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Abstract In this paper, starch, distarch phosphate

(DSP) and hydroxypropyl distarch phosphate

(HPDSP) were used as ‘‘green’’ carbon sources with

ammonium polyphosphate (APP) to prepare flame

retardant reconstituted tobacco sheet (RTS) by paper-

making process and the effect of these starch-based

flame retardants on their thermal degradation and

combustion properties was preliminarily investigated.

Micro-scale combustion calorimetry results showed

the value of the heat release of modified RTS was

lower than that of pure RTS, demonstrating the

restrained combustion behavior of modified RTS.

TG-FTIR and TG-MS analysis indicated that the

starch-based flame retardant coating promoted the

char formation, inhibited char combustion and release

of gaseous products except for NH3, with the relative

best comprehensive performance of APP-DSP. Cigar-

ette burning cone analysis also confirmed that the

modified RTS had lower temperature and smaller

burning cone volume than that of pure RTS, especially

APP-HPDSP-RTS. This work could highly expand the

application of starch and its derivatives in flame

retardant and tobacco industry.
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Introduction

Intumescent flame retardant (IFR) coating technology

had been widely used in material field for offering an

efficient flame retardancy to matrix including steel,

woods and polymers in the past 30 years (Shi and

Wang 2016; Zhao et al. 2020). Many various IFRs

have been applied to modify the combustion charac-

teristics of cotton-based fabrics (Chen et al. 2015b;

Yan et al. 2018; Wang et al. 2019). Typically, IFR has

three active ingredients, including carbon, acid and

gas sources. Carbonization agent is the basis compo-

nent of IFR, taking a vital effect on the formation of

char that can be used as an obstacle to hinder the

combustion of materials (Liu et al. 2018). A great deal

of research has emerged in recent years about different

carbonization agents, such as polyamide (Li et al.

2017) and pentaerythritol (Wang et al. 2017; Liu et al.

2020). However, these carbonization agents root in

petroleum that is a limited resource, and the process-

ing procedure is harmful to environment. With the

increasing concern on environment and resource

around the world, biodegradable alternatives origi-

nated from renewable sources have gained increasing

popularity since they can make us free from our

dependence on petroleum-based products (Wang et al.

2020; Liu et al. 2020).

Starch (ST) is one of the most popular renewable

and biodegradable polymers due to its versatility,

abundance and biodegradability (Chen et al. 2020).

Much attention has been paid to its modification on

biomedical and ecological application in the past

decades. Generally, native starch can be converted

into thermoplastic starch in the presence of plasticizer

(such as water). This unique property makes it a

potential alternative in the field of food, textile, paper

making and other industries (Shen et al. 2014; Wang

et al. 2015; Oltramari et al. 2017). Besides, ST can be

cross-linked with phosphate to form chemical modi-

fied ST, such as distarch phosphate (DSP), hydrox-

ypropyl distarch phosphate (HPDSP) to improve its

solubility, swelling capacity (Passauer et al. 2009).

Moreover, starch and its derivatives (such as DSP,

HPDSP) have the potential to be used as carbonization

agent due to their structure of multi-hydroxyl group

(Hamadache et al. 2019). On the other hand, ammo-

nium polyphosphate (APP) has been widely used as

acid source to yield polyphosphoric acid on heating

and cooperate with carbon source to form an intu-

mescent flame retardant system promoting char
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formation (Lin et al. 2018; Schirp and Hellmann 2019;

Zeng et al. 2020; Zhang et al. 2020). Therefore, APP,

ST and its derivatives have the potential to work as

IFR synergistically in application.

Tobacco smoke is widely acknowledged as a

leading cause of illness and death and it has been an

important and long-term task for tobacco scientists

and technicians to reduce its harm to human health.

The pyrolysis and combustion of tobacco release

thousands of harmful substances, including tobacco-

specific nitrosamines (TSNAs), carbon monoxide,

polycyclic aromatic hydrocarbons (PAHs), carbonyl

compounds, and phenols. (Talhout et al. 2011).

Moreover, burning temperature of cigarette has a

significant impact on toxicity of smoke. More and

more research has shown that there is a highly close

association of yields of harmful substances in smoke

with thermal degradation and burning characteristics

of tobacco (Takahashi et al. 2018; Safdari et al. 2019).

Therefore, modifying tobacco combustion and pyrol-

ysis and lowering burning temperature of cigarette are

very important to reduce the hazard of tobacco

products. Reconstituted tobacco sheet (RTS) was

produced usually by tobacco dust, stem, leaf, scraps

and so on, which cannot be incorporated directly in

cigarettes. The addition of RTS to cut tobacco not only

brings out its apparent economic benefits on the

manufacturing of cigarettes but also reduces the health

risks of smoking (Zhou et al. 2017). Generally, the

water soluble and insoluble fractions of tobacco

wastes are separated through extraction. The soluble

extracts are concentrated to paste, while insoluble

residues are made into paper by papermaking or other

methods. Finally, the tobacco based paper is immersed

with the condensed tobacco extract to get RTS (Wang

et al. 2014). The incorporation of natural fiber like

softwood pulp makes RTS becomes a ‘‘special textile’’

(Chen et al. 2014b). Due to the advantage of low cost,

RTS has been widely used as filler in cigarette

products to regulate the combustion behavior. Fur-

thermore, unlike its origin-tobacco, it is quite easy to

control the processing technology of RTS based on

mechanical strength and composition requirements.

Additives modifying RTS during process have

become a research direction in cigarette industry.

These additives can change the thermal degradation

and combustion behavior of RTS, further influence the

formation of gaseous products and therefore regulate

contents of harmful products. In fact, salt and catalyst

are common additives for RTS. For example, Gao

et al. studied the effects of sodium and potassium

citrate on the properties of RTS, such as major

chemical composition, surface microstructure, release

of tar and carbon monoxide (CO). It concluded that

potassium citrate can accelerate thermal degradation

in 200–400 �C and decrease the amount of tar and CO

significantly (Gao et al. 2015). Chen et al. (2014a)

found that the carbonyl compounds were originated

from the decomposition of saccharides during RTS

combustion, while CO mainly came from the incom-

plete combustion of carbonized char. Calabuig et al.

(2019) reported the addition of catalyst SBA-15 could

cut down the release of CO at high temperature. Deng

et al. (2016) fabricated an eco-friendly layer-by-layer

(LbL) assemblies of chitosan/APP nanocoatings on

polysiloxane foam successfully and exhibited the

effect on flame retardancy and smoke suppression of

the coating. However, the research about the applica-

tion of flame retardant (FR) nanocomposites on RTS is

still limited. As previously mentioned, RTS is also a

special ‘‘cellulosic textile’’. Theoretically, the pyrol-

ysis and combustion of RTS treated with FR nanocom-

posites should present lower burning temperature and

tend to release less gaseous products.

In this work, FR nanocomposites including ST,

DSP and HPDSP as ‘‘green’’ carbon source and APP

as acid and gas source were added into tobacco

concentrate to get modified-RTS by a paper-making

process. Micro-scale combustion calorimetry (MCC),

TG-FTIR and TG-MS have been used to study the

influence of IFR on the thermal degradation, combus-

tion behavior and the formation of evolved volatile

products. In addition, the effect of IFR on temperature

of burning cone has been investigated to evaluate the

reduction of its flammability.

Experimental

Materials

Soluble ammonium polyphosphate (n B 20) was

provided by Changsheng New Flame Retardant Co.,

Ltd (Shandong, China). Soluble starch was purchased

from Sinopharm Group Chemical Reagent Co., Ltd

(Shanghai, China). Distarch phosphate and hydrox-

ypropyl distarch phosphate were purchased from

Shuaishen Industrial Co., Ltd (Shanghai, China).
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RTS and modified RTS were collected from China

Tobacco Anhui Industrial Co. Ltd by a paper-making

process.

Preparation of pure RTS and modified RTS

In the papermaking process, the raw materials of

tobacco fines, dust, and stem were extracted with hot

water followed by centrifugation, leaving behind a

tobacco pulp and a tobacco extract. The tobacco

extract was concentrated to adjust viscosity and

volume. Meanwhile, the insoluble residue, mainly

consisted of tobacco pulp and natural cellulose from

wood, was mechanically smashed to reduce its fiber

length. Then the tobacco based sheet was formed onto

a web on the wire screen of a standard paper-making

machine and dried by hot air and suction. Finally, the

tobacco based sheet was immersed with the former

concentrated tobacco extract and dried. For modified

RTS, 1 kg APP and 1 kg ST were dissolved or

dispersed into 40 L of concentrated tobacco extract to

get the APP-ST-RTS sample (100 kg product). Sim-

ilarly, APP-DSP-RTS and APP-HPDSP-RTS were

made. As for control sample, only the former concen-

trated tobacco extract was added. The samples were

conditioned at 22 �C and 60% relative humidity for at

least 48 h. These RTS samples were handmade into

cigarette samples with identical design features for

cigarette burning cone analysis. The perimeter and

length of cigarette samples were 24.5 mm and 84 mm,

respectively. Prior to MCC, TG-FTIR and TG-MS

analysis, the RTS samples were ground into powder to

pass through an 80 mesh sieve for homogeneity.

SEM analysis

The morphology and element constituent of RTS and

modified RTS were investigated using Schottky field-

emission scanning electron microscopy (FE-SEM,

Gemini 500, Zeiss, Germany).

Micro-scale combustion calorimetry

An ‘‘MCC-2’’ microscale combustion calorimeter

(Govmark Organization Inc., Farmingdale, New

York) was used to perform MCC tests. About 5 mg

RTS sample was heated to a specified temperature (i.e.

650 �C) at a heating rate of 60 K min-1, with a stream

of nitrogen flow of 80 mL min-1. The combustion

products were mixed with a flow of 20 mL min-1 O2

before entering a combustion furnace set at 900 �C.

Each sample was run in three replicates and the data

presented here are the averages of the three

measurements.

TG-FTIR analysis

TG-FTIR analysis was performed using TL-9000

thermogravimetric analyzer interfaced to the Nicolet

6700 FTIR spectrophotometer. About 10 mg of RTS

sample powder was put in an alumina crucible and

heated from 30 to 850 �C at a heating rate of

30 K min-1 under the flow of 20% oxygen in

nitrogen. The pyrolysis products generated from the

TGA furnace were introduced into the gas cell of the

FTIR analyzer by nitrogen with a flow rate at

60 mL min-1. The temperature of IR cell and trans-

ferred line from the TGA to the FTIR were maintained

at 250 �C. The FTIR was operated with continuous

scan mode covering 4000–500 cm-1 at a resolution of

4 cm-1. All samples were run in duplicate and the

average value was calculated. The temperature was

reproducible to ± 1 K and the mass to ± 0.5%.

TG-MS analysis

TG-MS analysis was performed using TL-9000 ther-

mogravimetric analyzer interfaced to the PerkinElmer

Clarus 680/SQ8T GC–MS system. About 5 mg of

RTS sample powder was put in an alumina crucible

and heated from 30 to 850 �C at a heating rate of

30 K min-1 under the flow of Helium at

60 mL min-1. The temperature of transfer line

between TG-MS, chromatography column, ion source

and eight port valve were all maintained at 250 �C.

The MS was operated in the EI mode at 70 eV energy,

performed by full scan mode covering 44–300 amu

and selected ions of m/z = 17, 18, 28, 30, 44 and 58.

All samples were run in duplicate and the average

value was calculated. The temperature was repro-

ducible to ± 1 K and the mass to ± 0.5%.

Analysis of cigarettes burning cone

A semi-automated thermocouple insertion system was

used to measure the temperature distribution of

cigarette during burning. In summary, 5–7 extremely

fine thermocouples (0.254 mm diameter) were
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inserted into the cigarette at different depths accu-

rately (shown as in Fig. S1). The cigarette conditioned

at 22 �C and 60% relative humidity for 48 h was held

by an interface, connecting to the smoking machine.

The smoking machine was operated under the ISO

standard smoking mode (suction capacity 35 mL with

interval 60 s and duration of 2 s) (ISO 4387 1991).

The position of the thermocouples along the tobacco

rod can be adjusted depending on research purpose.

When puffs were in progress, the data were recorded

according to certain frequency. Subsequently, the

temperature contour map could be obtained through

corresponding software treatment. Detailed informa-

tion about device and process of treatment were

described in previous article (Li et al. 2014).

Results and discussion

Morphology of RTS and coated RTS

The SEM images of RTS and modified nanocomposite

RTS are presented in Fig. 1. It can be observed that

tiny branched crystal and sphere exists on the surface

of flaky structures, which are made of APP combined

with starch or its derivatives. From the partial enlarged

picture, it could be seen that the tiny crystal and sphere

existing on the surface of modified RTSs was

nanoparticle, whose size could be obtained from the

scale of picture. When heated, these nanocomposite

microparticles, acting as acid source, carbon source

and gas source, react firstly on the surface of RTS fiber

and form intumescent char to retard the further thermal

degradation of RTS ingredients. However, it is hard to

distinguish from one another of ST, DSP and HPDSP,

since they have similar appearance after swelling.

Optimization of ratio of flame retardant

To optimize the proportion of starch-based nanocom-

posite coating, two factors need to be considered: the

combustion behavior and taste of modified RTS. As

high content of starch and its derivatives seriously

affect the aroma quality of cigarette smoke and the

viscosity of the composite tobacco extract solution,

their content is always fixed at 1 wt% (Zhu et al.

2018). Additionally, the flame retardancy of IFR

coating becomes poor when the content below 1 wt%.

Therefore, the combustion behavior of modified-RTS

with APP from 0.5 to 2.0 wt% was studied (ST/DSP/

HPDSP was 1 wt%). The heat release rate (HRR) and

total heat release (THR) obtained from MCC analysis

can reflect the flammability of samples, of which the

peak value (PHRR) is often chosen to evaluate

combustion behavior (Chen et al. 2014a). As shown

in Fig. 2, there is a slight decrease of PHRR value at

1% APP addition. With further increase of APP

proportion, there is an approximate platform of PHRR,

demonstrating a very slight increase of flammability of

modified RTS. In Fig. 2b, it can be clearly seen that

there is no strong relation between THR value and the

proportion of APP, especially with APP[ 1.0%. In

fact, the excessive APP covered on the surface of RTS

would result in less compact coating and more harmful

gas such as NH3 in its combustion products (Zhou

et al. 2013). Hence, the proportion of APP and starch

and its derivatives in the coating were all set on 1 wt%.

The combustion behavior of RTS and modified

RTS

To investigate the effect of different flame retardants

on the combustion properties of RTS, the combustion

behavior of RTS and three starch-based modified

RTSs was studied. HRR curves of RTS and modified

RTS are compared in Fig. 3. The corresponding

parameters are listed in Table 1. As shown in Fig. 3,

the heat release of pure RTS consists of three main

stages. Firstly, small molecular main ingredients and

volatile compounds start to degrade and produce fuel

gases after 150 �C, resulting in the increase of HRR

curve. Then the rapid rise is caused by the degradation

of biopolymers such as cellulose, hemicellulose,

lignin and pectin from RTS. Then, it reaches to the

peak value (PHRR, 115.6 W/g) at 339.1 �C. Finally,

the combustion of char release relative lower heat and

curve ends at about 650 �C (Zhou et al.2013, 2017).

After incorporating starch-based flame retardant

nanocomposite, the combustion behavior of modified

RTS changes. Modified RTS release more heat below

200 �C, especially APP-ST-RTS and APP-HPDSP-

RTS. This is caused by the catalysis of flame

retardants. Above 200 �C, the HRR curves are almost

parallel to that of pure RTS, reflecting the near overall

suppression. The HRR value of modified RTS are all

decreased as compared to pure RTS, demonstrating

the restrained combustion behavior. Among them,

PHRR of APP-DSP-RTS is decreased by 32.8%, much
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Fig. 1 SEM images of the surface of samples: a RTS, b APP-ST-RTS, c APP-DSP-RT and d APP-HPDSP-RTS

Fig. 2 The PHRR (a) and THR (b) of APP-ST-RTS coating with different contents of APP (ST: 1 wt%)
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greater than that of APP-ST-RTS (13.8%) and APP-

HPDSP-RTS (24.6%). On the other hand, THR values

show the similar trend, following the sequence of

ST[HPDSP[DSP, which is identical to the trend

of R2 (shown in Table 2). These results also prove the

relative strength of flame retardancy for modified

RTSs and indicate DSP present better inhibition on

flame as a carbon source. Maybe DSP has more cross-

linked phosphate ester groups interacted with APP and

forms more stable char during combustion compared

with HPDSP.

The thermal decomposition of RTS and modified

RTS

To compare the effect of different carbon source on the

thermal degradation of RTS and modified RTS, TG

analysis was conducted. As shown in Fig. 4a and b, the

thermal degradation of ST and its derivatives consists

of three main stages. The minor mass loss below

160 �C is attributed to the evaporation of free water.

Then, the glucose residues units of starch dehydrate to

form an hydro-glucose and C–O, C–C bond, ring

cleavage reactions bring about near 70% mass loss in

260–400 �C. Finally, the residual char formed earlier

burns out at around 530 �C. Compared with ST, the R1

and T-50% values of DSP and HPDSP follow the order

of ST[HPDSP[DSP, indicating the better thermal

stability of modified starch. Moreover, the higher

carbon content of ST brings higher Mf at 400 �C. In

fact, there are two main zones in the ‘‘REAL’’ burning

cigarette: the oxygen-enriched combustion zone

located at the front and the oxygen-poor pyrolysis

zone located at the back (Chen et al. 2014a). A series

of complex chemical reactions, such as thermal

decomposition, thermal synthesis and polymerization,

Fig. 3 HRR versus temperature curves of RTS and modified

RTS

Table 1 MCC data of pure RTS and modified RTS

Sample PHRR (W/g) THR (kJ/g) TPHRR (�C)

RTS 115.6 ± 4.62 25.6 ± 0.17 339.1

APP-ST-RTS 99.6 ± 2.99 21.1 ± 0.15 337.8

APP-DSP-RTS 77.7 ± 2.33 15.1 ± 0.14 338.2

APP-HPDSP-

RTS

87.2 ± 2.61 18.4 ± 0.14 336.9

Table 2 Characteristic pyrolysis parameters of different carbon source and RTS samples

Sample T1
a (�C) R1

b (% min-1) T-50 %
c (�C) T2

a (�C) R2
b (% min-1) Mf

d (%)

ST 321.1 - 80.29 324.1 529.4 - 5.86 17.87

DSP 332.1 - 66.17 332.1 536.0 - 8.95 17.05

HPDSP 330.5 - 72.09 330.7 520.9 - 9.29 16.37

RTS 319.4 - 17.14 352.7 440.4 - 26.59 10.62

APP-ST-RTS 319.4 - 18.17 356.2 437.9 - 24.00 12.78

APP-DSP-RTS 316.7 - 20.54 345.3 434.0 - 21.35 11.42

APP-HPDSP-RTS 313.2 - 27.85 347.8 426.9 - 23.03 11.79

aThe temperature according to Peak3 (T1) and Peak4 (T2)
bThe maximum mass loss rate of Peak3 (R1) and Peak4 (R2)
cThe temperature of 50% mass loss (T-50 %)
dThe mass of solid residue at 400 �C for carbon sources and 850 �C for RTS (Mf)

123

Cellulose (2021) 28:741–755 747



occur in the pyrolysis distillation zone (oxygen-poor)

of the organic compounds in tobacco, and are accom-

panied by the formation of products such as cigarette

smoke and tar (Baker et al. 2004). Therefore, a

constant air flow rate of 100 mL min-1 was chosen to

imitate the real thermal degradation condition. The

related parameters are listed in Table 2.

As for RTS, the decomposition of pure RTS

consists of five stages. Firstly, the free water evapo-

rates at 30–150 �C. Secondly, the volatile components

such as small molecular carbonyl compounds escape

at 150–220 �C. Thirdly, some main ingredients of

RTS, such as cellulose, hemicellulose, lignin and

pectin, decompose in 220–390 �C, accompanying the

formation of char. Then, the char burns at 390–520 �C
rapidly. Finally, the inorganic salts, like CaCO3 and

MgCO3, decompose at 620–760 �C, remaining

10.62% residue (Zhou et al. 2013; Ding et al. 2017).

When RTS is treated with APP-starch-based com-

posite coating, the thermal degradation process has

changed significantly. The main changes happen in the

third and fourth stages. Firstly, at main ingredients

decomposition stage, modified RTSs show more

maximum mass lose rate and lower temperature range

than pure RTS, indicating the decomposition is

promoted. Among them, the T1 value of modified

RTSs follows the order of ST[DSP[HPDSP, and

the R1 follows the order of HPDSP[DSP[ ST,

Fig. 4 TG and DTG curves of different carbon sources (a, b) and their modified RTSs (c, d)
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revealing that the contribution of flame retardants to

char formation is consistent with HPDSP[DSP[
ST. This is ascribed to cross-linked phosphate ester

groups in the DSP and HPDSP. There are more

phosphate ester groups decomposed in the lower

temperature range, which accelerate the decomposi-

tion of cellulose and hemicellulose and char forma-

tion. It is notable that mass lose rate (R1) of APP-

HPDSP-RTS becomes much greater than APP-DSP-

RTS, which may be related to the viscosity changes of

tobacco concentrate. Additionally, the R2 value

follows the sequence of ST[HPDSP[DSP, which

is as same as thermal stability of carbon sources. The

slower char combustion process of modified RTS (R2)

shows the better thermal stability of char, indicating

the effect of flame retardants. As for T2, it keeps

consistent with trend of T1. Finally, the residual mass

of APP-ST-RTS, APP-DSP-RTS and APP-HPDSP-

RTS are 12.78%, 11.42% and 11.79%, which are all

more than pure RTS. Among three starch-based IFR,

both DSP and HPDSP have cross-linked phosphate

ester group, which can produce more polyphosphoric

acid in initial degradation stage and release more

volatile gases at high temperature stages than that of

APP-ST-RTS. Due to the relative more carbon form-

ing agents, APP-ST-RTS leaves more residues.

According to above analysis, the starch-based FR

nanocomposites have a significant effect on the

thermal degradation of RTS. Because of promoting

of the starch-based FR coating, there were more bio-

polymer complex chemical reactions occur in the

pyrolysis to form more stable complex char layer.

Obviously, the phosphate crosslinked starch-DSP and

HPDSP, as carbon source, has better flame retardancy.

Of three modified RTSs, APP-DSP flame retardant has

the best performance, because of its lowest mass lose

rate of char combustion.

FTIR analysis of evolved gases of RTS

and modified RTS

TG is used to analyze the thermodynamic parameters

of material decomposition under inert gases via mass

change while FTIR and MS are often used to analyze

the pyrolysis products via coupling with TG (Yang

et al. 2019). To analyze the combustion products, the

FTIR spectrum of RTS and modified RTS at T2

(corresponding to Table 2) under air atmosphere is

presented in Fig. 5. As for pure RTS, some

characteristic peaks belong to common gaseous prod-

ucts, such as water (3734 cm-1), CO2 (2358 and

670 cm-1), CO (2180 and 2110 cm-1), CH4

(3016 cm-1) and NH3 (966 and 930 cm-1) (Chen

et al. 2015a). Besides, other absorption regions, like

1850–1630 cm-1 (carbonyl compounds) and

1600–1450 cm-1 (aromatic and alkene carbon) also

reflect the generation of other compounds. The broad

absorption band at 1450–1250 cm-1 can be ascribed

to a series of C–O bond (Jin et al. 2016; Xu et al. 2019).

After addition starch-based IFR nonocomposite, there

is no obvious change about products species, while the

relative intensity of some regions has decreased, such

as 1850–1630 cm-1 and 1600–1250 cm-1. This

demonstrates the inhibition of IFR on the evolution

of gaseous products.

Figure 6 displays the Gram–Schmidt (G–S) curves

of total FTIR absorbance intensity and evolution

curves of main volatiles, including H2O (3734 cm-1),

CO (2180 cm-1), CO2 (2358 cm-1), C=O

(1750 cm-1), NH3 (966 cm-1). Firstly, in the G–S

curves, the thermal decomposition of cellulose, hemi-

cellulose, lignin, pectin and combustion of char

produce most of gases, while the contribution of water

and volatile substances removal is very limited (Zhou

et al. 2013). It is noteworthy the modified RTS

produce less gases in 200–400 �C, but the mass lose

rate are greater than pure RTS in TG curves. In this

stage, faster degradation of modified RTSs forms more

solid phase and less gas phase, which reveals the

formation of intumescent char. Afterwards, the char

Fig. 5 FTIR spectrum of pyrolysis products of RTS and

modified RTS at T2 of the degradation
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Fig. 6 The Gram-Schmidt curves of the total FTIR absorbance intensity of gaseous products and evolution of different gaseous

production of RTS and modified RTS in TG-FTIR experiment
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combustion generates plenty of gases, much more than

inorganic salt decomposition stage. The formation of

gaseous products is decreased by IFR in the whole

temperature range, with the weakest intensity of APP-

DSP-RTS.

As shown in Fig. 6, water, volatile carbonyl

compounds and NH3 are released out below 160 �C.

With temperature increasing, main ingredients decom-

pose and the various products generate rapidly and

reach their peak value at the temperature of first

maximum mass lose rate, especially CO and carbonyl

compounds. Obviously, the intensity at peak temper-

ature for modified RTS is weaker. When coming to

char combustion, unlike H2O, CO2, CO, NH3, the

release of carbonyl compounds becomes relatively

weaker as compared to former stage. Since the

polysaccharides have been depolymerized, the reac-

tion tends to full oxidation. Meanwhile, the release of

CO is still a lot, which comes from the incomplete

oxidation of char and reaction between char and huge

amount of CO2. The release of NH3 primarily comes

from the thermal decomposition of nitrogen-contain-

ing compounds in tobacco, such as protein, amino

acid, amine salt, nicotine, nitrate and tobacco specific

nitrosamines. The formation of NH3 for modified RTS

is much greater in char combustion stage, which

reveals that these compounds are involved in char

formation. Besides, the existence of APP can also

release partial NH3 in 400–600 �C. Therefore, as far as

modified RTS is concerned, in addition to NH3, the

release of main products is promoted below 160 �C
but inhibited during the char formation and combus-

tion stages. The promotion at lower temperature

reflects the catalytic effect of IFR. That may be

attributed to that APP-starch-based nanocomposite

coating decomposed earlier, producing polyphospho-

ric acid and releasing plenty of volatile gases at high

temperature stages. The polyphosphoric acid pro-

motes the dehydration of ST and its derivatives and

formation of layer char on the surface of RTS, which

separate the RTS materials from atmosphere and

prevent the further decomposition. Among three

starch-based IFR, in terms of harmful products like

carbonyl compounds and CO, the DSP and HPDSP

with cross-linked phosphate ester group present the

relative better inhibition, which can produce more

polyphosphoric acid in initial degradation stage.

TG-MS analysis of evolved gases of RTS

and modified RTS

To elucidate the evolved products of degradation of

RTS and modified RTS, further investigation was

conducted using the coupling TG-MS. Figure 7 dis-

plays the total ion current curves and some single ion

current curves of RTS and three starch-based modified

RTSs, including m/z = 17, 18, 30, 44 and 58. It can be

seen that the evolved gaseous products of RTS

consists of three main stages in the TIC curves

(Fig. 7a), which correspond to evaporation of small

molecule (such as water, NH3 and etc.), decomposi-

tion of biopolymer and char combustion. It is

noteworthy there is a slow rise at 250–450 �C and

then a rapid rise from 450 �C and reach their peaks

about 520 �C in TIC curves which means RTS

produce more gases in char combustion stage than

decomposition of biopolymer stage. In decomposition

of biopolymer stage, faster degradation of modified

RTS forms more solid phase and less gas phase, which

reveals the formation of intumescent char. In Fig. 7b

and c, the peaks at m/z = 17, 18 which appear with

strong intensity during three stages can be assigned to

NH3 and water, respectively. The mass per charge

ratio, m/z = 28 corresponds mainly to CO, C2H4 and

N2. All the three can be expected from RTS sample

(Ahamad and Alshehri 2012). In view of the low

content of CO and interference of C2H4 and N2, CO

isn’t displayed in picture. The release of CO2 is

confirmed by a fragment at m/z = 44 and it is also

supported by FTIR data where carbon dioxide has

been observed in second and third stages. The MS

fragments for formaldehyde (m/z = 30), acetone (m/

z = 58) and propionaldehyde (m/z = 58) show inten-

sity at second and third stages during the degradation.

These compounds all belong to the same groups of

chemicals as carbonyl compounds which can cause

cancer. In fact, acetaldehyde (m/z = 44) is also one of

these carbonyl compounds but its ion current peak is

masked by CO2 whose content is much higher than its.

In terms of harmful products like formaldehyde and

acetone (Fig. 7d, f), the DSP and HPDSP with cross-

linked phosphate ester group present the relative better

inhibition, which can produce more polyphosphoric

acid in initial degradation stage. This is in agreement

with the TG-FTIR spectra. Moreover, as far as

modified RTS is concerned, the release of main

products is inhibited during whole thermal
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degradation stages, especially char combustion stage.

That may be attributed to that APP-starch-based

nanocomposite coating promotes the dehydration of

ST and its derivatives and formation of char layer on

the surface of RTS, which separate the RTS from

atmosphere and prevent the further decomposition.

Fig. 7 Total ion current chromatogram and main single ion current chromatogram of pyrolysis products during thermal degradation of

RTS and modified RTS
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Burning cone characteristic analysis of cigarettes

made from RTS and modified RTS

Figure 8 displays the temperature contour map of RTS

cigarettes burning cone. The corresponding parame-

ters, such as V0, ABR, Tmax and F, are listed in

Table 3. It can be clearly seen that the burning cone

shapes of modified RTS are slimmer than pure RTS at

beginning and the average volume of APP-HPDSP-

RTS (628.7 mm3) is the smallest of four RTS samples.

With start of the suction, a large amount of air enters

the interior and reacts with RTS materials to accelerate

combustion. The borderline of burning cone retreats

quickly, while the center moves slowly. Meanwhile,

burning cone volume and temperature increase rapidly

and reach its maximum value at about 1.5 s. During

static combustion and suction, the V0, ABR, Tmax all

follow the sequence of RTS[ ST[DSP[HPDSP,

which also confirms the fire resistance of modified

RTS. Actually, higher viscosity of HPDSP solution

reduces density of APP-HPDSP-RTS, which can be

concluded by the comparison of filling value (F) (Ber-

ski et al. 2011). For the same mass RTS in a cigarette,

the interior of cigarette with bigger F value becomes

more compact. Therefore, it is difficult for air to get

into the cigarette interior, which caused the worst

flammability of APP-HPDSP-RTS. Above analysis

shows that IFR nanocomposite containing starch-

based phosphate esters restrain combustion of RTS

well, which is in good agreement with other results.

Fig. 8 The temperature contour map of cigarette burning cone for RTS and modified RTS

Table 3 Characteristic parameters of burning cone of cigarettes made from RTS and coated RTS

Sample V0
a (mm3) ABRb (mm/s) Tmax

c (�C) Fd (cm3/g)

RTS 639.5 ± 1.7 0.1169 ± 0.035 796.0 ± 9.8 5.49 ± 0.25

APP-ST-RTS 637.0 ± 1.3 0.1083 ± 0.031 775.6 ± 10.1 5.66 ± 0.27

APP-DSP-RTS 632.9 ± 1.6 0.1048 ± 0.035 767.0 ± 7.6 5.61 ± 0.26

APP-HPDSP-RTS 628.7 ± 2.0 0.1018 ± 0.033 737.0 ± 8.4 5.71 ± 0.26

aThe average volume of burning cone (V0)
bThe average burning rate (ABR)
cThe maximum temperature of burning cone (Tmax)
dThe filling value of RTS shreds (F), namely the volume of RTS shreds per gram
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Conclusion

In this work, ST and its derivatives (DSP, HPDSP), as

a series of most popular renewable and biodegradable

polymers, were served as ‘‘green’’ carbon sources to

prepare IFR nanocomposite materials applied on RTS.

The thermal degradation and combustion behavior of

modified RTS were studied in detail. Both MCC and

TG analysis indicated that the cross-linked phosphate

ester groups in carbon sources could improve the

flame retardancy through promoting char formation

and enhancing the dehydration ability. Therefore,

APP-DSP-RTS (77.7 W/g), APP-HPDSP-RTS

(87.2 W/g) and APP-ST-RTS (99.6 W/g) present

lower PHRR values than that of pure RTS (115.6 W/

g). Besides, FTIR and MS analysis of gaseous

products shows that modified RTSs release relative

less harmful compounds, such as CO and carbonyl

compounds. Finally, the cigarette burning cone anal-

ysis demonstrated that modified RTSs had smaller

burning cone volume, lower burning temperature and

slower combustion rate than that of pure RTS,

especially APP-HPDSP-RTS. Thus, the starch-based

flame retardants nanocomposite is a feasible means to

reduce the combustion temperature of cigarettes and

health risks of smoking in tobacco industry. Our work

provides a new insight into expending the application

fields of starch and its derivatives.
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