, resembling small crystals. The presence of crystals was
also observed in DSC when the crystallisation temperature increased compared to neat PA 11 due
to the nucleation effect (see Fig. 7.). The BC_APP_ WG _COMP sample shows that the APP was
doped inside the biochar pores, as intended. However, it is to be kept in mind that the doping
mechanism for lanosol and APP are different. Lanosol melts at ca. 124 °C whereas APP starts
decomposing into ammonia and phosphoric acid at ca. 240 — 250 °C. Hence, it is plausible that
phosphoric acid crystals were formed that were housed in the biochar pores along with APP. When



injection moulding is concerned, a polymeric material is subjected to shear forces [21]. In the
micrograph of BC_APP_WG INJ sample, large gaps can be observed in the polymer matrix as
well as numerous crystals on the surface. As stated in section 2.4 of part 2, this sample was unable
to fuse cohesively into the intended shape. The wide openings in the resin matrix seen in SEM
could be the reason for the aforementioned and also the state of the injection moulded sample as
shown in Fig. 5 b and c. It is speculated that the injection moulding induced shear forces have
exposed the phosphoric acid crystals from the biochar pores, which might have hindered the fusing
of the sample into the desired shape after cooling. Nevertheless, the BC_APP WG_COMP sample
exhibited the envisioned outcome wherein the APP was housed inside the biochar pores and
exhibited low PHRR (186 kW/m?) as seen in Fig. 3 and Table 1 of part 2.
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Fig. 9. SEM micrographs of the composites’ fractured surfaces.

2.9. Kinetic analysis as activation energy:

According to Kumar et al. [22], the higher the temperature corresponding to 50 % weight loss
(Ts0%) of the sample, the higher the activation energy required to break the bonds in the material.
From the TGA results, Tso», of BC_APP. WG _COMP was measured to be 287.9 °C whereas that
of BC Lanosol WG _COMP (i.e., the thermally doped lanosol in biochar and then added to
lanosol followed by processing by compression moulding) was 300 °C. The temperatures indicate
that more energy is required for the BC_Lanosol WG _COMP composite to degrade compared to
BC _APP_WG COMP. The doping of lanosol into the pores of biochar as well as the crosslinking
of the polymer chains in the BC Lanosol WG _COMP sample was more effective than doping



and compression moulding of BC APP WG COMP. This could explain the higher
decomposition temperatures and activation energy of BC _Lanosol WG _COMP.

Concluding remarks for the entire project:

It has, since long, been established that the treatment of polymers with flame retardants improves
the fire-safety properties and thermal stability, however, they tend to be detrimental to the
mechanical performance. In light of the aforementioned issue, in this project, the effects of fire
retardant-doped biochar on the mechanical and fire properties of two different bioplastics (wheat
gluten and polyamide 11) made using two different processing methods (compression and
injection moulding) were investigated. The aim of the project was to achieve a balance between
the fire and mechanical properties in flame retardant-treated polymers, wherein the flame
retardants (lanosol and ammonium polyphosphate) were doped into the pores of biochar to prevent
stress concentration in the resin matrix. The work was divided into two parts where initially, the
best doping method was identified using lanosol as the fire retardant, gluten as the bioplastic and
compression moulding as the processing method. To make the wheat gluten composites, 4 wt%
lanosol was doped into 6 wt% biochar using mechanical (dry mixing), chemical, and thermal
doping techniques. The results showed that the new approach for improving the fire-resistant
properties of gluten bioplastics was successful in that it preserved the mechanical strength. The
thermal and chemical doping techniques were found to be the most effective in placing a
significant amount of lanosol inside the biochar pores. The addition of un-doped biochar to the
bioplastic increased the tensile strength and modulus the most. However, the thermally and
chemically lanosol-doped biochar composites were able to retain the strength of the neat gluten
bioplastic with a higher modulus. On the other hand, the addition of doped biochar to gluten
reduced its ductility, which was expected. However, the material was still quite ductile. The
thermogravimetry analysis of the samples showed a higher residue and slower decomposition rates
for the doped samples compared to the neat gluten, thus, the stability of the gluten, over the full
temperature range, was enhanced after doping. Additionally, from the microscale combustion
calorimeter experiments, it was observed that the doped samples had lower peak heat release rate,
peak combustion rate, heat release, and ignition capacities than the neat gluten, indicating an
improvement in fire properties. In general, all the doping methods reduced the peak heat release
rates of neat gluten with the thermally doped sample exhibiting the lowest value. Moreover, the
structural integrity of the char residue, in the thermally doped sample, was preserved after the cone
calorimeter test, confirming the effectiveness of the doping process. From kinetic analysis it was
found that the same sample had the highest activation energy and the lowest ignition and fire
growth capacities. Hence, based on the results of the various tests, it can be concluded that
thermally doping lanosol into biochar is the most feasible method to impart fire retardancy and
retain mechanical strength in gluten/protein-based bioplastics.

To observe if the new approach is effective in other polymeric systems, another set of experiments
were conducted in part 2 of this project. In particular, 15 wt% ammonium polyphosphate as fire
retardant was doped into 22.5 wt% biochar and tested in both gluten and polyamide 11 bioplastics.
Additionally, the effect of processing methods i.e., compression and injection moulding were also
determined. Wheat gluten and compression moulding were found to be the better bioplastic and
processing method, respectively. The incorporation of biochar and ammonium polyphosphate in
wheat gluten achieved a better fire performance (PHRR of 186 kW/m?and TTI of 28 s) compared
to lanosol-doped sample (PHRR of 636 kW/m?and TTI of 13 s). Additionally, the tensile strength
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of the lanosol-doped biochar in gluten made by compression moulding was 5.2 MPa while that of
ammonium polyphosphate-doped counterpart was 3.6 MPa. Compared to the neat wheat gluten
results (PHRR of 652 kW/m? and tensile strength of 5.4 MPa), the sample having lanosol-doped
biochar in gluten made by compression moulding exhibited a balance between the mechanical and
fire properties. Therefore, if fire retardancy is the ultimate aim of the composite application with
acceptable mechanical properties then ammonium polyphosphate doped biochar in wheat gluten
composite will be the best option. However, with overall acceptable properties (both mechanical
and fire), lanosol-doped biochar in wheat gluten composite will be appropriate.
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Supplementary Information in relation to Part 1 of the final report for project number:

321-002; Functionalised biochar for fire-retardant and bio-based composites

Table S1: Tign, IGC and FGC of WG and BWG composite

WG BWG
Method A Method B Method A Method B
B/K st
Tien I(?/C FGCWe | 1 | 16C | FGC | o | 1GCWe | FGC U | 1 g | 16C | FGC
(K) K)g K) e J/gK) | (J/gK) e K) K) e J/gK) | (J/gK)
05 | 1343 | 2723 | 2617 | 2354 | 446 | 1535 | 1313 429 165.8 2467 304 | 953
! 1208 | 865 | 1995 | 2345 | 454 | 1314 | 1309 | 1099 239.9 2098 677 | 1584
15 1163 | 1837 | 3168 | 2281 | 616 | 1572 | 1227 | 1388 2682 2243 658 | 1386
2 1279 | 1472 | 2675 227 587 | 1508 | 12602 | 1666 3024 220.1 656 | 161.0
25 130.6 | 1420 | 2565 | 2385 | 559 | 1602 | 1332 | 1386 2554 2213 643 | 1607
3 1317 | 1429 | 2603 | 2321 | 574 | 1568 | 1205 | 1433 2574 2316 659 | 1649
3.5 1341 | 1376 | 2435 | 2426 | 566 | 1441 | 1346 | 1405 258.6 2336 602 | 150.6
4 1365 | 1410 | 2578 | 2479 | 584 | 1641 | 1348 | 1402 248.6 2405 595 | 148.1
45 1344 | 1426 | 2566 | 2441 | 590 | 1650 | 1388 | 1399 243.0 2399 61.6 | 1549
5 136.1 | 1412 | 2491 | 2464 | 570 | 1539 | 1335 | 1497 2525 2305 645 | 1594
5.5 133'1 1341 | 2297 | 2461 | 576 | 1631 | 1373 141.6 2356 2379 616 | 1592
Vean | 1304 [ 1519 | 2726% | 2384x | s5.7% | I546x | 1320x | 1321x | 2479 | 2306% | 60.6x | 150.0%
+6.4 | +19.1 | 213 7.5 5.5 9.8 4.7 13.8 18.2 10.8 2.8 7.8




Table S2: Tign, IGC and FGC of LBWG and LWG composites

LBWG LWG
Bs{ K Method A Method B Method A Method B
To® | g0 | w0 | =0 | g | om0 | 0 | gmo | am | O | g | s
0.5 | 1143 | 579 186.6 21577 | 628 139.4 118.8 459 1477 | 2353 | 1138 | 2154
1| 1289 | 1033 | 2099 233 63.6 155.4 117.6 85.6 169.1 2333 | 491 | 1078
15| 1089 | 1059 | 2125 2566 | 65.1 147.9 117.3 1066 | 1931 | 2407 | 581 | 1327
2 | 1167 | 1081 | 2048 2489 | 672 150.6 116.1 113.0 1847 | 2996 | 457 | 1195
25 | 1158 | 1343 | 2372 251 64.5 147.8 121.5 1243 | 2073 241 577 | 1408
30| 1206 | 1273 | 2441 2516 | 659 145.9 125.5 1202 | 2054 | 2504 | 568 | 1417
35 | s | 1197 | 2101 189.7 | 966 187.9 125.8 1234 | 2203 | 2514 | 515 | 1301
4 | 1217 | 1274 | 2129 260 63 154.6 127.3 1207 | 1987 251 516 | 1254
45 | 1225 | 1189 | 2012 2603 | 599 151.3 127.5 1222 | 1957 | 2484 | 517 | 1305
s | 1189 | 1324 | 1991 ; ; ; 133 1202 1978 | 2531 | 501 | 1217
55| 1304 | 1212 | 2112 ; ; ; 125.7 1329 | 2064 ; ; .
Me | 1972 | 14.2% | 51 01163 | 2405224 | O70F | 15342138 | 1233% | 110.4213 | 1933220 | 2304% | 586+ | 136.6%
an | 62 1 1 5.4 18.7 4.2 10.7




Table S3: Tign, IGC and FGC of CLBWG and TLBWG composites

CLBWG TLBWG
BK 5! Method A Method B Method A Method B
1GC

@ | ocuEo | i | @ | ak | e | T | 16C0RR | i |G | @ o k)

0.5 9.6 | 2579 3363 | 1141 | 639 | 1005 | 1084 762 1710 | 2389 | 372 | 9538

1 1127 | 943 2017 | 2499 | 461 | 153.1 116 106.6 2109 | 2538 | 37.8 | 101.1
15 | 1166 | 1242 2312 | 2419 | 512 | 1314 | 1204 1245 2484 | 2447 | 803 | 155.9
2 17 129.9 2483 | 2533 | 544 | 1355 | 1216 1283 2329 | 247 | 684 | 1519
25 | 1236 | 1465 2612 | 2549 | 623 | 1413 | 1235 133.6 239.7 | 2539 | 685 | 164.9
3 119 1336 2327 | 2625 | 643 | 1392 | 1217 130.6 2354 | 2563 | 683 | 1527
35 | 1195 | 1454 2373 | 2574 | 666 | 1333 | 1288 137.0 2375 | 258 | 67.8 | 1664
4 1248 | 1288 219.5 264 | 641 | 1475 | 1295 136.4 2327 | 2597 | 685 | 1535
45 | 1267 | 1306 2173 | 2656 | 648 | 1388 | 1267 147.0 2445 | 2588 | 69.2 | 139.9
5 1309 | 1317 205 | 2676 | 613 | 142.1 128 1305 2275 | 2714 | 693 | 1449
55 | 1321 | 1399 2267 | 2681 | 643 | 1247 | 1316 132.9 2047 | 267 | 663 | 143.1
Mean 1;2 f lﬁ';i 23196‘; * 214; ‘é 6‘;'.37 * 13;'12 £ 12335 | 12584104 2212'-99* zfif 6133?: 1129;8
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Fig. S1: Plots of heat release rate vs. temperature, from MCC test
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