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Abstract: Dibutyl-lignosulfonamide (DBA), N-butyl-N-dodecyl-lignosulfonamide (NNA) and didodec-
yl-lignosulfonamide (DDA) were used as halogen-free flame retardants (HFFR) of PLA. Lignosulfon-
amides were used in amounts of 3, 6 and 9 wt%. The composites were analyzed by TGA, DSC and 
micro-combustion calorimetry (MCC). Lignosulfonamides were shown to reduce PLA flammability by 
up to 40%. The lowest flammability was obtained with the highest HFFR content. The reduction in flam-
mability can be explained by the release of SO2 at the early stage of biocomposite decomposition, which 
promotes the formation of coke and char, acting as a local insulator.
Keywords: calcium lignosulfonate, flame retardants, flammability, biopolymers, PLA.

Lignosulfonamidy jako nowa grupa bezhalogenowych środków 
zmniejszających palność PLA
Streszczenie: Dibutylo-lignosulfonamid (DBA), N-butylo-N-dodecylo-lignosulfonamid (NNA) i di-
dodecylo-lignosulfonamid (DDA) użyto jako bezhalogenowe środki obniżające palność (HFFR) PLA. 
Lignosulfonamidy stosowano w ilości 3, 6 i 9 % mas. Kompozyty poddano analizie TGA, DSC oraz 
mikrokalorymetrii spalania (MCC). Wykazano, że lignosulfonamidy zmniejszają palność PLA nawet 
o 40%. Najmniejszą palność uzyskano przy największej zawartości HFFR. Zmniejszenie palności można 
wyjaśnić wydzielaniem się SO2 na wczesnym etapie rozkładu biokompozytów, który promuje powsta-
wanie koksu i zwęgliny, działających jak miejscowy izolator.
Słowa kluczowe: lignosulfonian wapnia, środki zmniejszające palność, palność, PLA.

Halogen-free flame retardants (HFFR), like traditional 
flame retardants, are used to increase the fire resistance 
of polymeric and biopolymeric materials. The essence of 
their use is the absence of halogens, making them more 
environmentally friendly [1, 2]. The use of green HFFRs 
also makes it possible to meet stringent safety standards 
without burdening the environment. In addition, they 
are more compatible with biopolymers, to which they can 
be bound in many ways, e.g., grafting, adsorption, and 
physical mixing [3, 4]. Their continued improvement is 
driven by concerns about the environmental and health 
effects of halogen compounds. This is because traditional 
flame retardants produce harmful volatile compounds 
during combustion, which later persist in ecosystems. 
Thus, the search for HFFR represents a safer approach to 
reducing the flammability of materials as part of sustain-
able development [5, 6].

Organo-sulfur compounds with sulfur-nitrogen bonds 
are such an example. Among them, 3 types of com-
pounds should be distinguished: sulfenamides, sulfin-
amides, and sulfonamides. Sulfenamides, due to their 
high S-N bond instability, are widely used as vulcani-
zation accelerators in the rubber industry [7, 8]. In con-
trast, sulfinamides are used only as an auxiliary agent 
in organic synthesis, e.g., derivatives of amines, cyclo-
pentanes, ethers [9–12]. Meanwhile, sulfonamides are 
a family of organosulfur compounds that are commonly 
used as colorants and plasticizers for composite materials 
[13–15]. Prof. Bahrami’s team published reports in 2019 on 
work on the two-step synthesis of sulfonamides in one 
pot from the corresponding thiols and amines by oxida-
tive chlorination of thiols to sulfonyl chlorides, followed 
by reaction with amines [16, 17]. Inspired by these works, 
in 2023, Majka proposed a two-step method for the syn-
thesis of lignosulfonamides by modifying calcium lig-
nosulfonate to lignosulfonyl chloride and then reacting 
it with a secondary amine [18]. The successively obtained 
lignosulfonamides were evaluated for thermal stability 
and flammability. As a result of the four different syn-
thesis routes proposed for lignosulfonyl chloride in the 
first step, and the three types of amines used (dibutyl-
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amine, N-butyl-N-dodecylamine, and didodecylamine) 
in the second step, only the lignosulfonamides obtained 
using PCl5 (Route B) had negligible flammability and 
better thermal stability. It was then concluded that the 
obtained compounds could be used as flame retardants 
for biocomposites.

The aim of this work was to synthesize lignosulfon-
amides and use them as halogen-free flame retardants 
for PLA. The obtained PLA composites differing in ligno-
sulfonamide content were studied for thermal stability, 
phase transformations and flammability using thermo-
gravimetric thermal analysis (TGA), differential scan-
ning calorimetry (DSC), and micro-combustion calorim-
etry (MCC).

EXPERIMENTAL PART

Materials

Polylactide (PLA), with the trade name Ingeo™ 
Biopolymer 3052D was purchased from NatureWorks 
(Blair, USA). Calcium lignosulfonate with the trade 
name Lignobind type 1 (CLS) was supplied by Penquisa 
(Beriain, Spain). PCl5, dibutylamine, N-butyl-N- 
-dodecylamine and didodecylamine were obtained from 
Sigma Aldrich (Darmstadt, Germany).

Lignosulfonamides synthesis

The process of obtaining lignosulfonamides was car-
ried out in two stages, as described in [18]. The first stage 
consisted of the reaction of calcium lignosulfonate (CLS) 
with PCl5 to obtain lignosulfonyl chloride, which in the 

second stage reacted with secondary amines having in 
their structure: a) two short aliphatic chains of 4 carbon 
atoms (dibutylamine), b) one short aliphatic chain of 4 
carbon atoms and one long aliphatic chain of 12 carbon 
atoms (N-butyl-N-dodecylamine) and c) two long ali-
phatic chains of 12 carbon atoms (didodecylamine). 
Dibutyl-lignosulfonamine (DBA), N-butyl-N-dodecyl-
lignosulfonamine (NNA), and didodecyl-lignosulfon-
amine (DDA) obtained in this way were used to receive 
biocomposites by high-temperature extrusion.

Composites preparation

A laboratory twin-screw miniCTW extruder (Thermo 
Scientific, Poznań, Poland) was used in the preparation of 
PLA biocomposites (Figure 1). Using this co-rotating con-
ical-screw extruder, PLA/CLS, PLA/DBA, PLA/NNA, and 
PLA/DDA composites containing 3, 6, and 9 wt% ligno-
sulfonamides, respectively, were obtained. The process 
was carried out at 220°C, using a screw speed of 50 rpm, 
without degassing. The residence time was 7 min.

Methods

The thermogravimetric analysis (TGA) was performed 
using a Netzsch TG 209F1 Libra (Netzsch, Selb, Germany) 
apparatus. The test was conducted in an oxidizing atmo-
sphere in the temperature range 25-600°C and heating 
rate 10°C/min. The differential scanning calorimetry 
(DSC) measurements were evaluated using a Mettler 
Toledo DSC823e (Mettler Toledo, Columbus, USA) appa-
ratus. This measurement was conducted in an inert atmo-
sphere according to the following temperature programs:

PLA

PLA/CLS PLA/DBA

PLA/NNA PLA/DDA

CLS DBA

NNA DDA

PLA

PLA PLA

Fig. 1. Schematic diagram of PLA biocomposites preparation

a) b)

c) d)
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– heating 25–180°C at a rate of 10°C/min,
– cooling 180–25°C at a rate of 10°C/min,
– heating 25–180°C at a rate of 10°C/min.
The micro-combustion calorimetry (MCC) was car-

ried out using a fire testing technology (FTT, East 
Grinstead, UK) apparatus in accordance with ASTM 
D7309. Composite tests were conducted in the tempera-
ture range of 150–750°C at a heating rate of 1°C/s.

RESULTS AND DISCUSSION

Thermogravimetric analysis 

As shown in [18], the CLS decomposition process 
occurred in two stages, where the first mass loss was 
observed at a temperature of about 206°C, and the next 
one in the temperature range of 360–400°C. In the lit-
erature [19, 20] a 3-stage decomposition process is also 
known, including loss of adsorbed water (30–150°C), 

volatilization of CO, CO2, SO2, mercaptans, and water 
of dehydration (150–400°C) and condensation reactions 
and secondary cracking of phenolic compounds (above 
400°C). According to the literature [21], five groups of low 
molecular weight compounds are formed because of CLS 
decomposition: esters, guaiacols, phenolics, syringols, 
and other types. The use of N-butyl-N-dodecylamine. 
and didodecylamine allowed lignosulfonamides to be 
obtained with higher thermal stability than the starting 
CLS [18]. It is worth noting that during heating, the above 
amines decompose into CO, CO2, hydrocarbons, nitrogen 
oxides, and amine vapors [22].

Figure 2 shows the thermogravimetric curves of 
PLA/DBA, PLA/NNA, and PLA/DDA composites divided 
into lignosulfonamide content. This analysis shows that 
all examined composites display a different trend of mass 
loss at the T5% point (Table 1). Nevertheless, at the process-
ing temperature of PLA, no more than 2% of the mass 
was lost. Regardless of the mass fraction of the filler, 
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Fig. 2. TGA curves for PLA composites with different lignosulfonamide content: a) 3 wt%, b) 6 wt%, c) 9 wt%

a) b)

c)



684 POLIMERY 2024, 69, nr 11–12

the highest thermal stability was shown by compos-
ites containing CLS. The first stage of PLA/CLS samples 
decomposition occur at 362°C, while the second stage 
at 461°C for the PLA/CLS3 composite and at 421°C for 
the PLA/CLS6 and PLA/CLS9 composites. These results 
show that the amount of filling influenced the area of   
occurrence of   the second phase of composite decomposi-
tion. Nevertheless, the decomposition of PLA/CLS com-
posites allowed obtaining the smallest amount of residue 
at 600°C among all tested biocomposites.

Among the composites containing 3 wt% of HFFR, 
the highest thermal stability was demonstrated by 
PLA/DBA3, followed by PLA/NNA3 and PLA/DDA3. 
Thus, with the increase in the length of aliphatic chains 
in the structure of lignosulfonamides, the thermal stabil-
ity of PLA composites with their participation gradually 
decreased. This also resulted in a shift of two stages of 
decomposition towards lower temperatures. At the same 
time, with the decrease in thermal stability, the content of 
residues after decomposition increased (Table 1).

Increasing lignosulfonamide content to 6 wt% resulted 
in the disappearance of the second stage of decomposi-
tion among the PLA/DBA6 and PLA/DDA6 composites. 
These composites displayed a similar thermal stability 
with a single-step decomposition mechanism, but ther-
mal stability for them were lower than the PLA/NNA6 
composite. Similar conclusions were drawn after ana-
lyzing the composites containing 9 wt% of lignosulfon-
amide. Also, among examined samples, the highest ther-
mal stability was observed for the material decomposing 
in two stages (PLA/NNA9).

Based on the thermogravimetric analysis, the tested 
biomaterials were ranked in terms of thermal stability 
as following: PLA/CLS3 > PLA/CLS6 > PLA/CLS9 > PLA 
> PLA/DBA3 > PLA/NNA6 > PLA/NNA3 > PLA/DDA3 
> PLA/NNA9 > PLA/DDA6 > PLA/DBA6 > PLA/DBA9 > 
PLA/DDA9. This order shows that the thermal stability 
of PLA/lignosulfonamide composites was influenced not 

only by the type of lignosulfonamide used but also by 
its amount. It is worth noting that samples which form 
larger amount of char residue during the main stage of 
decomposition occupy the last places in this ranking. In 
turn, biomaterials in which the process of char formation 
and its afterburning were separated as a second step and 
shifted towards higher temperatures were consequently 
characterized by higher thermal stability and low residue 
after decomposition.

DSC vs TGA

Figure 3 shows DSC curves compiled with TGA ther-
mograms. In the range of three phase transformations 
the mass loss did not exceed 1.5 %. With the decreas-
ing amount of lignosulfonamides in the PLA matrix, the 
degree of mass loss in the considered range also decreased, 
so that biocomposites containing 3 wt% of lignosulfon-
amide did not exceed 1%. The DSC indices obtained from 
this analysis are summarized in Table 2, with the degree 
of crystallinity calculated using Equation 1 [23, 24]:

  (1)

where ∆Hm – change in melting enthalpy of a polylactide 
sample, ∆HCC – change in enthalpy of cold crystallization, 
∆Ho – change in melting enthalpy of a completely crystal-
line polylactide equal to 93 J/g [24, 25], ω – HFFR content.

Three-phase transition steps were observed in the 
30–180°C temperature range: glass transition, cold crys-
tallization, and melting. It was found that the glass tran-
sition temperature (Tg) of biocomposites was influenced 
by the type and amount of lignosulfonamide. For exam-
ple, Tg gradually decreased with increasing HFFR con-
tent for PLA/CLS and PLA/DBA composites. This fact is 
confirmed by the read values   of the heat capacity (ΔCP) 
(Table 2). These observations indicate that the addition 
of HFFR facilitated the transition from the glass to the 

T a b l e 1. TGA data for PLA hybrid biomaterials

Sample T5%, °C T10%, °C T20%, °C T50%, °C TMAX, °C Residue at 600°C, %
PLA 294 314 330 350 358 0.00

PLA/CLS3 332 339 347 350 361 0.46
PLA/CLS6 321 335 345 359 362 1.52
PLA/CLS9 322 334 344 358 362 0.01
PLA/DBA3 280 296 310 333 345 1.35
PLA/DBA6 249 262 277 301 310 3.94
PLA/DBA9 243 257 271 289 295 3.90
PLA/NNA3 260 276 292 316 329 2.94
PLA/NNA6 260 278 296 323 335 3.94
PLA/NNA9 254 271 287 313 323 5.81
PLA/DDA3 258 274 291 318 326 2.60
PLA/DDA6 250 265 280 305 318 4.31
PLA/DDA9 237 251 264 287 296 5.20
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Fig. 3. DSC vs TGA curves for PLA biocomposites with different lignosulfonamide content: a) 3 wt%, b) 6 wt%, c) 9 wt%

plastic state, as significantly less heat had to be supplied 
to the system to reach the transition point between these 
two states. It is also concluded that the type of lignosul-
fonamide used played a minor role in this case. Referring 
to the TGA curves, it can be stated that at the Tg point for 
the samples containing 3 and 6 wt% of HFFR, the first 
inflection of the line was visible, suggesting the begin-
ning of a slow process of mass loss.

HFFR did not affect the cold crystallization process of 
examined composites. On the other hand, PLA/lignosul-
fonamide composites showed a higher, cold crystalliza-
tion temperature (Tcc) than PLA/CLS composites and the 
reference sample (PLA), with the sample containing 3 wt% 
dibutyl-lignosulfonamide being the only exception.

It can be concluded that the type of lignosulfonamide 
introduced affected the intensity of the cold crystalliza-
tion peak. As a rule, composites containing DBA showed 
a much higher peak on the DSC curve than samples 
containing NNA, DDA, and even CLS. The samples 
were characterized by a double melting behavior. PLA, 
PLA/CLS composites, and the PLA/DBA3 sample were 
characterized by a single melting peak at approx. 153°C. 
As shown in Author another work [20], this is related to 
the formation of a dominant and stable α phase. These 
biomaterials were characterized by a high degree of Xc 
crystallinity. Both the increase in the amount of DBA in 
the composite above 3 wt% or the change of lignosulfon-

amide to other with longer aliphatic chains in its struc-
ture (NNA, DDA), led to the appearance of an additional, 
less stable α’ phase, melting at about 148°C. Thus, all 
biocomposites characterized by two melting peaks had 
significantly lower Xc values. Moreover, the higher the 
share of lignosulfonamide (e.g., DDA), the more amor-
phous phase was formed. It is also worth noting that with 
the appearance of the second melting peak, the nature of 
the mass loss increased (increased slope of the mass loss 
curves).

Micro-combustion calorimetry (MCC)

In author previous work [18], it was shown that the 
obtained lignosulfonamides and calcium lignosulfonate 
were characterized by two combustion stages: the first in 
the range of 100–250 s and the second in the range of 250–
370 s. Moreover, dibutyl-lignosulfonamides and N-butyl-
N-dodecyl-lignosulfonamides burned the fastest in the 
range of 300–400°C, while didodecyl-lignosulfonamides 
burned almost immediately after ignition in the range 
of 130–280°C. Furthermore, the obtained lignosulfon-
amides also showed a weak afterburning-char step in the 
430–630°C range [18]. It was then found that the obtained 
biomaterials were characterized by a PHRR coefficient 
ranging from 13 to 35 W/g, which made them potentially 
non-flammable. Furthermore, lignosulfonamides con-

a) b)

c)
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T a b l e 2. DSC data of PLA/lignosulfonamide composites 

Sample Tg, °C ∆Cp, J/g∙K Tcc, °C Tm1, °C Tm2, °C ∆Hm, J/g Xc, %
PLA 64 0.50 122 – 153 23.12 2.80

PLA/CLS3 60 0.96 126 – 153 6.42 1.39
PLA/CLS6 56 0.46 125 – 153 12.76 1.16
PLA/CLS9 57 0.49 126 – 153 10.50 0.97
PLA/DBA3 59 0.60 120 – 150 30.32 1.50
PLA/DBA6 57 0.58 128 148 151 12.77 0.61
PLA/DBA9 55 0.56 127 147 151 10.36 0.72
PLA/NNA3 55 0.60 128 149 152 11.08 0.28
PLA/NNA6 56 0.58 129 149 152 4.81 0.51
PLA/NNA9 56 0.57 128 148 152 4.33 0.39
PLA/DDA3 56 0.62 129 149 152 3.09 0.22
PLA/DDA6 56 0.61 128 148 152 3.81 0.18
PLA/DDA9 55 0.60 127 146 151 4.82 0.05

Tm – melting temperature, ΔHm – melting enthalpy, ΔCP - change in the heat capacity, Tcc – cold crystallization temperature, Tg – glass tran-
sition temperature, Xc – degree of crystallinity, Tc – crystallization temperature.

Fig. 4. Heat release rate (HRR) curves for PLA/lignosulfonamide composites with different lignosulfonamide content: a) 3 wt%, 
b) 6 wt%, c) 9 wt%

a) b)

c)
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T a b l e 3. Flammability indicators for raw materials and hybrid biocomposites 

Sample PHRR  
W/g

HRRAV 
W/g

HOCAV 
kJ/g

THR600s 
kJ/g

TTI TOF Combustion 
time, ss °C s °C

PLA 584 34 11.64 22.38 268 305 384 423 116
PLA/CLS3 440 31 11.62 20.28 203 253 321 375 118
PLA/CLS6 529 29 10.30 19.45 268 303 368 406 100
PLA/CLS9 390 27 10.55 18.12 216 266 333 386 117
PLA/DBA3 382 30 11.30 20.18 191 243 362 409 171
PLA/DBA6 379 29 11.82 19.99 194 237 333 380 139
PLA/DBA9 352 27 11.12 18.29 158 200 340 384 182

PLA/
NNA3 371 29 11.45 19.64 186 228 350 395 164

PLA/
NNA6 381 29 11.49 19.46 168 217 332 384 164

PLA/
NNA9 358 28 11.25 19.40 177 211 357 393 180

PLA/DDA3 341 27 10.51 18.03 174 222 344 395 170
PLA/DDA6 386 31 12.52 21.06 169 217 333 386 164
PLA/DDA9 345 29 11.97 19.87 172 220 321 371 149

PHRR – peak of heat released rate, HRRAV – average heat released rate, HOCAV – average heat of combustion, THR600s – total heat released 
after 600 s, TTI – time to ignition, TOF – time out flame.

taining two long aliphatic chains with 12 carbon atoms 
were found to be more susceptible to decomposition 
at high temperatures than those containing two butyl 
chains or one C4 and one C12 chain. It was proved that 
N-butyl-N-dodecyl-lignosulfonamides released small 
amounts of heat, burned slowly, and produced interme-
diate amounts of solid residues [18].

The promising properties of the obtained lignosulfon-
amides were assessed for reducing the flammability of 
PLA. The results of the MCC analysis of the PLA/CLS 
and PLA/lignosulfonamide composites and the reference 
sample are presented in Figure 4, and the indicators col-
lected because of this analysis are presented in Table 3.

Pure PLA burned in less than 120 s, emitting an aver-
age of 11.64 kJ/g of heat. The maximum heat release rate 
(PHRR) was recorded at 382°C, equal to 584 W/g [20]. 

The addition of 9 wt% CLS reduced PHRR more than 
30% compared to PLA but maintained a similar combus-
tion time. PLA/CLS composites also ignited faster and 
extinguished earlier than the reference sample. The high 
content of CLS increased PLA’s susceptibility to ignition 
at lower temperatures even though a high flame retar-
dant effect of the biomaterial was achieved.

The use of any of the synthesized lignosulfonamides 
in the amount of 3 wt% allowed for a greater reduction of 
PHRR than 9 wt% CLS. However, the use of 9 wt% DBA 
resulted in a PHRR of 352 W/g, which is 40% lower com-
pared to PLA. PLA/DBA composites burned very simi-
larly to PLA/CLS. A similar trend was observed in the 
changes of the total heat release after 600 s (THR600s) and 
average heat release rate (HRRAV), decreasing with the 
increase in the lignosulfonamide content in PLA. Also 
in both cases, composites containing 6 wt% of HFFR 

(PLA/CLS6 and PLA/DBA6) burned the fastest. It can be 
concluded that biocomposites showing the best effect of 
reducing flammability ignited much earlier than the ref-
erence sample, not necessarily burning the longest. In the 
case of PLA/NNA composites, the difference between the 
combustion of samples containing 3 and 6 wt% lignosul-
fonamide was small. Similar values   of HRRAV, HOCAV, 
and THR600s indices were obtained, with about a 35% 
reduction in flammability and even identical total com-
bustion time. The best results among PLA/NNA compos-
ites were obtained by the sample containing 9 wt% of lig-
nosulfonamide (39% reduction in PHRR index compared 
to PLA). This composite had one of the longest burning 
times (180 s). The use of 3 wt% DDA resulted in the high-
est (42%) PHRR reduction in relation to PLA. A similar 
result was also obtained for the PLA/DDA9 composite, 
which allowed for the 41% reduction. Thus, PLA/DDA3 
and PLA/DDA9 samples were characterized by similar 
HRRAV, HOCAV, THR600s, or TTI values   (Table 3). They dif-
fered, among other things, in combustion time, which 
resulted from the PLA/DDA3 sample extinguishing 
faster by about 20 s.

The flammability of PLA/lignosulfonamide composites 
was mostly dependent on the type of lignosulfonamide 
used in the sample, and only secondary on its mass frac-
tion. The lowest flammability was achieved by compos-
ites containing DDA. In turn, PLA/DBA and PLA/NNA 
composites burned very similarly and the introduction 
of the lignosulfonamide fraction criterion did not allow 
for an unequivocal statement as to which additive was 
better. Considering each type of lignosulfonamide sepa-
rately, the analyzed composites can be classified in terms 
of flammability as follows:
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T a b l e 4. Flammability factors for PLA biocomposites calculated according to ASTM D7309

Sample Qmax, W/g
T5% T95% FGC, J/gK ηc, J/gK hc, kJ/g hc gas, kJ/g YP, %s K s K

PLA 584 243 552 495 811 179 650 22.90 22.90 0
PLA/
CLS3 440 211 535 544 876 150 478 20.94 22.94 0

PLA/
CLS6 529 244 552 514 829 151 590 19.99 18.74 6

PLA/
CLS9 390 210 533 458 787 151 428 18.43 16.29 12

PLA/
DBA3 382 221 538 500 823 158 422 20.68 19.44 6

PLA/
DBA6 379 216 533 388 710 201 418 20.25 20.25 0

PLA/
DBA9 352 209 523 426 745 166 390 18.56 18.56 0

PLA/
NNA3 371 218 534 420 741 181 412 19.95 17.87 10

PLA/
NNA6 381 206 528 416 743 178 418 19.74 16.80 15

PLA/
NNA9 358 219 525 452 764 170 402 19.77 19.77 0

PLA/
DDA3 341 206 527 419 744 164 375 18.29 18.29 0

PLA/
DDA6 386 209 531 426 754 188 423 21.38 20.09 6

PLA/
DDA9 345 200 521 447 773 171 381 20.21 19.36 4

FGC – fire growth capacity of sample, hc – specific heat release in the test, ηc – heat release capacity, T5% - temperature in the test at which 
5 % of hc has been released measured at a heating rate β = 1 K/s, T95% - temperature in the test at 95 % of hc has been released measured at 
a heating rate β = 1 K/s, hc gas – specific heat of gases combustion, YP – pyrolysis residue.

a) PLA/CLS9 < PLA/CLS3 <<< PLA/CLS6
b) PLA/DBA9 < PLA/DBA3 = PLA/DBA6
c) PLA/NNA9 < PLA/NNA3 = PLA/NNA6
d) PLA/DDA3 = PLA/DDA9 <<< PLA/DDA6
This means that the synthesized lignosulfonamides 

were effective mostly at high content (9 wt%), although 
there were cases where, when using a compound con-
taining long aliphatic chains in the structure, a lower lig-
nosulfonamide content of 3 wt% was sufficient.

MCC vs TGA

To assess in detail the flammability of the obtained 
PLA/lignosulfonamide composites, additional flamma-
bility indices were determined by the ASTM D7309 stan-
dard. Table 4 contains a summary of the following indi-
ces: heat release capacity (ηc), specific heat release in the 
test (hc), fire growth capacity of the sample (FGC), the 
specific heat of gas combustion (hc gas), and pyrolysis resi-
due (YP). The values   of indicators such as: ηc, FGC, YP, hc gas 
were calculated according to Equations 2–5:

  (2)

  (3)

  (4)

  (5)

where: Qmax – PHRR (W/g), β – average heating rate over 
the measurement range (K/s), T5% – temperature in the 
test at which 5% of hc has been released measured at 
a heating rate 1 K/s, T95% – temperature in the test at 95% 
of hc has been released measured at a heating rate 1 K/s, 
T0 – standard room temperature (K), mp – residual speci-
men mass after the anaerobic pyrolysis (g), m0 – initial 
specimen mass (g).

FGC is a parameter that allows for the assessment of 
fire development using data obtained at the microscale. 
High values   of FGC, as well as Qmax, ηc, and hc, indicate 
the high flammability of a given material and the abil-
ity of the biomaterial to potentially spread the fire fur-
ther. As can be seen in Table 4, such materials primarily 
include the reference sample (PLA). Importantly, the PLA/
lignosulfonamide composite samples with the lowest 
PHRR values   were also characterized by the lowest heat 
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release capacity (ηc), while having a fire spread capacity 
that was not much lower than PLA (up to 8%). In addi-
tion, PLA/DBA6 and PLA/DDA6 composites were more 
susceptible to flame spread than PLA, although the heat 
release effect was small. This is partly related to the 
char formation mechanism, as it was observed that with 
increasing solid residue the total heat release (THR) value 
decreased (especially when using lignosulfonamides 
containing long aliphatic chains).

The effect of synthesized lignosulfonamides and cal-
cium lignosulfonate on the thermal stability and flam-
mability of PLA was also compared, which was achieved 
by determining the values   of the overall thermal stabili-
zation effect (OSE) and the overall fire retardancy effect 
(OFRE). The OSE and OFRE indices were determined 
using Equations 6 and 7 [23, 25, 26]:

  [(mass percent of polymer materialT ) +  
– (mass percent of polylactideT)] (6)

  [(HRR percent of polylactideT ) +  
– (HRR percent of polymer materialT)] (7)

The OSE and OFRE coefficients are values   related to 
PLA. Their comparison shown in Figure 5 confirms the 
previous results of the TGA and MCC analyses.

The results show that only PLA/CLS composites had 
improved thermal stability compared to PLA and simul-
taneously reduced flammability. Moreover, with the 
increase of CLS content in PLA, the OSE value decreased 
in favor of the increase of OFRE. The reason for this is the 
possibility of CLS to slight coke, especially in the range 
of 387–507°C, which increases with the increase of the 
amount of CLS in the sample. Because in this range, the 
final decomposition of lignin to a solid residue occurs. 
The general rule is that the more solid residue is formed, 
the greater the flame retardant effect is achieved.

The effect of synthesized lignosulfonamides on OSE 
and OFRE of biocomposites was discussed separately 
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Fig. 5. OSE and OFRE for PLA/lignosulfoamide biocomposites with different lignosulfonamide content: a) 3 wt%, b) 6 wt%, c) 9 wt%
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for each HFFR mass fraction. For the PLA/lignosulfon-
amide biocomposites shown in Figure 5a, an almost per-
fect example of the relationship between OSE and OFRE 
was obtained. The thermal stability of the biocomposites 
decreased with increasing aliphatic chain lengths in the 
lignosulfonamide structure. This means that the biocom-
posites containing lignosulfonamide rich in C12 chains 
were more prone to char formation. At the same time, 
with decreasing thermal stability, OFRE increased. With 
the increase in lignosulfonamide content, this relation-
ship was completely disrupted (Figure 5b and c). In both 
cases (6 and 9 wt%), the use of NNA gave a similar trend 
- a slightly negative OSE and high OFRE. In turn, the use 
of DBA and DDA (2 short and 2 long aliphatic chains in 
the structure) gave a different trend from the previous 
one - a high negative OSE and high OFRE. Unfortunately, 

also a higher lignosulfonamide content resulted in the 
PLA/DDA composites having the worst OFRE values   
in the individual comparison. Thus, the comparison of 
composites in terms of thermal stability based on the 
OSE index should be adjusted accordingly: PLA/CLS3 
= PLA/CLS6 > PLA/CLS9 > PLA/DBA3 > PLA/NNA6 > 
PLA/NNA9 > PLA/DDA3 > PLA/NNA3 > PLA/DDA6 > 
PLA/DBA6 > PLA/DDA9 > PLA/DBA9. The series of sam-
ples in bold in the above list coincides with the series pre-
sented in previous section. Similar comparison of com-
posites in terms of flammability based on OFRE index 
was corrected as follows:

PLA/CLS9 <<< PLA/CLS6 < PLA/CLS3
PLA/DBA9 <<< PLA/DBA6 < PLA/DBA3
PLA/NNA9 = PLA/NNA6 < PLA/NNA3
PLA/DDA3 <<< PLA/DDA9 < PLA/DDA6

Fig. 6. Reaction rate calculated from TGA and MCC results for PLA/CLS and PLA/lignosulfonamide biocomposites with different 
lignosulfonamide content: a) 3 wt%, b) 6 wt%, c) 9 wt%
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T a b l e 5. List of PLA flammability reducing additives examined by authors 

Type of composite Type of additive Amount of 
additive, wt%

Flammability 
reduction, % Reference

PLA/DDA Didodecyl-lignosulfonamide 3 42 This study
PLA/DBA Dibutyl-lignosulfonamide 9 40 This study
PLA/NNA N-butyl-N-dodecyl-lignosulfonamide 9 39 This study

PLA/EC Elettaria Cardamomum L. 10 37 [36]
PLA/CLS Calcium lignosulfonate 9 33 [20]
PLA/TA Tannic acid 9 30 [20]

PLA/BMT Tannic acid adsorbed on calcium lignosulfonate 6 30 [20]
PLA/MF Myristica fragrans Houtt. 7.5 29 [36]

PLA/SF-BMIC Pyrolyzed montmorillonite purified with 1-butyl-3-
methylimidazolium chloride 5 23 [25]

PLA/SF-BMAC Pyrolyzed montmorillonite purified with 
methyldodecylbenzyl trimethyl ammonium chloride 5 23 [25]

15BL(PLA/NS) Composite coated with bilayers consists of chitosan 
and nanosilica 15 bilayers 22 [24]

PLA/UD Urtica dioica fibers 15 20 [41]
PLA/MUD Urtica dioica fibers treated with a 10% NaOH solution 10 20 [41]
PLA/MVV Vitis vinifera fibers treated with a 10% NaOH solution 5 20 [41]
PLA/VV Vitis vinifera fibers 5 19 [41]
PLA/NS Nanosilica 5 16 [24]

PLA/MMT Montmorillonite 5 5 [25]

Based on the procedure proposed in [27], for TGA 
and MCC data, the reaction rates were calculated from 
Equations 8 and 9:

  (8)

  (9)

where: RRTGA – the reaction rate of weight loss (s-1), dm/dt – 
weight derivative over time, m0 – initial mass of sample 
(kg), m∞ – final mass of sample (kg), RRMCC – the reac-
tion rate of heat release (s-1), – specific heat release rate 
(W/g),  – total heat of combustion per unit mass of sample 
(J/g).

The indicators summarized in Table 5 allows to deter-
mine the rate of decomposition reaction (RR) (Figure 6) 
[28–30]. When analyzing the decomposition reaction rate 
(RR) of PLA/lignosulfonamide composites, it should be 
noted that the amount of the additive did not reflect the 
peak intensity, but the range of temperatures at which the 
decomposition process occurred. The difference between 
the temperature range of the reaction rate (RR) curves of 
PLA decomposition, determined for heating at 10°C/min, 
and combustion at 1°C/s was only 24°C. This was related 
to the conditions of the single-stage biopolymer gasifica-
tion process. Calcium lignosulfonate reversed the trend, 
i.e., PLA/CLS composites decomposed at higher tem-
peratures during TGA tests than during combustion, 
maintaining the difference at the level of the RR curves 
analyzed for PLA. This was the only such case in the con-

sidered set, for which the oxidation process of the result-
ing gaseous compounds was responsible. 

With the increase in the share of DBA, the temperature 
at which the peak of the decomposition reaction rate was 
read during both TGA and MCC tests shifted towards 
lower values. Regardless of the amount of NNA used 
and the heating rate, PLA/NNA composites decomposed 
in a similar temperature range. This range was always 
shifted by ~20°C in favor of combustion. The presence of 
two C12 chains in the DDA structure did not have a sig-
nificant effect on the decomposition rate of PLA com-
posites. At lower DDA filling, the distances between 
the temperatures at which the peaks of both RR curves 
occurred were constant and amounted to 22°C. It should 
be emphasized that with the increase of the mass fraction 
of DDA in the composite, the decomposition processes 
conducted in both the TGA and MCC tests shifted away 
from the reference sample towards lower temperatures. 
Only PLA/CLS and PLA/DBA composites had higher 
reaction rate values during TGA analysis than MCC. The 
remaining composites decomposed at a similar rate.

The literature states that the nitrogen-sulfur core pres-
ent in sulfonamides is responsible for reducing the flam-
mability of polymeric materials [31–33]. This is because 
heating breaks the bond between sulfur and nitrogen. 
The remaining amide group then decomposes, releasing 
nitrogen gas. In the process of oxidation of the sulfonate 
group, an acidic SO2 compound is released, which pro-
motes the formation of char during the combustion of 
the PLA matrix [34]. The flame retardancy mechanism 
is related to the transfer of free radicals on the carbon 
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planes of the forming amorphous carbon (a-C) [35, 36]. 
The formed ordered a-C planes, in turn, act synergisti-
cally with other compounds present in the system, form-
ing effective flame retardant coatings [37, 38].

Table 5 presents the best results achieved in the author’s 
previous works, where the results of this study were 
also included in the ranking (bold font). The percentage 
reduction of the PHRR index of the tested material rela-
tive to PLA was assumed as the reduction in flammabil-
ity. According to the literature [39, 40], the PHRR index 
can be considered as a comparable level of flammabil-
ity of a given material relative to the reference sample. 
It turned out that the use of DBA, NNA, and DDA fill-
ers allowed for obtaining the best results among all the 
research works indicated in the ranking below.

CONCLUSIONS

This work aimed to check the effectiveness of reduc-
ing flammability by synthesized lignosulfonamides. 
There were indications that the sulfonamide group in 
the system decomposes with the release of SO2, which is 
responsible for char formation. Additionally, the remain-
ing part of lignin played a role in stabilizing the system, 
especially at higher temperatures. The above expecta-
tions were confirmed. TGA analysis showed that the 
main stage of degradation (up to 400°C) was associated 
with the oxidation of CO, CO2, SO2, and other low-molec-
ular-weight compounds.

On the other hand, the second stage of decomposition 
was associated with the afterburning of the remaining 
part of lignin. The best thermal stability was character-
ized by composites containing pure calcium lignosulfo-
nate (CLS). All PLA/lignosulfonamide composites decom-
posed earlier than PLA. The type of lignosulfonamide 
used also influenced the thermo-oxidative decomposi-
tion: with the increase in the length of aliphatic chains in 
the structure, the thermal stability decreased.

Microcalorimetric analysis showed that the compounds 
of natural origin used allowed to achieve a previously 
unseen effect of reducing flammability. Composites con-
taining 9 wt% of lignosulfonamide were characterized 
by about 40% reduction of the PHRR index. However, 
a six-fold increase in the heating rate caused the samples, 
instead of forming a stable solid residue, to form coke 
entrained by escaping gaseous products.
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