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Abstract A novel effective halogen-free flame
retardant (FR) rich in phosphorus (P) and nitrogen
(N) was synthesized via Mannich and esterification
reaction of ethanolamine, glyoxal, phosphoric acid
and urea, and used for the preparation of durable flame
retardant lyocell fabric (FR-lyocell). Its chemical
structure was characterized by Fourier transform
infrared spectra, 'H and *'P nuclear magnetic reso-
nance spectra. Inductively coupled plasma emission
spectrometry and elemental analysis were conducted
to test the phosphorous, carbon and nitrogen contents.
The results confirmed that the FR was successfully
synthesized and grafted on the lyocell fabric via firm
P—O-C covalent bonds. The limiting oxygen index of
the FR-lyocell treated with 30 wt% flame retardant
finishing solution is 44.6%, demonstrating high effi-
ciency flame retardancy. The thermo-gravimetric
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analysis indicated that FR-lyocell degraded preferen-
tially than that of the control sample and the char
residue was 38.8 wt% at 800 °C in N, atmosphere. In
addition, the cone calorimeter test revealed that FR-
Iyocell could not be ignited and the peak of heat
release rate was much lower than that of original
specimen. Furthermore, the char residue of FR-lyocell
is compact and the Ip/lg value is 0.771, exhibiting a
super degree of carbonization. Moreover, TG-IR result
revealed that FR played dual flame-retardant effect in
the gaseous and condensed phases. The flame retar-
dant finishing has a negligible impact on the mechan-
ical properties of the fibers. In summary, FR-lyocell
exhibits excellent flame retardancy and superior char
forming capability, which is suitable for the prepara-
tion of flame retardant lyocell fibers.
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Introduction

Lyocell fiber is a kind of green, environmental and
regenerable cellulose fibers (Joshi et al. 2010). It
possesses various excellent properties, such as non-
toxicity, biodegradability, comfortable and softness
(Shibata et al. 2004). However, the limiting oxygen
index (LOI) of lyocell fiber is only 18.0% and it is
extremely easy to be ignited and burned (Dong et al.
2017; Li et al. 2010). The flammability of lyocell fiber
or its fabric severely restricts its application. Thus, it is
essential to improve the flame retardancy of lyocell
fiber and its fabric (Xie et al. 2013).

Up to now, various strategies have been developed
to enhance the flame retardancy of lyocell fiber or
fabric, which mainly include blend spinning (Seddon
et al. 1996), finishing process (Alongi et al. 2011b;
Mengal et al. 2016; Liu et al. 2018a, b; Li et al. 2020a),
and chemical treatment (Bai et al. 2014; Wang et al.
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2016; Liang et al. 2017; Cheng et al. 2017). For
example, Seddon et al. blended N-hydroxymethyl-3-
(dimethoxyphosphonyl) propionamide (Pyrovatex
CP) with cellulose spinning solution and prepared
excellent flame retardant lyocell fiber by wet-spinning
technique (Seddon et al. 1996). The LOI value of the
resulted fiber with 32.0 wt% addition of Provatex CP
is 40%. For blend spinning scenario, the particle size
of flame retardant, the compatibility between flame
retardant and spinning solution, and the migration of
flame retardant should be focused on. Additionally, a
relatively large amount of flame retardant is added to
achieve good flame resistance, which, as a result, will
deteriorate the mechanical properties of the resulted
fiber (Grancaric et al. 2015). The finishing process,
such as dipping, padding, curing, coating (Wang et al.
2020), spraying, etc., is another common technique for
the preparation of flame retardant cellulose fibers. The
fibers or fabrics were finished through a multi-
component system which commonly contained flame
retardants, cross-linking agents, and curing agents so
as to ensure flame retardancy (Alongi et al. 2011Db).
Provatex CP was also used to treat lyocell fibers with
citric acid as a cross-linker via finishing process



Cellulose (2021) 28:7355-7372

7357

(Mengal et al. 2016). The char residue of the treated
lyocell fibers was 42.0 wt%, implying high char-
forming ability. However, the introduction of cross-
linking agents has a negative effect on fibers and
worsens the flame retardancy of the treated samples.
Conversely, chemical treatment is an effective and
durable strategy to achieve the desired flame retar-
dancy by forming firm covalent bonds between fibers
and flame retardant (Bai et al. 2014, Jia et al. 2017,
Chen et al. 2013). Recently, phosphorous-containing
flame retardants with reactive functional groups
—P=0O(NH,), have been used for preparation of flame
retardant cotton (Jia et al. 2017; Gao et al. 2015; Zhang
et al. 2020). Recently, a bio-based phosphorus and
nitrogen-containing ammonium salt flame retardant
was synthesized and used for the highly efficient
preparation of durable flame retardant cellulose fabric
(Wan et al. 2019a; Ren et al. 2020; Liu et al. 2020). A
plant-based non-formaldehyde and high phosphorus-
containing ammonium phytate (APA) flame retardant
was synthesized for cotton fabric (Feng et al. 2017).
The modified cotton fabric exhibited improved flame
retardancy and durability. These effective flame
retardants have significant potential in practical
application. So far, to develop efficient, non-toxic,
and eco-friendly flame retardants, phosphorus-con-
taining compounds are often used as alternatives for
halogen-containing compounds and have synergistic
effects with nitrogen-containing compounds (Bai et al.
2014; Jia et al. 2017). These works demonstrated that
ammonium salts could be grafted on the surface of
cellulose fibers via the firm P-O-C covalent bonds
through the classical dip-dry-cure technique and the
flame retardancy of cellulose fibers was obviously
improved (Xu et al. 2018; Liu et al. 2019; Ren et al.
2020). The lyocell fabric treated with phosphorus-
containing and nitrogen-containing flame retardant
possessed good durability, low fuel volatility, low
pyrolysis temperature, and excellent char formation
ability during combustion (Naik et al. 2015). Ethano-
lamine is a highly reactive substance owing to the —
NH,; and —OH groups. The —-NH, groups can react with
the aldehyde via Mannich reaction (Peng et al. 2020;
Kazantsev et al. 2020), while the —OH can undergo the
esterification reaction with organic or inorganic acid
(Tian et al. 2019; Jia et al. 2017). Therefore, in this
work, a novel effective halogen-free flame retardant
rich in phosphorus and nitrogen was synthesized via
Mannich and esterification reaction using low-cost

materials, such as ethanolamine, glyoxal, phosphoric
acid, and urea. Subsequently, the highly efficient and
durable flame retardant lyocell fabric (FR-lyocell) was
prepared through the classical dip-dry-cure technique.
Then, the flame retardancy, thermal properties, struc-
ture of the char residue, and combustion performance
were confirmed by limiting oxygen index (LOI),
thermogravimetric analysis (TGA), scanning electron
microscope (SEM), combustion testing, and cone
calorimeter testing. Finally, the flame retardant mech-
anism of FR-lyocell during combustion was investi-
gated by thermogravimetry-infrared spectroscopy
(TG-IR) and Raman spectroscopy.

Experimental section
Materials

Lyocell fabrics (plain weave with the basic weight of
150 g/m?) were obtained from Tiangong University
(Tianjin, China). Ethanolamine (99%) was purchased
from Aladdin Chemistry Industry Co. Ltd. (Shanghai,
China). Glyoxal (40%), urea, phosphoric acid (H;POy,,
85%) and absolute alcohol were obtained from Tianjin
Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).
Dicyandiamide was purchased from Nanjing Xiezun
Chemical Agent Co. Ltd. (Nanjing, China). All
reagents were analytical reagent grade and used
without further purification.

Synthesis of flame retardant (FR)

Ethanolamine (6.17 g, 0.1 mol), glyoxal (14.51 g,
0.1 mol), H3PO, (69.18 g, 0.6 mol), and 20 mL of
deionized water were mixed in a 250 mL three-neck
bound flask equipped with allihn condenser. The
reaction mixture was then heated at 170 °C for 5 h by
using an oil bath. Afterwards, urea (36.04 g, 0.6 mol)
was added into the mixture, heated at 160 °C for about
1.5 h. The crude product was then precipited with
absolute ethanol to obtain a solid brown product with
an 85.84% yield. The synthesis route of the FR is
shown in Schemel.

Fabrication of flame retardant lyocell (FR-lyocell)

The flame retardant (FR) was dissolved in a specific
amount of deionized water to obtain 20, 30, and
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40 wt% flame retardant finishing solution, respec- In this study, the treated fabrics with a WG of
tively. In addition, 6 wt% dicyandiamide as a catalyst 14.14 wt% were selected for the subsequent
was added into the solution. The lyocell samples were experiments.
preliminarily washed with deionized water and abso-
lute ethanol mixture solution several times and dried. Characterization
Then, they were soaked in the flame retardant solution
ith a bath ratio of 1:30 (fabri ight: vol f th .
o 0 Yl 1% 1 e e R s vy
; ' ’ preg NMR and *'P NMR using a Bruker AV III 600
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.. . L. spectrometer (Bruker Corporation, Billerica,
make the liquid retention maintain at about 120 wt%. . .
. . o . MA, USA). Deuterium oxide (D,0) was used
Finally, the samples were dried at 120 °C for 6 min, .
. o . as a solvent and tetramethylsilane (TMS) was
followed by baking at 180 °C for 3 min. The treated .
. . used as an internal standard.
samples were washed with running water and then . .
. o - . 2. The LOI of lyocell fabrics were tested using a
dried at 60 °C in an oven to a constant weight. The .. . .
. digital display oxygen index apparatus (M606B,
flame retardant lyocell (FR-lyocell) was then obtained. . .
. . ) Qingdao Shanfang Instrument Co. Ltd., Qing-
The reaction of FR and lyocell samples is shown in N .
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Scheme 2 Preparation of the flame retardant lyocell
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In addition, the flame retardancy of the treated
lyocell fabrics after different laundering cycles
with the size of 50 mm x 100 mm x 1.0 mm
were performed by simple burning testing. To
access the fastness of flame retardant, the
control and FR-lyocell were conducted wet
rubbing by Y571 dying rubbing fastness tester
(Laizhou Yuanmao Instrument Co. Ltd, China)
according to GB/T 3920-2008. Then, the LOI
values of treated specimens were tested.

X-ray photoelectron spectroscopy (XPS) of the
control and the treated lyocell fabric was
obtained on a K-alpha model (American
THERMOFISHER Company) with the power
of 150 W, beam spot at 400 pm and energy
analyzer fixed at 50 eV.

Inductively coupled plasma emission spectrom-
etry (ICP) was conducted with an ICPS-5110
(Aglient, America) instrument to test the phos-
phorous contents in FR and FR-lyocell. Ele-
mental analysis (EA) of FR and FR-lyocell was
tested with a Euro EA 3000 series elemental
analyzer (Leeman Labs Inc., USA) to get the
carbon and nitrogen contents.

The FTIR spectra of FR, control lyocell, FR-
lyocell, and FR-lyocell (30 LCs) were recorded
on Nicolette iS50 FTIR spectrophotometer
(Thermo Fisher Scientific Inc., China.) with
KBr pellets pressing method. The wavelength
ranged from 4000 to 500 cmfl, and the resolu-
tion was 2.0 cm ™.

The crystalline structures of the lyocell and
treated lyocell fabric were tested by X-ray
diffraction (XRD) (Beijing Purkinje General
Instrument Co., Ltd., Beijing, China). The
diffraction angle ranged from 2° to 52° with a
step size of 0.2° (A = 0.154 nm).
Thermogravimetric analysis (TGA) was per-
formed on a STA449F3 (Germany NETZSCH
Company) thermogravimetric analyzer ranging
from 35 to 800 °C, with a heating rate of 10 °C/
min under nitrogen and air atmosphere,
respectively.

The combustion behaviors of the control and
treated lyocell fabric with the size of 100 mm x
100 mm x 1.0 mm were carried out on an
FTTO0006 cone calorimeter instrument (FTT,
United Kingdom) under the radiation power of
35 kW/m>. The heat release rate (HRR), the

10.

11.

12.

peak of heat release rate (PHRR), total heat
release (THR), time to ignition (TTI) were
measured. In addition, the ratio of PHRR and
time to PHRR, i.e., the fire growth rate index
(FIGRA), was calculated.

Thermogravimetric analysis coupled with Four-
ier transform infrared analysis (TG-FTIR) was
conducted on an STA 6000 Frontier TGA
(Perkin Elmer, Waltham, MA, USA) coupled
with a Nicolet FTIR (Thermo Fisher Science,
Waltham, MA, USA). The decomposed com-
pounds of the FR-lyocell samples were trans-
ferred from TGA analyzer to the TG-FTIR
interface via a stainless transfer pipe. The
testing was carried out with a nitrogen flow at
arate of 50 mL/min and the temperature ranged
from 25 to 800 °C with a heating rate of 10 °C/
min. The released gases were characterized by
an FTIR spectrometer ranging from 500 to
4000 cm ™" with a resolution of 2 cm ™.

Laser Raman instrument (XploRA PLUS,
Horiba, Japan) was employed to characterize
the graphitization degree of the residual char in
the range of 500-2500 cm ™.

The surface of the lyocell fabric was observed
by scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS) (Hitachi
S-4800, Hitachi Corp., Tokyo, Japan). The
fabric was gold-plated before testing. The test
voltage was 10 kV with a working distance of
6—8 mm, and the magnifications were 800 and
2000, respectively.

The tensile strength and breaking elongation of
the control and FR-lyocell fabrics were mea-
sured on INSTRON-3369 strength tester (In-
stron Co. Ltd., America) according to GB/T
3923.1-1997 method. The size of specimens is
150 mm x 50 mm x 1.0 mm. The gauge
length is 100 mm and the stretching speed is
100 mm/min. Each group of samples is tested
five times and the average value is calculated to
reduce the error.

@ Springer
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Results and discussion
NMR analysis of FR

The molecular structure of FR was characterized by
hydrogen-1 nuclear magnetic resonance ("H NMR),
and phosphorus-31 NMR (*'P NMR) spectroscopy.
Figure 1a shows the "H NMR spectra of FR. The peak
at 4.67 ppm is assigned to hydrogen atoms in D,0O (s,
deuterium oxide). The peak at 1.03—1.04 ppm attri-
butes to hydrogen atoms (t, C{, 2H,) in N-CH, (a).
The peak at 3.51-3.52 ppm corresponds to hydrogen
atoms (t, C,, 2H,) in O—CH, (b). The peak at4.77 ppm
is ascribed to hydrogen atoms (s, C3, 4H) in C-H (c).
In addition, the peak at 7.07 ppm belongs to hydrogen
atoms of NH, . Meanwhile, the integra areas ratio of
acb:c is 0.86:0.78:0.84 in the spectra, which is
accorded with the number ratio of corresponding
hydrogen protons in FR. For *'P NMR spectra, the
peaks at 0.00 and 0.69 ppm are owing to the
phosphorus atoms of the FR.

LOI values and weight gain

The limiting oxygen index (LOI) test is commonly
used to evaluate the flame retardancy of materials. The
weight gains (WGs) and LOI values of the lyocell
fabrics treated with different FR concentrations and
several laundering cycles (LCs) are listed in Table 1.
The LOI value of the control lyocell is only 18.0%.
The WGs of the lyocell fabric treated with 20 wt%,
30 wt% and 40 wt% FR is 10.03 wt%, 14.14 wt%,
and 15.57 wt%, respectively. This indicates that with
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Fig. 1 'H NMR (a) and >'P NMR (b) spectra of FR
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the increase of the concentration of FR solution, the
WGs gradually increase accordingly. Besides, the LOI
values of the treated lyocell fabrics with 20 wt%,
30 wt%, and 40 wt% FR are 34.8%, 40.6% and
44.2%, respectively, which are much higher than that
of the control sample. With the increase of LCs, the
LOI values of FR-lyocell gradually decrease. This
may be caused by the gradually abrasion of fibers
resulting in removing of the adsorbed FR on the
surface of lyocell fibers. Meanwhile, the LOI value of
the sample treated with 20 wt% FR is 25.7% after 30
LCs, which can be considered as a semidurable flame
retardant fabric. Moreover, the LOI values of the FR-
lyocell treated with 30 wt% and 40 wt% FR finishing
solution retained 31.3% and 33.7% after 30 LCs,
which can be considered durable flame retardant
lIyocell fabric (Lu et al. 2018a). In addition, the LOI
values of the samples treated with 20 wt%, 30 wt%
and 40 wt% FR is 30.6%, 35.6% and 40.7% after wet
rubbing. These results demonstrate that the FR
prepared in this work endows lyocell fabric with
excellent flame retardancy and durability.

Flammability

To further research the flame retardancy and washa-
bility of the lyocell fabrics, simple burning testing was
performed for the blank and treated lyocell specimens
after different LCs and lyocell fabrics treated with
30 wt% FR solution after web rubing as shown in
Fig. 2. The lyocell fabric is almost burnt out. Com-
pared to the control sample, all the FR-lyocell fabrics
could not be ignited under a vertical flame and almost

0.69
0.00

(b)

|
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Table 1 The LOI and WG values of lyocell fabric treated with different FR concentrations before and after different laundering

cycles (LCs), and after wet rubbing

FR concentration (wt%) WG (wt%) LOI (%)
0 LCs 10 LCs 20 LCs 30 LCs After wet rubbing
0 0 18.0 - - -
20 10.03 34.8 31.0 27.7 25.7 30.6
30 14.14 40.6 36.7 34.3 31.3 35.6
40 15.57 442 429 38.8 33.7 40.7

Before combustion

L\

After combustion

Fig. 2 Photos of the different fabrics before and after vertical
burning: control sample (a); lyocell fabrics treated with 20 wt%
(b), 30 wt% (c) and 40 wt% (d) FR solution; lyocell fabrics

maintained the original shape due to the formation of a
complete and continuous protective char frame. Fur-
thermore, the flame retardancy of the fabric becomes
better with the increase of FR concentration. Addi-
tionally, with the increase of laundering cycles (LCs),
the burning becomes relatively easy and the char
residue of the sample is slightly distorted after 50 LCs.
This phenomenon was ascribed to the presence of
phosphoric acid groups in FR, which effectively
enhanced the char-forming ability of FR-lyocell
(Dong et al. 2017; Bai et al. 2014). In addition, the
nitrogen element could generate ammonia (NHj)
during combustion, which diluted the flammable
gases. Morover, lyocell fabrics treated with 30 wt%
FR solution after web rubing still able to self-

treated with 30 wt% FR solution after 10 LCs (e), 20 LCs (f), 30
LCs (g), 40 LCs (h), 50 LCs (i) and after wet rubbing (j)

extinguish. These results indicated that the FR
prepared in this work endows lyocell fabric with good
washing durability and superior char-forming
capability.

XPS analysis

The surface chemical composition of the pristine, FR-
lyocell and FR-lyocell (30 LCs) samples were inves-
tigated by XPS, as shown in Fig. 3. For the pristine
fabric, the strong peaks at 286 eV and 533 eV
correspond to carbon (C) and oxygen (O) atoms (Liu
et al. 2020; Zhang et al. 2020) with the content of
64.49 at.% and 30.58 at.%, respectively. For the FR-
lyocell, two new peaks at 400 eV and 134 eV are

@ Springer
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Fig. 3 XPS spectra of control lyocell, FR-lyocell, and FR-
lyocell (30 LCs)

attributed to nitrogen (N) and phosphorus (P) compo-
nents, respectively. And the content of C, O, N, and P
elements is 56.11 at.%, 30.17 at.%, 10.05 at.%, and
3.67 at.%, respectively. This indicates that FR has
been successfully grafted on the lyocell fiber surface.
In addition, for the FR-lyocell fabric (30 LCs), there
are the same peaks as FR-lyocell. And the content of
C, O, N, and P elements are 59.32 at.%, 31.44 at.%,
5.29 at.%, and 3.95 at.%, respectively. The slight
difference in chemical composition between FR-
lyocell and FR-lyocell fabric (30 LCs) is due to the
removal of trace amount of flame retardant adsorbed
on the fiber surface caused by mechanical friction. The
result reveals that the FR-lyocell possesses better
washing resistance.

ICP and EA analysis

Since phosphorous (P) and nitrogen (N) elements are
the main components conferring fire properties to
materials, determination of the P and N contents in FR
and FR-lyocell was performed. The results of elemen-
tal analysis (EA) and P contents tested by ICP are

Table 2 EA and ICP of FR and FR-lyocell analysis

Sample C (wt%) N (wt%) P (wt%)
FR 0.41 12.10 24.32
FR-lyocell 38.18 2.72 2.27

@ Springer

listed in Table 2. As shown in Table 2, the P contents
in FR and FR-lyocell are 24.34 wt% and 2.27 wt%,
respectively, which indicates that the FR contains
higher P elements and P element is introduced into
cellulose after flame retardant finishing. On the other
hand, the N contents in FR and FR-lyocell is
12.10 wt% and 2.72 wt%. It is important to note that
the N element in FR come from the C-N group and
ammonium ion (NH, ). However, the N element in
FR-lyocell mainly comes from the C-N group after
flame retardant finishing. According to the above tests
and analysis, it can be confirmed that the FR rich in P
and N elements was successfully grafted onto the
lyocell fabric. This is consistent with the XPS test
results.

FTIR infrared and X-ray diffraction

The FTIR spectra of FR, control lyocell, FR-lyocell,
and FR-lyocell (30 LCs) samples are shown in Fig. 4.
AIl FTIR spectra show strong peaks at 3320 cm ™' and
2890 cm ™', respectively, which are assigned to the
stretching vibration absorption of —OH (Sahito et al.
2015; Xu et al. 2017) and C-H (Wei et al. 2018; Wan
et al. 2019b). The characteristic absorption peaks of
FR at 1402 cm™', 1262 cm™', 1080 cm™' and
845 cm™' are attributed to the absorption of C—N
bond (Yang et al. 2018), P=0 group (Liu et al. 2020;
Wang et al. 2016), P-O—C bond (Tian et al. 2019; Wan
et al. 2019a) and P-OH group. These results confirm
the successful synthesis of FR. Besides, both of the

—FR

Control lyocell
— FR-lyocell

— FR-lyocell (30 LCs)

1660 1437 1358 | 1/

3330 2890 1] 896

7
n 1 n 1 L 1 L 1 L 1 .lozol n
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 4 FTIR spectra of FR, control lyocell, FR-lyocell and FR-
lyocell (30 LCs)
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control lyocell and FR-lyocell show weak peak at
1660 cm_l, which is attributed to the stretching
vibrations of C=0 bond (Wang et al. 2016; Wan
et al. 2019a). Moreover, four new characteristic
absorption peaks of FR-lyocell are observed at
1437 cm™', 1228 cm™', 1020 cm™' and 896 cm™'
attributing to the absorption of C-N bond, P=0 group,
P-O-C bond and P-OH bond, respectively. However,
these characteristic peaks do not occur at the spectrum
of control lyocell sample, indicating the reaction of FR
with —OH of lyocell fibers and forming the P-O-C
covalent bond. For the FR-lyocell (30 LCs), there are
the same peaks as FR-lyocell, indicating good washing
resistance of FR-lyocell sample. The FTIR result is
consistent with the XPS analysis, which fully proves
that the FR has been synthesized and successfully
grafted onto the surface of lyocell fibers via P-O-C
covalent bond.

Figure 5 shows the X-ray diffraction pattern of the
control and FR-lyocell sample. The diffraction peaks
at 12.32°, 20.26°, 21.89°, and 34.92° of the lyocell
fabric correspond to the crystal structures (1-10),
(110), (020), and (004) plane of cellulose II (French.
2014). The spectra of the FR-lyocell are similar to that
of the control sample, indicating the finishing process
having no significant influence on the crystal structure
of the lyocell fiber (Wan et al. 2019b).

Control lyocell

S]
oS 2189 —— FR-lyocell

20 ()

Fig. 5 XRD spectra of control lyocell and FR-lyocell

Thermal degradation analysis

The TGA and DTG curves of the control lyocell, FR-
Iyocell, and FR-lyocell (30 LCs) under nitrogen
(a) and air (b) atmosphere are shown in Fig. 6. The
detailed data are summarized in Table 3. As shown in
Fig. 6a, the control lyocell began to decrease rapidly
when the temperature reached 313.1 °C. In addition,
the mass loss rate slowed down when the temperature
reached 391.7 °C. Ultimately, approximately a
13.6 wt% char residue was retained at 800 °C. For
the FR-lyocell, the temperature corresponding to
10 wt% weight loss (Toq) is at 222.2 °C, which is
lower than that of the control lyocell. The mass of FR-
Iyocell rapidly decreased from 222.2 to 291.3 °C.
Finally, 38.8 wt% char residue was obtained at
800 °C. The different char residue is due to the fact
that FR contains numerous phosphorus and nitrogen
components. As a result, lots of phosphoric acids,
polyphosphoric acids, and other phosphorus-contain-
ing derivatives are evolved from phosphorus compo-
nents during combustion, which facilitate the
dehydration of cellulose to form more char residue
(He et al. 2018). Meanwhile, non-combustible gases,
such as ammonia (NH;3) generated by nitrogen com-
ponents can dilute the concentration of flammable
gases (Zhang and Shi 2019). In the case of FR-lyocell
(30 LCs), the TGA curve is almost similar to that of
FR-lyocell. The temperature corresponding to the
maximum weight loss rate (Tp,.x) is at 271.8 °C and
the char residue at 800 °C is 37.1 wt%, which is
slightly lower than that of FR-lyocell.

It can be seen from Fig. 6b, the weight loss
tendency of all TGA curves is quite similar at low
temperature (Li et al. 2020b). For control lyocell, the
T199 is at 288.8 °C and the main weight loss period
ranges from 288.8 °C (T¢q,) to 367.4 °C (T},.x) With a
mass loss of about 67.8 wt%, which is mainly due to
the release of aliphatic hydrocarbons or volatile
products during pyrolysis process (Jiang et al. 2019).
With temperature continually increasing, a new
weight loss stage occurrs with about a 21.8 wt% mass
loss, corresponding to the conversion of some
aliphatic hydrocarbons to aromatic carbon and the
production of CO and CO, during the carbonization of
cellulose (Wang et al. 2018a, b). Finally, only 1.5 wt%
char residue remains at 800 °C. For FR-lyocell, the
T109 is at 226.0 °C, which is much lower than that of
control lyocell (288.8 °C). The treated lyocell exhibits
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Fig. 6 TGA and DTG curves of control lyocell, FR-lyocell and FR-lyocell (30 LCs) in N, (a) and air (b) atmosphere

Table 3 TGA data of

Atmosphere Sample T109 (°C) Tmax (°C) Residue at 800 °C (wt%)
control lyocell, FR-lyocell
and FR-lyocell (30 LCs) in N, Control lyocell 313.1 391.7 13.6
N> and air atmosphere FR-lyocell 2222 2913 38.8
FR-lyocell (30 LCs) 2213 271.8 37.1
Air Control lyocell 288.8 367.4 1.5
FR-lyocell 226.0 286.7 5.1
FR-lyocell (30 LCs) 244.5 285.1 47

a rapid decrease from 226.0 to 286.7 °C with about a
31.3 wt% mass loss. However, with the temperature
increasing, there is a larger weight loss stage (Alongi
et al. 2013). In this stage, the char residue begins to be
furtherly oxidized and combustible volatiles (e.g. CO)
and non-combustible volatiles (H,O, NH;, CO,, etc.)
are released. Ultimately, little char residue (5.1 wt%)
at 800 °C is left. However, the amount of char residue
of the modified lyocell is still higher than that of the
pristine sample. The results fully prove that FR
improves the thermal-oxidative stability and char-
forming ability of lyocell fabrics. In the case of FR-
Iyocell (30 LCs), the TGA curve is basically similar to
that of FR-lyocell. The T, is at 285.1 °C and the char
residue at 800 °C is about 4.7 wt%, which is slightly
lower than that of FR-lyocell. These above phenomena
can be explained that the P component of FR
decomposes to form phosphoric acid and polyphos-
phoric acid, which can accelerate the degradation and
promote the carbonization of lyocell fiber (Wan et al.
2019a). In addition, the N component of FR can
generate non-combustible NH; to dilute the concen-
tration of oxygen and flammable gases. In other words,

@ Springer

the FR can play its flame retardant role both in
condensed and gas phases. The above results indicate
that FR-lyocell presents a higher thermostability and
better flame retardancy than the control lyocell.

Cone calorimetry

The flame retardancy of the specimens was further
evaluated by cone calorimetry. The HRR (a) and THR
(b) curves of the control lyocell and FR-lyocell were
presented in Fig. 7. Meanwhile, the corresponding
data were listed in Table 4. As shown in Fig. 7a and
Table 4, the control lyocell fabric was easily ignited
with a time to ignition (TTI) of 18 s and reached the
PHRR (144.7 kW/m?) at 45s. Ultimately, only
8.8 wt% of char residue was left. In contrast, for the
FR-lyocell, it failed to ignite and delayed reaching the
PHRR (12.4 kW/m?) at 95 s. In addition, the THR of
FR-lyocell was 2.1 MJ/mz, which was much lower
than that of the control lyocell (5.5 MJ/m?). Finally,
12.3 wt% of char residue was remained, which was
slightly higher than that of the control sample.
Furthermore, the fire growth rate index (FIGRA) was
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Fig. 7 HRR (a) and THR (b) curves of control lyocell and FR-lyocell fabrics
Table 4 Combustion parameters of control lyocell and FR-lyocell
Samples TTI (s) PHRR (kW/  Tpprr (5) Av-HRR (kW/  THR (MJ/  Residue (%) FIGRA (kW/
mz) mz) mz) m? S)
Control 18.0 144.7 (£ 5.0) 450 (£ 1.0) 19.6 (£ 1.0) 55 (£ 04) 8.8 (£ 0.8) 3.21 (£ 0.26)
lyocell (+ 1.0)
FR-lyocell - 124 (£ 09) 950 (£ 1.6) 6.9 (£ 0.6) 2.1 (£0.3) 12.3 (£ 0.6) 0.13 (£ 0.04)

calculated by the ratio of PHRR to the time to PHRR
(Tpurr). It represents the fire growth rate and the scale
of a fire (Ren et al. 2016, 2018). The FIGRA of FR-
lyocell decreased from 3.21 to 0.13 kW/m? s. These
results indicated that the phosphorus-rich and nitro-
gen-rich halogen-free flame retardant made lyocell
fabrics have excellent flame retardancy.

TG-IR spectroscopy

To further explore the flame retardant mechanism of
FR-lyocell fabrics, the TG-IR was used to detect the
gaseous compounds produced during thermal decom-
position of control lyocell and FR-lyocell under
nitrogen atmosphere in real-time. The TG-IR spectra
of the control lyocell and FR-lyocell at different
temperatures are shown in Fig. 8. For the control
lyocell (Fig. 8a), the peak at 3593 cm ™' is due to the
stretching vibration absorption of O-H in H,O (Alongi
et al. 2011a; Wang et al. 2018a, b; Ding et al. 2017).
The peaks at 2914 cm™ ' and 2974 cm ™! are attributed
to the vibration absorption of the C—H bond of the

fabrics (Ren et al. 2016). The strong absorption peaks
at 1744 cm™"' and 1060 cm™' are assigned to the
stretching vibration of C=0O bonds from carbonyl
compounds (Gaan and Sun 2007; Ren et al. 2020; Liu
et al. 2018a, b) and C—O-C bond of ethers (Zhu and
Shi 2003; Jia et al. 2017; Parsa and Chaffee 2018). The
peaks at 2362 cm™!, 2306 cm ™!, and 663 cm™! are
the stretching vibration absorption of CO, (Ji et al.
2018; Li et al 2020b). In addition, the faint peak at
2181 cm™' is attributed to the stretching vibration
absorption of CO. Therefore, the main degradation
products of control lyocell include incombustible
compounds (such as H,O and CO,) and flammable
substances (such as hydrocarbons, carbonyls, and
ethers). For the FR-lyocell (Fig. 8b), the strong
absorption peak at 1526 cm™' is assigned to the
vibration absorption of the NH bond from the release
of NH; (Echeverria et al. 2019; Wan et al. 2019b). The
peaks at 2974 cm™" and 1060 cm ™" are disappeared,
implying the generation of combustible alkanes and
ether being inhibited. Besides, the peak strength at
1744 cm™ " and 2363 cm ™' of the FR-lyocell fabrics is
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Fig. 8 TG-IR spectra of control lyocell fabric (a) and FR-lyocell fabric (b) at different temperatures

significantly lower than that of the pristine fabrics. The
absorption intensities of H,O at 3593 cm™' are
relatively stronger than that of pure lyocell. Consistent
with the above description, the absorption peak of the
treated lyocell (Fig. 8b) was simpler than that of
control lyocell (Fig. 8a). These results indicate that FR
is beneficial to dehydration and carbonization of
fibers, resulting in forming more char residue instead
of flammable substances (Wan et al. 2019b; Wang
et al. 2016), which can prevent heat and fuel from the
flame (Jia et al. 2017).

Raman spectroscopy analysis

To further understand the flame retardant mechanism,
the char residue of FR-lyocell fabrics has been studied
by Raman spectroscopy (Liu et al. 2017a; Peng et al.
2019). The Raman spectra of the FR-lyocell fabrics
after combustion is shown in Fig. 9. It can be clearly
seen that FR-lyocell exhibits two absorption peak
bands at 1347 cm™! and 1569 cm™!, which are
assigned to the D-band of graphite carbon and G-band
of amorphous carbon, respectively (Chen and Wang
2009; Liu et al. 2018a, b). Specifically, the ratio of the
integrated D and G bands intensities (Ip/lg) can
express the degree of graphitization of materials.
Generally, the lower value of Ip/lg means the
microstructure of the char is better and has fewer
defects. The Ip/lg value of FR-lyocell is 0.771,
indicating good graphitization degree of the char
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Fig. 9 Raman spectra of the char residue of FR-lyocell

residue and superior char formation capability. There-
fore, the result confirms that FR can promote the
formation of effective char residue on the surface of
lyocell fabric to improve its flame retardance. (Duan
et al. 2016).

Scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDS)

In order to examine the effect of flame retardant on
microstructures of lyocell fabric, the surface morphol-
ogy and elemental composition of the control lyocell,
FR-lyocell, and the char residue of FR-lyocell fabric
were detected by SEM-EDS. Figure 10a clearly
shows that the control lyocell exhibits a smooth and
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Fig. 10 SEM images and element content spectra of control lyocell fabric (a, d); FR-lyocell fabric (b, e) and the char residue of FR-

lyocell fabric (c, f)

uniform surface. As illustrated in Fig. 10b, the surface
structure of the FR-lyocell fabric has no obvious
change compared with the control fabric. This is
because FR has a low molecular weight and good
water solubility. It can easily infiltrate into the interior
of lyocell fiber and graft with cellulose (Jia et al. 2017;
Lu et al. 2018a, b). For the char residue of FR-lyocell
fabric (Fig. 10c), it is clearly observed that the char
residue is dense and continuous. This phenomenon
implies that FR can promote the formation of a
complete char layer to hinder the combustion of the
lyocell fabric. Meanwhile, there are no defects in the
section, which indicates that the char layer has an
effective condensed phase flame retardant effect.

For Fig. 10d, the elemental compositions and
contents of control lyocell are mainly carbon (C) and
oxygen (O), and the contents are 46.16 wt% and
53.84 wt%, respectively. Figure 10e exhibits the
presence of C, O, N, and P elements. Especially, N
and P contents of the FR-lyocell are 7.40 wt% and
4.13 wt%, respectively. From Fig. 10f, it can be
observed that the N element disappears and the P
content slightly increases (6.10 wt%). Furthermore,
the C content significantly increases from 37.24 wt%
of FR-lyocell to 81.28 wt% of the char residue. This is

because N element generates NH; during combustion,
at the same time, P element evolves into various
phosphorus derivatives, facilitating the dehydration of
cellulose to form more char residue (Zhang et al. 2020;
Liu et al. 2017b). EDX analysis verified that the FR
rich in phosphorus and nitrogen was grafted onto
lyocell fiber by the strong P-O—C and N-C-P covalent
bonds (Wan et al. 2019b).

Mechanical property

Figure 11 shows the tensile curves of lyocell and FR-
lyocell fabrics. The corresponding tensile results are
summarized in Table 5. It can be seen from Table 5
and Fig. 11 that the tensile strength of control lyocell
fabric is 15.51 MPa, with an elongation at break of
13.67%. Moreover, the tensile strength of lyocell
fabric treated with 20 wt%, 30 wt% and 40 wt% FR
finishing solution is 15.07 MPa, 14.83 MPa and
13.00 MPa, respectively. The result indicates that
with flame retardant concentration increasing, the
tensile strength of FR-lyocell fabric slightly reduces. It
may be due to the fact that the grafting reaction
between FR and the hydroxyl groups (-OH) of
cellulose weakens the interaction of intermolecular
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Fig. 11 Tensile curves of control lyocell and FR-lyocell fabrics
treated by different FR concentrations

hydrogen bonds. However, the elongation at break of
lyocell fabric treated with 20 wt%, 30 wt% and
40 wt% FR finishing solution is 14.00%, 12.92%
and 12.54%, respectively. This indicates that lyocell
fabrics treated by FR have negligible impact on
elongation at break. The above results illustrates that
the tensile strength of lyocell fabrics treated by FR is
slightly reduced but has an insignificant impact on its
applications in the textile field.

Flame retardant mechanism

Based on the above analysis, the flame retardancy
mechanism is proposed in Fig. 12. Upon heating, the
phosphorus-containing moiety in the FR will be
decomposed to form numerous PO- free radicals,
which can capture the gas phase free radicals produced
by the decomposition of cellulose molecules, such as
H- and -OH, thus interrupting the degradation process
initiated by cellulose chain free radicals. On the other

hand, phosphorus-containing acids, for example,
phosphoric acid, pyrophosphoric acid or polyphos-
phoric acid species can be produced, which can
facilitate cellulose dehydration to generate more
carbonaceous substances (He et al. 2018; Zhang
et al. 2020; Liu et al. 2017b). As a result, the
carbonaceous layer can isolate the heat transfer and
the diffusion of small combustible products created by
the degradation of cellulose and oxygen. Meanwhile,
non-combustible gases (such as NH3) are generated by
nitrogen components in FR when it is burning. In
addition, the FR contains C and O components, which
can release lots of water vapor and CO, during the
combustion process. Therefore, the incombustible
gases (NH3, H,O, and CO,) can dilute the concentra-
tion of O, and flammable gases in the combustion
zone, thus slowing down the combustion and decreas-
ing the heat release rate. In summary, the FR plays a
dual flame retardant effect in the gaseous and
condensed phase.

Conclusions

A novel effective halogen-free flame retardant (FR)
rich in phosphorus (P) and nitrogen (N) was synthe-
sized via Mannich and esterification reaction and used
for preparation of durable flame retardant lyocell (FR-
lyocell). NMR, FTIR, and XPS indicated that the FR
was successfully synthesized and grafted on the
surface of the lyocell fabric via firm P-O-C covalent
bonds. The results obtained from ICP and EA
confirmed that the FR was rich P and N contents.
Additionally, XRD analysis indicated that the finish-
ing process had no significant influence on the crystal
structure of the lyocell fiber. The LOI data

Table 5 Mechanical properties of control lyocell and FR-treated lyocell fabric

Samples Tensile strength (MPa)

Elongation at break (%)

Control lyocell

FR-lyocell-20%
FR-lyocell-30%
FR-lyocell-40%

15.51 (£ 0.57)
15.07 (£ 0.35)
14.83 (£ 0.46)
13.00 (£ 0.66)

13.67 (£ 0.12)
14.00 (£ 0.20)
12.92 (£ 0.17)
12.54 (£ 0.15)

Lyocell fabric treated with 20 wt%, 30 wt% and 40 wt% FR finishing solution is denoted as FR-lyocell-20%, FR-lyocell-30% and

FR-lyocell-40%
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Fig. 12 Possible flame-retardant mechanism of FR for lyocell fabric

demonstrated that FR-lyocell possessed outstanding
flame retardancy. TGA and SEM results exhibited that
FR-lyocell degraded preferentially and was prone to
form more continuous and compact char residue.
Raman spectra confirmed that FR-lyocell had a
superior char forming capability. In addition, cone
calorimeter test revealed that FR-lyocell had lower
PHRR and THRR than that of control lyocell and
could not be ignited. Furthermore, TG-IR results
demonstrated that volatile products were significantly
reduced and numerous inflammable gases, such as
NH;, CO, were generated during the combustion of
FR-lyocell. The tensile strength of lyocell fabrics
treated by FR was slightly reduced. The above results
revealed that the FR-lyocell exhibited excellent flame
retardancy, superior char forming capability.
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