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a b s t r a c t 

Recently, the flame retardant effectiveness of a 2-hydroxypropyl- β-cyclodextrin (CD) type bio-based car- 

bonising agent has been evinced to noticeably increase when used in a microfibrous form, as obtained 

by electrospinning method. In the present research, the flame retardant performance of the electrospun 

CD was further enhanced by reactive surface modification with a phosphorous silane (PSil) compound. 

Surface-treated and untreated CD-based carbonising agents were compared, both in powder and in mi- 

crofibrous form, besides ammonium polyphosphate (APP) to form an intumescent flame retardant system 

for poly(lactic acid) (PLA). The Limiting Oxygen Index (LOI) of the flame-retarded PLA composites in- 

creased outstandingly, from 25.0% (corresponding to the 15 wt% APP containing PLA) to as high as 37.5%, 

as a result of adding only 3 wt% of PSil-treated microfibrous CD to the system. Also, the main com- 

bustion characteristics improved; compared to neat PLA, about 50% reduction in the peak heat release 

rate (pHRR) and 25% reduction in total heat release (THR) were achieved, accompanied by an increased 

amount of char residue after combustion. The beneficial effect of the PSil-treated CD microfibre relies 

mainly on its enhanced physical and chemical interaction with APP and its increased charring ability 

and thermal stability, which contribute to the formation of a fire protecting char of increased structural 

integrity. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The dynamically growing demand for biobased, compostable 

olymers makes poly(lactic acid) (PLA) one of the most researched 

olymers due to its biodegradability, excellent mechanical prop- 

rties, and thermoplastic processability. Nevertheless, for durable 

LA-based products [1] , improved flame retardant properties are 

ften necessitated. Therefore, more and more studies focus on de- 

eloping bio-sourced flame retardant additives [2–5] . The most re- 

earched ones are the intumescent flame-retardant systems (IFRs) 

hat form an expanded char layer on the surface of the polymer 

atrix, blocking the heat and gas transport [6] . In these systems, 

mmonium polyphosphate (APP) can act both as an acid source 

nd a blowing agent, generally in combination with a polyalco- 

ol type carbonisation agent. The use of char forming materials of 

enewable origin is a promising way to provide environmentally 
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enign flame retardant (FR) formulations, amongst others, for PLA 

7–11] . 

Cyclodextrins and their derivatives are widely used in many 

elds, such as food, pharmaceutical, and chemical industries [12] . 

hey have also shown great potential as flame retardant compo- 

ents in various polymer systems [13–17] , most notably in PLA 

18–20] . Feng et al. [18] used β-cyclodextrin (CD) as a green car- 

on source in combination with APP and melamine (MA) at dif- 

erent weight ratios and showed that these compositions exhibit 

utstanding char-forming ability in PLA. The FR system, consisting 

f CD, APP, and MA at a weight ratio of 1:2:1 respectively, when 

sed at 20 wt% loading in PLA, reached an LOI value of 34.2 and 

assed UL 94 V-0 rating. 

Vahabi et al. [19] developed a novel organic-inorganic hy- 

rid flame retardant system (BSDH) from the combination of β- 

yclodextrin, triazine ring, and nanohydroxyapatite. When applied 

n PLA, 2.5 wt% BSDH besides 7.5 wt% APP was found to increase 

ame retardancy significantly; in cone calorimeter tests, about 50% 

eduction in both peak heat release rate and total heat release 

ate was measured compared to neat PLA. The formation of an 

ncreased amount of thermally stable residue was assumed to be 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Synthesis of the reactive surface modifier (PSil) [22] . 
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he critical parameter explaining the synergistic effect of APP and 

SDH on effectively im proving the flame retardant performance of 

LA. 

With the aim to improve the char forming ability of β- 

yclodextrin, Zhang et al. [20] modified it with phenyl phospho- 

ic acid dichloride and obtained phospholipidated β-cyclodextrin 

PCD). APP and PCD loading of 30 wt% with an APP to PCD mass 

atio of 5:1 was found to be optimal in terms of thermal and 

ame retardancy properties of PLA/APP/PCD blends. With this for- 

ulation, LOI value as high as 42.6% and UL-94 V-0 rating were 

chieved, and the total heat release of PLA was reduced by 80%. 

t reduced additive content of 20 wt%, UL-94 V-0 rating was still 

chievable. The increased charring ability and thermal stability 

vinced for PCD were attributed to the in situ formation of phos- 

horic acid during its thermal degradation. Furthermore, the effi- 

ient interaction between APP and PCD contributed to forming a 

ore significant amount and compact intumescent char that pro- 

ides increased fire protection to the matrix material. 

Silane coupling agents are generally used in natural fibre re- 

nforced polymer composites, mainly to promote interfacial adhe- 

ion and improve mechanical properties [21] . Silane treatment was 

ound to improve the interfacial interactions, decrease moisture ab- 

orption [21] , and also improve the flame retardant properties of 

olymeric composites [22] . When combined with IFR systems, the 

eneficial effect of silicon-containing species relies on the forma- 

ion of a thermally stable ceramic-like silicon-phosphate structure 

f increased barrier effect and good fire performance [ 23 , 24 ]. 

Multiple researchers showed that the particle size of the flame 

etardant additives affects the flame retardant performance. For ex- 

mple, better flame retardancy results were achieved when finer 

etal hydroxide particles were used [25–27] . The results of Bocz 

28] and Ribeiro [29] indicate that improved chemical interaction 

nd, by this means, significantly improved flame retardant perfor- 

ance can be achieved in an IFR system if the used APP is of 

maller particle size, mainly due to the increased contact area be- 

ween the components. 

It has been shown in our previous research paper [28] that 

he flame retardant efficiency of an intumescent flame retardant 

ystem can be significantly enhanced by using the polysaccharide 

ype carbonising agent in microfibrous form, i.e., with noticeably 

ncreased specific surface area compared to the conventional pow- 

er form. 

In this work, powder and microfibrous forms (manufactured by 

igh-speed electrospinning) of 2-hydroxypropyl-beta-cyclodextrin 

CD) were surface-treated with a phosphorous silane (PSil) with 

he aim to improve the thermal and structural stability of the bio- 

ased charring agent and then used besides APP to produce flame 

etarded PLA composites. Our hypothesis was that the PSil-treated 

icrofibrous CD could form a thermally stable network of charred 

eramic-like microfibers during combustion, which was expected 

o improve the integrity and barrier properties of the intumes- 

ent protecting layer without compromising its swelling ability. 

he PSil-treated CD additives and the obtained flame retarded PLA 

omposites were comprehensively characterised with particular re- 

ard to the size effect and the role of surface treatment of the 

sed CD type charring agent in terms of the flame retardant per- 

ormance of the polymeric system. 

. Material and methods 

.1. Materials 

Ingeo TM Biopolymer 4032D PLA was received from Nature- 

orks LLC (Minnetonka, MN, USA). Exolit® AP 422 (Clariant Plas- 

ics & Coatings GmbH (Frankfurt, Germany)) type ammonium- 

olyphosphate (APP) was used as a flame retardant. Kleptose®
2 
PB Roquette Pharma (Lestrem, France) type 2-hydroxypropyl- 

eta-cyclodextrin (CD) was used as co-additive in inherent powder 

orm and as microfibres, produced by high-speed electrospinning 

HSES) technique, respectively. For the reactive surface treatment 

f the two types of CD (powder and microfibre), a phosphorous 

ilane adduct (PSil) has been synthesised from 3-(triethoxysilyl)- 

ropyl isocyanate (TESPI) (Merck Life Science Kft, (Budapest, Hun- 

ary)) and Exolit® OP 560 phosphorous polyol, purchased from 

lariant Plastics & Coatings GmbH (Frankfurt, Germany). 

.2. Preparation of CD-based additives 

.2.1. Synthesis of the phosphorus silane adduct 

The reactive phosphorous silane (PSil), used for modification of 

D, was synthesised by a simple addition reaction, described by 

ocz et al. [22] , between the Exolit OP560 phosphorous polyol and 

-(triethoxysilyl)-propyl isocyanate (TESPI). The PSil adduct was 

btained by the vigorous stirring of the OP560 and TESPI (in 1:2.38 

ass ratio) under anhydrous conditions at 90 °C (presented in 

ig. 1 ). At regular intervals, samples were taken from the mixture 

nd analysed by FTIR spectroscopy to monitor the completion of 

he reaction. After 4 h of stirring, the IR band corresponding to 

he isocyanate group of TESPI (at 2283 cm 

−1 ) completely disap- 

ears from the spectrum of the adduct, and parallelly, character- 

stic peaks of the carbamate linkage appear with high intensity at 

534 cm 

−1 and 1721 cm 

−1 , so the reaction was considered to be 

ompleted. 

.2.2. Preparation of CD microfibres 

CD microfibres were obtained according to a previously de- 

cribed method [ 30 , 31 ], namely by high-speed electrospinning 

rom the 68 wt% aqueous solution of CD. The applied flow rate 

f the solution was 350 mL/h, while the rotational speed of the 

pinneret was 40,0 0 0 rpm. The applied voltage was 40 kV dur- 

ng the procedure, and a constant airflow was applied (120 m 

3 /h, 

oom temperature) to transfer the fibres to the collecting cyclone. 

he obtained electrospun material was then ground with a ham- 

er mill to make it suitable for blending with PLA. 

.2.3. Surface treatment of CDs 

Both the powder and the microfibrous form of CD were treated 

ith the PSil adduct by following the procedure used earlier for 

he reactive surface modification of flax fibres [22] . From the dried 

D, 8 g was stirred in 320 ml of absolute toluene, then 16 ml of

Sil was added dropwise to the suspension and stirred at 111 °C for 

 h. The solid material was filtered and washed with toluene to re- 

ove the excess PSil. The obtained materials were then heated in 

n oven at 130 °C for 8 h to obtain silanol moieties through the hy-

rolysis of the alkoxy (triethoxysilane) groups of PSil, thus enabling 

ovalent bonding with the free hydroxyl groups of the CD struc- 

ure. Fig. 2 shows the schematic representation of the preparation 

teps of phosphorous-silane modified CD powder and microfibres, 

espectively. 

.3. Preparation of flame-retarded PLA composites 

.3.1. Mixing 

The flame-retarded PLA composites were prepared in 50 g 

atches using a Brabender Plasti-Corder Lab-Station type internal 
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Table 1 

Formulations of the PLA composites. 

Sample name APP 

CD 

powder fibre 

PLA – – –

PLA/APP 15 wt% – –

PLA/APP/CD powder 15 wt% 3 wt% 

untreated 

–

PLA/APP/CD fibre 15 wt% – 3 wt% 

untreated 

PLAAPP/PSil_CD powder 15 wt% 3 wt% 

PSil-treated 

–

PLA/APP/PSil_CD fibre 15 wt% – 3 wt% 

PSil-treated 

Fig. 2. Preparation of phosphorous-silane modified CD powder and microfibers. 
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ixer (Brabender GmbH & Co. KG, Duisburg, Germany) equipped 

ith a W 50 EHT 3Z kneading chamber. The components were 

ried at 80 °C for 6 h before processing. During mixing, the oper- 

tional temperature was 180 °C, and the rotor speed was 50 rpm. 

irst, the pre-measured amount of poly(lactic acid) granules was 

dded and kneaded until the granules fully melted, then the ad- 

itives (APP and CD) were added and mixed for 10 min. The cho- 

en ratio of APP to CD was considered based on the results of Y. 

hang et al. [20] , who found the APP to PCD mass ratio of 5 to 1

o be optimal regarding the thermal and flame retardant efficiency 

f the system. As a reference, specimens from neat PLA and PLA 

ontaining only APP were also manufactured. Table 1 contains the 

omposition of the manufactured PLA composites. 

.3.2. Moulding 

The melt-mixed materials were dried at 70 °C, then hot-pressed 

sing a Teach-Line Platen Press 200E (Dr. Collin GmbH, Munich, 

ermany) heated platen press. About 40 g of each melt-mixed 

ample was heated to 180 °C in a mould of 100 × 100 × 3 mm 

3 

ize. The plates were compressed for 4 min with the gradual ad- 

ition of pressure up to 100 bars, then cooled to 50 °C under the 

ame pressure. The flammability and mechanical testing specimens 

ere obtained by cutting the plates with a disk saw. 
3 
.4. Characterisation methods 

.4.1. FTIR spectroscopy 

Infrared spectra of the additives were recorded using a Ten- 

or 37 type Fourier transform infrared (FTIR) spectrometer (Bruker 

orporation, Billerica, MA, USA) with a resolution of 4 cm 

−1 . 

he additives were mixed with potassium bromide powder, cold- 

ressed into a disk, and then analysed in transmission mode in the 

avenumber range of 40 0 0–40 0 cm 

−1 . The liquid PSil component 

as analysed as a thin film layer between NaCl windows. IR spec- 

ra of the charred residues were recorded with a Specac Golden 

ate ATR unit in ATR mode (40 0 0–60 0 cm 

−1 ). Each spectrum was

n accumulation of 32 scans. 

.4.2. Scanning electron microscopy 

Scanning electron microscopic (SEM) images of the powder and 

lectrospun CD and the cryogenic fracture surface of the flame- 

etarded PLA composites were taken by a 6380LVa (JEOL, Tokyo, 

apan) type apparatus in high vacuum at an accelerating voltage of 

0–15 keV. Before examination, all the samples were fixed on the 

older by conductive double-sided carbon adhesive tape and sput- 

ered by gold with an ion sputter (JEOL 1200, JEOL, Tokyo, Japan). 

.4.3. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) measurements were done us- 

ng a TA Instruments Q50 0 0 apparatus (TA Instruments LLC, New 

astle, NH, USA) under nitrogen gas flow rate of 25 mL/min. Sam- 

les of roughly 10 mg were placed in platinum pans. The samples 

ere heated from 25 °C to 800 °C at a 10 °C/min rate. For thermal

haracterisation, two parallel measurements were carried out in all 

ases. 

.4.4. Tensile tests - Dynamic mechanical analysis 

A Q800 dynamic mechanical analyser (DMA, TA Instruments 

nc., New Castle, DE, USA) was used for dynamic mechanical analy- 

es (DMA) of the PLA composite samples. The measurements were 

onducted in dual cantilever mode, and the applied span length 

as 35 mm. The specimens’ width and length were approximately 

0 mm × 60 mm. The temperature range was 25–150 °C; the heat- 

ng rate was 2 °C/min while applying a deformation of 0.02% and 

 frequency of 1 Hz. 

.4.5. Limiting oxygen index 

Limiting oxygen index (LOI) tests were performed on specimens 

ith 100 × 10 × 3 mm 

3 dimensions according to the ISO 4589 

tandard using an apparatus made by Fire Testing Technology Ltd. 

East Grinstead, UK). 

.4.6. UL-94 

The UL-94 standard flammability tests were carried out accord- 

ng to ISO 9773. The sample dimensions were 100 × 10 × 3 mm 

3 , 

nd 5 samples were tested for each composition. 
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Fig. 3. FTIR spectra of the CD additives and the neat PSil adduct. 
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.4.7. Mass loss calorimetry 

According to the ISO 13,927 standard, Mass loss type cone 

alorimeter (MLC) tests were performed in a Fire Testing Tech- 

ology Ltd. (East Grinstead, UK) instrument. Specimens with 

00 × 100 × 3 mm 

3 dimensions were exposed to a constant heat 
Fig. 4. Scanning electron microscopic images of the CD additives; a) untreated C

4 
ux of 35 kW/m 

2 . The main characteristics of fire properties, such 

s the heat release rate (HRR) as a function of time, the time to 

gnition (TTI), and the total heat release (THR), were determined. 

wo parallel measurements were performed, and the HRR and THR 

alues were reproducible within ± 10%. 

From the MLC data, Flame Retardancy Index (FRI) was calcu- 

ated according to the following formula [32] : 

RI = 

[
THR ∗

(
P HRR 

TTI 

)]
Neat poly mer [

THR ∗
(

P HRR 
TTI 

)]
Comp osite 

(1) 

. Results and discussion 

.1. Characterisation of the CD additives 

.1.1. FTIR spectroscopic characterisation of the CD additives 

The used CD powder and fibre were characterised by FTIR spec- 

roscopy. The spectra obtained before and after surface treatment 

ith PSil are presented in Fig. 3 . The spectra of the CDs include a

road band around 3400 cm 

−1 corresponding to the stretching vi- 

ration of OH groups. The intensity of this band decreased due to 

he PSil treatment in both cases. Characteristic peaks of PSil appear 

n the spectra of the PSil-treated CDs, such as the intensive bands 

t 1721 cm 

−1 (C = O stretching) and 1564 cm 

−1 (N 

–H bending), 

orresponding to the carbamate group formed from the linkage be- 

ween the isocyanate (TESPI) and the phosphorous polyol (OP560). 

lso, the band at 790 cm 

−1 was assigned to the Si-C bond stretch- 

ng vibrations, and the peak at 1250 cm 

−1 was assigned to P = O 

onds. The C 

–H stretching of the additional CH 2 groups at 2974 

m 

−1 confirms the presence of PSil on the surface of both types 

f modified CD additives. The intensive peak at 959 cm 

−1 in the 
D powder; b) CD fibre; c) PSil-treated CD powder; d) PSil-treated CD fibre. 
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Table 2 

Thermogravimetric analysis results of the curves of the four types of CD additives. 

Sample 

Onset temperature ∗
Maximum degradation 

speed 

Temperature of maximum 

degradation speed Residue at 500 °C Residue at 800 °C 
[ °C] [wt%/ °C] [ °C] [wt%] [wt%] 

CD powder 320 ± 2 3.8 ± 0.2 333 ± 1 4.4 ± 0.3 1.4 ± 0.2 

CD fibre 322 ± 1 3.7 ± 0.1 339 ± 0 6.3 ± 0.1 4.7 ± 0.4 

PSil_CD powder 275 ± 1 1.6 ± 0.1 292 ± 1 22.6 ± 1.2 17.2 ± 1.2 

PSil_CD fibre 264 ± 1 1.5 ± 0.1 284 ± 1 22.8 ± 2.1 17.8 ± 1.0 

∗ onset temperature was determined at the point of intersection of the starting-mass baseline and the tangent to the TGA curve at the point of maximum 

gradient. 

Fig. 5. Thermogravimetric analysis curves of the four types of CDs. 
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Sil reference spectrum is assigned to the Si-O-C 2 H 5 (Si-alkoxy) vi- 

ration. The intensity of this peak significantly reduces as hydrol- 

sis and self-condensation occur to form Si-OH. The band at 1130 

m 

−1 is assigned to the –Si-O-Si asymmetric stretching vibration 

nd indicates that polysiloxanes were also formed on the treated 

Ds. The peak at 1205 cm 

−1 is assigned to the vibrations of Si-O-C 

nd indicates the chemisorption of the modifier onto the surface 

f the CD particles by forming stable covalent bonds between pre- 

ydrolysed silane and the hydroxyl groups of the cyclodextrin. 

.1.2. Scanning electron microscopic analysis of the CD additives 

SEM images taken from the four types of CDs, used as co- 

dditives besides APP in PLA matrix, are presented in Fig. 4 . 

he rougher surface is characteristic for both PSil-treated particles 

powder and fibre). 

Due to the relatively high CD to PSil mass ratio of 1 to 1, be-

ides forming an even surface coating, polysiloxanes were likely 

ormed and deposited on the treated CD particles ( Fig. 4 c)) and d)),

s also evinced by FTIR spectroscopy (see Fig. 3 ). The PSil-treated 

igh-surface-area CD microfibres even tend to aggregate ( Fig. 4 d)). 

till, there is a noticeable difference in the surface-to-volume ratio 

etween the powder and microfibrous form of CD even after PSil 

reatment. 

.1.3. Thermogravimetric analysis of the CD additives 

Thermogravimetric curves of the powder and microfibrous CD 

efore and after PSil treatment are shown in Fig. 5 , and corre- 

ponding data are shown in Table 2 . It can be seen that PSil treat-

ent resulted in 35–45 °C lower onset temperature of thermal 

egradation due to the acid-induced dehydration and decomposi- 
5 
ion of CD. Decreased amount of volatile by-products accompanies 

his process, and therefore, increased char yield is obtained. 

Accordingly, the degradation speed of the PSil-treated CDs is 

ignificantly lower, and the charred residue at 500 °C is ∼19 wt% 

igher than those of the untreated powder and microfibrous CD, 

espectively. At 800 °C, a still noticeable amount (more than 22 

t%) of residue remains from the PSil-treated CDs, attributed to 

he presence of Si elements, which effectively enhance the char’s 

hermal stability by forming ceramic-like protective structures. 

hen the TGA results of the powder and microfibrous forms of 

eat and PSil-treated CD are compared, increased thermal stability 

an be noticed for the chars formed from the cyclodextrins with 

brous supramolecular structure. 

.2. Characterisation of the flame retarded PLA composites 

.2.1. Scanning electron microscopic analysis of the composites 

Fig. 6 presents the SEM images of the cryogenic fracture sur- 

aces of the composites. As shown in Fig. 6 a), a rigid fracture is 

haracteristic of neat PLA. In Fig. 6 b), detached boundaries of APP 

articles indicate poor interfacial interaction with PLA. In Figs. 6 c) 

nd d), the better embedding of APP in the polymer matrix can be 

bserved in the presence of CD particles. 

It is presumed that CD particles act as interfacial adhesion 

gents and thus improve APP dispersion within the PLA matrix 

30] . Based on the SEM images presented in Figs. 6 d) and e),

he APP-PLA interaction seems to be further enhanced when PSil- 

reated CDs are used as co-additives. During melt-processing, the 

D particles are proposed to allocate around the surface of APP 

articles, thus enabling enhanced physical and chemical interac- 

ion between the active components, which is crucial to create an 

ffective intumescent flame retardant system. From this respect, 

he high-surface-area microfibrous CD, both in neat and surface- 

reated form, seems to be more effective. 

.2.2. Thermogravimetric analysis of the composites 

Thermogravimetric analyses were performed to characterise the 

hermal behaviour of the flame retarded PLA composites. The ob- 

ained TGA and DTG thermograms are presented in Figs. 7 a) and 

), respectively, while corresponding data are shown in Table 3 . 

It can be seen that the onset degradation temperature of the 

D containing PLA composites decreases by about 10 °C compared 

o that of neat PLA or PLA/APP, which is due to the decomposition 

f CDs in advance. PLA shows a one-stage degradation in the range 

f 310–380 °C, while three degradations steps can be observed for 

he CD containing flame-retarded composites. The first step before 

00 °C corresponds to CD decomposition. The second stage in the 

emperature range of 310 to 380 °C is where the decomposition 

f PLA and APP takes place simultaneously, while above 380 °C, 

he prolonged weight loss step is due to the thermal degradation 

f the charred residue, which forms in the presence of the flame 

etardants. While at 500 °C, PLA is already completely volatilised, 

bout 10–13% char forms from the 15% APP containing composites. 

t the end of the heating program (at 800 °C) still, about 7–10 wt% 
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Fig. 6. Electron microscopic images of the composite samples: a) PLA; b) PLA/APP; c) PLA/APP/CD powder; d) PLA/APP/CD fibre; e) PLA/APP/PSil_CD powder; f) 

PLA/APP/PSil_CD fibre. 

Fig. 7. a) TGA and b) DTG curves of the composite samples. 

6 
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Table 3 

Thermogravimetric analysis results of the composites. 

Sample Onset Temperature ∗
Maximum 

degradation speed 

Temperature of maximum 

degradation speed Residue at 500 °C Residue at 800 °C 
[ °C] [wt%/ °C] [ °C] [wt%] [wt%] 

PLA 346 ± 1 2.8 ± 0.0 369 ± 1 0.7 ± 0.0 0.3 ± 0.0 

PLA/APP 342 ± 1 2.4 ± 0.0 375 ± 0 9.8 ± 0.1 4.1 ± 0.1 

PLA/APP/CD powder 337 ± 0 2.1 ± 0.1 365 ± 0 11.2 ± 0.4 7.1 ± 0.5 

PLA/APP/CD fibre 336 ± 0 2.2 ± 0.1 365 ± 0 12.1 ± 0.1 7.8 ± 0.1 

PLA/APP/PSil_CD powder 337 ± 0 2.1 ± 0.0 365 ± 0 12.1 ± 0.1 8.8 ± 0.1 

PLA/APP/PSil_CD fibre 338 ± 1 2.1 ± 0.1 366 ± 0 13.1 ± 0.2 9.8 ± 0.0 

∗ onset temperature was determined at the point of intersection of the starting-mass baseline and the tangent to the TGA curve at the point of maximum 

gradient. 

Fig. 8. a)Storage modulus and b) Tan δ results of the composite samples derived from DMA measurements. 

Fig. 9. a) Heat release curves of polymer composites over time; b) mass loss of polymer composites over time. 
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esidue remains from each flame-retarded composite. The silicon- 

ontaining groups in PSil improve the residual char’s stability at 

igh temperatures, likely by forming ceramic-like structures. Also, 

he polymer-like supramolecular structure of the microfibrous CDs 

s assumed to contribute to the improved thermal stability of the 

esidues. 

.2.3. Dynamic mechanical analysis 

Dynamic mechanical analysis was performed to measure the 

ynamic mechanical properties and investigate interfacial interac- 

ions in the flame retarded PLA composites. As it can be seen in 

ig. 8 a), the flame retardant additives used at 18 wt% loading no- 
7 
iceably increase the stiffness of PLA below the glass transition 

emperature of PLA; about 25% higher storage modulus is charac- 

eristic for the flame-retarded composites compared to neat PLA 

 Table 4 ). 

Above 80 °C, the increment of the storage modulus values in 

he case of the flame retarded composites is related to the cold 

rystallisation transition of PLA and indicates the nucleating effect 

f the used additives. As shown in Fig. 8 b), the damping factor (tan

) of the composites decreases when CDs are used besides APP. 

his result supports our observation based on the SEM examina- 

ion of the composite fracture surfaces (see Fig. 6 ), namely that 
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Table 4 

Storage modulus, maximal loss modulus, and glass transition temperature values of the polymer samples. 

Sample 

Storage modulusat 

30 °C [MPa] 

Max loss modulus 

[MPa] 

Glass transition 

temperature [ °C] 

PLA 2665 631 61.2 

PLA/APP 3399 783 61.7 

PLA/APP/CD powder 3487 778 61.5 

PLA/APP/CD fibre 3482 754 61.5 

PLA/APP/PSil_CD powder 3460 756 61.7 

PLA/APP/PSil_CD fibre 3417 753 61.2 

Table 5 

The LOI values of the composite samples. 

Sample LOI [%] 

PLA 19.5 

PLA/APP 25.0 

PLA/APP/CD 

powder 

28.0 

PLA/APP/CD fibre 31.0 

PLA/APP/PSil_CD 

powder 

32.5 

PLA/APP/PSil_CD 

fibre 

37.5 
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Fig. 10. FTIR-ATR spectra of the charred residues of the composite samples. 
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l  

s

he presence of CD increases the interfacial interaction between 

he APP particles and the PLA matrix. Accordingly, the reduction 

f the damping factor is related to the decrease in the mobility of 

olecular chains at the filler-matrix interphase. 

From this respect, the unmodified CDs seem more effective than 

he PSil-treated forms. In general, if the interfacial interactions be- 

ween the matrix and the filler are strong enough, the T g shifts to- 

ards higher temperature; however, based on the T g values shown 

n Table 4 , this effect cannot be clearly identified. 

.2.4. Limiting oxygen index 

The LOI values of the flame retarded PLA composites are pre- 

ented in Table 5 . It can be seen that the LOI of PLA increases from

9.5% to 25.0% by adding 15 wt% APP. This value further increases 

hen CD type charring agent is used, but the extent of LOI in- 

rement significantly depends on the physical form (i.e., powder 

r microfibre) and surface treatment of the cyclodextrin. Despite 

he identical CD content of 3 wt%, the LOI of the flame retarded 

LA composite increases from 28.0% to 31.0% when the microfi- 

rous CD is used instead of the inherent powder form. This “size- 

ffect” is further enhanced when PSil-treated CDs are incorpo- 

ated; the LOI increases from 32.5% (measured for PLA/APP/PSil_CD 

owder) to as high as 37.5% when PSil-treated microfibrous CD is 

sed as co-additive. This value outperforms the results of Zhang 

t al. [20] , who reported an LOI of 35.1% for the PLA composite 

ame retarded with 16.6 wt% APP and 3.3 wt% phospholipidated 

yclodextrin (PCD). The noticeable improvement in the flamma- 

ility properties, reflected by the LOI values, is ascribed, on the 

ne hand, to the effective interaction between the well-distributed, 

igh-surface-area microfibrous charring agent and APP, resulting in 

ffective char formation, and on the other hand, to the improved 

tructural and thermal stability of the phosphorous and silicon- 

ontaining char. 

.2.5. UL-94 

The results of the standard UL-94 flammability tests performed 

n the flame retarded PLA composites are presented in Table 6 . 

ithout flame retardants, the horizontally mounted PLA specimens 

urn with an average flame spreading rate of 26 mm/min, and 

herefore neat PLA is classified as HB. When 15 wt% APP is added, 

he horizontally mounted specimens stop burning before reaching 

he second mark. In the vertical position, flaming combustion is 
8 
nly visible for a couple of seconds; however, due to the heavy 

ripping of flaming particles that ignite the cotton, the 15 wt% APP 

ontaining PLA sample is V-2 rated. In the case of the CD contain- 

ng samples, when APP is combined with 3 wt% untreated CD, both 

n powder and in microfibrous form, significant charring of the 

pecimens occurs during testing, still, due to the flaming polymer 

roplets that ignite the piece of cotton wool placed underneath, 

-2 rating is reached according to the UL-94 standard. 

Nevertheless, PSil treatment of the CD powder reduces the 

ammability of the APP containing PLA composite, so the V-0 rat- 

ng becomes achievable and at lower APP/CD additive content than 

n the literary antecedents [20] . Dripping is still characteristic for 

hese specimens; however, immediate ceasing of flame is observ- 

ble in the presence of phosphorous and silicon-containing species, 

nd therefore flaming drips cannot occur. In contrast, when PSil- 

reated CD microfibres are used as co-additives, melt-dripping is 

ore suppressed, and therefore the flame is retained longer, and 

s a result, flaming droplet leaves the specimens that ignite the 

otton placed underneath, thus achieving a V-2 rating according 

o the UL-94 standard. It can be concluded that although the PSil- 

reated CD microfibres perform noticeably better during LOI mea- 

urement than the powder counterpart, its enhanced dripping sup- 

ressive and small flame retaining effect acts contradictory during 

L-94 tests, where the specimens are ignited from the bottom. 

.2.6. Mass loss calorimetry 

The heat release rate and mass loss curves gained from mass 

oss type cone calorimeter tests are presented in Fig. 9 a) and b), re-

pectively, while the corresponding combustion characteristics are 
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Table 6 

Results of the UL-94 test performed on the reference and composite samples. 

Sample t 1 /t 2 [s] ∗ Cotton ignition Rating 

PLA -/ - – H.B. 26 mm/min 

PLA/APP 1/2 yes V-2 

PLA/APP/CD 

powder 

0/0 yes V-2 

PLA/APP/CD fibre 0/1 yes V-2 

PLA/APP/PSil_CD 

powder 

0/0 no V-0 

PLA/APP/PSil_CD 

fibre 

0/0 yes V-2 

∗ “-“ means complete combustion for specimens. 

Table 7 

Combustion characteristics obtained from MLC tests and the calculated Flame Retardancy Index. 

Sample name 

t ign pHRR t pHRR THR m residue FRI FRI 

[s] [kW/m 

2 ] [s] [MJ/m ²] [%] [-] classification 

PLA 58 ± 5 447 ± 8 157 ± 3 67.3 ± 0.6 0.0 ± 0.0 – –

PLA/APP 30 ± 1 337 ± 7 150 ± 5 57.0 ± 1.5 9.7 ± 0.3 0.81 Poor 

PLA/APP/CD powder 40 ± 4 234 ± 5 117 ± 5 56.2 ± 0.4 9.6 ± 0.6 1.58 Good 

PLA/APP/CD fibre 48 ± 5 225 ± 5 176 ± 9 56.6 ± 0.2 12.0 ± 1.2 1.96 Good 

PLA/APP/PSil_CD powder 29 ± 4 195 ± 4 199 ± 11 50.3 ± 0.5 11.1 ± 0.6 1.53 Good 

PLA/APP/PSil_CD fibre 26 ± 8 207 ± 18 180 ± 5 52.7 ± 1.1 12.7 ± 1.0 1.24 Good 
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ummarised in Table 7 . It can be concluded that a noticeable im- 

rovement in the fire retardant properties of PLA can be achieved 

y adding only 3 wt% CD type charring agent to the APP-based 

ntumescent flame retardant system. About 50% reduction in the 

eak heat release rate (pHRR) and 25% reduction in total heat re- 

ease (THR) were achieved when 15% APP was combined with 3 

t% CD. However, compared to neat PLA, the ignition time of all 

he phosphorus-containing composites is shorter, likely attributed 

o the initial char formation accompanied by fast volatilisation of 

ammable gases at the initial heating stage. 

Compared to the CD powder additives, enhanced charring was 

bserved for the CD fibre containing composites both in neat and 

Sil-treated cases. In the case of untreated microfibers, all combus- 

ion characteristics improved, while the combustion performance 

f the PSil treated CD fibre containing composites slightly fell be- 

ow that of the corresponding powder additive ( Table 7 ). It is 

ssumed that the homogeneous distribution of the char forming 

omponents is crucial regarding the structure of the expanded 

har and its related fire retarding performance. Nevertheless, it is 

laimed that the differences during cone calorimeter tests are not 

ignificant, especially when considering the deviation of the du- 

licated test results. In summary, regarding the cone calorimeter 

esults, the form of the used CD (powder or microfibrous) seems 

o be less critical. 

Nevertheless, the benefits of PSil treatment of the CDs are re- 

ected in the noticeable improvement of the main combustion 

haracteristics, such as reduced pHRR and THR values accompanied 

y an increased amount of residue after combustion can be mea- 

ured, except for the TTI. The decreased ignition time is due to the 

arly appearance of decomposition products in the gas phase initi- 

ted by the increased amount of phosphorus-containing species in 

he system. As TTI is a significant factor in FRI calculation, the FRI 

alues of the PLA composites with PSil-treated CD are lower than 

hose of the neat CD-containing composites. Still, the Poor flame 

etardancy performance of the PLA/APP system increases to Good 

y the addition of 3 wt% of CD, independently of the form (powder 

r fibrous) or surface treatment. The noticeably reduced HRR val- 

es measured for the silane-treated carbonising agent containing 

LA composites are attributed to the improved thermal and struc- 

ural stability of the intumescent chars, which form as a result of 

ffective P-Si interactions in the condensed phase. 
c

9

.2.7. FTIR analysis of the char residues 

Combustion residues of the flame retarded PLA composites 

ere analysed using ATR-FTIR method. The obtained spectra are 

resented in Fig. 10 . Absorption bands typical for intumescent 

hars appear in each charred residue, such as P = O (1215 cm 

−1 ),

–O–P (890 cm 

−1 ), P–O–C bonds (980 cm 

−1 ), and IR signals re- 

ated to the polyaromatic char structure in the range of 1490–1600 

m 

−1 . Meanwhile, the absorbance bands at 1020 cm 

−1 and 1130 

m 

−1 are only observable in the spectra corresponding to the de- 

omposition product of the PSil-treated CD-containing composites. 

hese IR bands indicate that Si-O-Si structures formed in these 

har layers, which are in relation to their enhanced thermal sta- 

ility at high temperatures, as observed during TGA ( Fig. 7 ) and 

LC analyses ( Fig. 9 ). 

. Conclusion 

Powder and microfibrous form (manufactured by high-speed 

lectrospinning) of CD were surface-treated with a phosphorous 

ilane (PSil). Based on the TGA results of the additives obtained 

his way, the PSil treatment simultaneously accelerates the char 

ormation and enhances the thermal stability of the char during 

he thermal degradation process of the cyclodextrins. 

The neat and PSil-treated CD additives were then used at 3 

t% as bio-based charring agents besides 15 wt% APP to produce 

ame retarded PLA composites. SEM analyses and DMA results re- 

eal that the high-surface-area microfibrous CD, both in neat and 

urface-treated form, effectively enhances the physical and chemi- 

al interaction between the active components. Consequently, im- 

rovement in the main combustion characteristics during cone 

alorimeter tests, such as reduced pHRR and THR values accompa- 

ied by increased residue after combustion, was measured for the 

Sil-treated CD containing PLA composites. It is proposed that the 

ilane treatment effectively improves the structural and thermal 

tability of the microfibrous carbonising agent. This allows the for- 

ation of a compact intumescent char layer reinforced with a sta- 

le network of ceramic-like microfibers that provides increased fire 

rotection. However, due to the earlier appearance of decomposi- 

ion products in the gas phase initiated by the increased amount 

f phosphorus-containing species in the system, the TTI values de- 

reased. Moreover, the silicon-containing groups in PSil were found 
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o improve the stability of the residual char formed from the PLA 

omposites, as derived from TGA and cone calorimeter test re- 

ults. FTIR analysis of the corresponding combustion residues con- 

rmed the formation of ceramic-like structures. Also, the polymer- 

ike supramolecular structure of the microfibrous CDs is assumed 

o contribute to the improved thermal stability of the chars. 

The beneficial effects of microfibrous structure and PSil- 

reatment of the used CD type carbonising agent are most appar- 

nt when the LOI values of the PLA composites are considered. LOI 

f the 15% APP containing PLA increases from 25.0% to 28.0% by 

dding 3 wt% CD powder, but LOI of 31.0% is reached when the CD 

s added in microfibrous form. PSil-treatment of the CDs results 

n further enhancement; LOI values as high as 32.5% and 37.5% 

re achieved with the aid of PSil-treated CD powder and microfi- 

re, respectively. The effective flame extinction at elevated oxygen 

oncentrations is proposed to be related to the active phosphorus- 

ilicon interactions in the condensed phase, which inhibit the heat 

nd flammable gas release by forming a thermally stable graphi- 

ised char layer. Furthermore, since the silane treatment improves 

he thermal stability of the CD-based substance, the beneficial “size 

ffect” of the microfibrous carbonising agent can be longer pre- 

erved and utilised at higher temperatures. 

Considering all the thermal analyses and flame retardancy 

est results of the present study, it can be concluded that the 

hosphorus-silicon interactions in the condensed phase of the PSil- 

reated CD containing composites promote the formation of a ther- 

ally and structurally stable graphitised char layer. This layer is es- 

ecially effective in small flame extinction (as indicated by the no- 

iceably increased LOI values) but less prevalent during combustion 

ests, likely due to the relatively small ratio of the Si-containing ex- 

ipients in the examined systems. 
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