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the limiting oxygen index of treated kraft paper could increase from 19.1 to

© Springer Science+Business  48.2%. The results of vertical flammability tests imply that the char length of

Media, LLC, part of Springer ~ treated sample decreased from 210 to 45 mm. Thermogravimetry analysis

Nature 2018 showed that treated kraft paper had the lower initial decomposition tempera-
ture and more residues than control sample. Thermogravimetry analysis/in-
frared spectrometry indicated that the flammable volatile species of treated kraft
paper reduced obviously compared with that of control sample. Fourier trans-
form infrared spectroscopy suggested that ammonium phosphite was grafted
on the cellulose molecules by P-O-C covalent bonds and the flame retardant is
reactive in condensed phase. Scanning electron microscopy showed that the
modification had little effect on the surface of kraft paper and the residual
carbonized frame of treated kraft paper retained the fiber shape after combus-
tion. EDX results showed that the flame retardant introduced a large amount of
phosphorus and nitrogen into kraft paper. X-ray diffraction indicated that the
modification did not significantly affect the crystal structure of kraft paper. And
the strength of kraft papers slightly declined after the modification, but it still
remained well.
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Introduction

Cellulosic paper is an important renewable resource
and consists of cellulose, hemicelluloses and lignin
[1-3]. It is widely used in packaging, construction,
interior decoration, agriculture and daily necessities
industries, due to its advantages of lightweight, low
cost and so on [4, 5]. However, cellulosic paper is
inherently flammable [6, 7]. It is easy to cause fire
disasters, which seriously threaten human and their
property [8]. Consequently, endowing paper with
excellent flame retardancy to reduce the amount of
fire disasters and expand the application scope of
cellulosic paper is significant.

In recent years, researchers have suggested various
methods and flame retardants to improve the flame-
retardant property of cellulosic paper. According to
these methods, the flame retardants can be classed to
additive-type flame retardants and reactive flame
retardants [9, 10].

Additive-type flame retardants are always directly
added into papermaking pulp to produce flame-re-
tardant paper. The main additive-type flame retar-
dants are metal oxides, metal hydroxides, boron
compounds and silicon compounds [11, 12]. These
inorganic compounds have low flame-retardant effi-
ciency. To enhance the flame retardancy of cellulosic
paper, a large amount of inorganic compounds is
needed, which is harmful to the physical properties
of paper. In addition, some of them are heavy metal
and will cause environmental pollution. So, some
researchers added other highly effective flame retar-
dants into papermaking pulp to produce synergies
with these inorganic compounds [10, 13-15]. The
synergistic effects of ammonium polyphosphate
(APP)—-diatomite-TiO, nanocomposites and APP-
melamine cyanurate can reduce the mass loss of
paper in combustion and make the residue more
compact, and the LOI value can increase to about 30%
[16-20]. Besides, some other organic flame retardants
like poly(methylenephosphine) [21], guanidine
phosphate [22] and guanidine sulfamate [23] are also
used as fillers. But in practical applications, the
method of adding flame retardants into papermaking
pulp requires the flame retardants to meet some
special requirements like good dispersibility, good
filler retention, which restricts the use of some flame
retardants.

In addition to adding flame retardants to the pulp
directly, LbL assembly technique also has been
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employed to deposit flame retardants onto pulp
fibers or fabrics to improve the flame-retardant
properties of paper [24-26]. Multilayered thin films of
oppositely  charged  polyelectrolytes  and/or
nanoparticles were formed on the surface of fibers or
fabrics via a multistep deposition process, attaching
flame retardants to the surface fibers or fabrics. The
dopants include cationic chitosan and anionic
poly(vinylphosphonic acid) [24], cationic
polyethylenimine and anionic sodium hexam-
etaphosphate [25], polyaniline and phytic acid [26]
and so on. This kind of methods has little damage to
fibers and can reduce the flammable character of
cellulosic fibers to some extent.

Reactive flame retardants including halogen-con-
taining flame retardants, phosphorus-containing
flame retardants and nitrogen-containing flame
retardants are universally used by surface modifica-
tion method [10]. Halogen compounds (chlorine-
containing or bromine-containing) are widely used
for paper and textile in the past. But these flame
retardants will cause environmental pollution and
pose a threat to human health, so they have been
banned in European countries [27]. To develop effi-
cient, non-toxic and eco-friendly flame retardants,
phosphorus-containing flame retardants are used as
substitutes for halogen flame retardants and often
have synergistic effects with nitrogen-containing
compounds. Some researchers impregnated paper
with ammonium phosphate, monoammonium phos-
phate or diammonium phosphate solutions [28, 29]. It
is found that these ammonium salts can graft on the
cellulose by -P-O-C covalent bonds and the flame-
retardant property of cellulosic paper was obviously
improved. Using melamine formaldehyde and citric
acid as crosslinking agents, N-hydroxymethyl-3-
dimethylphosphonpropionamide was grafted on the
surface of paper [30]. Besides, Tang and He et al.
prepared flame-retardant paper using hexa(N-hy-
droxymethyl)amidocyclotriphosphazene and hex-
aamidocyclotriphosphazene, and these compounds
play a flame retardant role mainly on condensed
phase [31, 32]. However, some of these flame retar-
dants containing hydroxymethyl will release car-
cinogenic formaldehyde in the modification and
service process [27].

Phosphinates and hypophosphites like aluminum
isobutylphosphinate [33], aluminum phenylphos-
phinate [34] and aluminum hypophosphite [35] were
proven to be effectively flame retardants for
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polyamides and polyester. During combustion, these
flame retardants with high phosphorus-content can
favor the formation of char to protect the surround-
ing polymer from further burning and decomposi-
tion. In this study, a high efficient, low-cost and
environment-friendly reactive phosphite without
halogens or formaldehyde, ammonium phosphite,
was synthesized to improve the flame retardancy of
kraft paper. The flame retardant was expected to
graft on kraft paper by the reaction between -OH
groups of cellulose and -PO(O"NH,"), groups of
ammonium phosphite. H;PO3 is more acidic than
H3PO,, so it is easier for ammonium phosphite to
form anhydride and react with cellulose during the
modification, and the finished kraft paper still well
sustain flame retardancy after dipping in water for
24 h. The flame retardancy, thermal stability and
combustion behavior were investigated
comprehensively.

Experimental
Materials

Kraft paper with a weight of 120 g/m” was pur-
chased from Southwest University Culture Super-
market in Chongqing, China. Phosphorous acid
(H3PO3), urea and ammonium hydroxide were pur-
chased from Chengdu Kelong Chemical Reagent Co.,
Ltd. (Chengdu, China). Dicyandiamide was supplied
by Aladdin Reagent Co., Ltd. (Shanghai, China). All
reagents were used as received without any
purification.

Synthesis of (NH,),HPOj; solution

Phosphorous acid (1, 24.6 g, 0.300 mol), urea (2, 18 g,
0.300 mol) and distilled water (100 mL) were added
into a 250-mL three-necked, round-bottomed flask.
The mixed solution was heated up to 110 °C in the
nitrogen atmosphere (with a flow rate of 20 mL/min)
under magnetic stirring using a thermostatic heating
magnetic stirrer (CL-2, Zhengzhou, China). The
temperature was held at 110 °C for 60 min and then
heated up to 125 °C for 10 min. After that, the pH
was adjusted to about 6 by ammonium hydroxide
and the crude product (3) was subsequently
obtained. Finally, the product was purified by pre-
cipitation using anhydrous ethanol, filtered, dried at
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60 °C and the white solid of ammonium phosphite
was obtained. This synthetic route is shown in
Scheme 1a.

Flame-retardant finishing of kraft paper

Different concentrations of ammonium phosphite
solutions (5, 10, 15, 20, 25 and 30%) were prepared by
dissolving ammonium phosphite in distilled water.
And dicyandiamide as catalyst was added to the
solutions at a mass concentration of 5%. Then, the
samples of kraft paper (size 20 cm x 20 cm) were
immersed into the mixed solutions at 60 °C for
10 min with a bath ratio of 1:20. (The bath ratio is the
kraft paper weight versus the volume of the solution.)
Subsequently, the samples were padded through a
nip to reach wet pickup of about 120%. After that, the
samples were cured at 150 °C for 5 min in an auto-
matic continuous baking machine (Mini-Tentr, Xia-
Men Rapid Co. Ltd., China). Finally, the finished
samples were washed with distilled water and dried
in an oven at 60 °C. The possible reaction between
(NH4),HPO; and cellulose is presented in Scheme 1b,
and the process illustration of the flame retardant
modification is shown in Fig. 1. The weight gain
(WG) was calculated using the following formula:

Wi —Wp
0

WG (%) = x 100% (1)
where Wy is the weight of control kraft paper and W,
is the weight of treated kraft paper.

Characterization

LOI tests were performed with a digital display
oxygen index instrument M606B (Qingdao Shanfang
Instrument Co. Ltd., China) based on the ASTM
D2863-2000 standard test method. The LOI values of
control and modified kraft papers were conducted.
Besides, the LOI values of modified kraft paper after
dipping in water were measured. The modified kraft
papers were dipped in water at room temperature for
24 h and then dried at 60 °C.

Vertical flammability tests were carried out
according to TAPPI T4610S-79 testing procedure
using YG815B vertical fabric flame-retardant tester
(Nantong Sansi Electromechanical Science & Tech-
nology Co. Ltd., China). And the samples used in this
test were of 70 mm x 210 mm.
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Figure 1 Process illustration of the flame retardant modification for kraft paper.

The surface morphologies of control, treated and 5-4800 field emission scanning electron microscopy
the burnt kraft papers were observed using a Hitachi ~ instrument (Netherlands). The samples were coated
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with a thin layer of gold using a GSL-1100X-SPC-
16 M magnetron plasma sputtering coater (MTI
Corporation, USA). And the elemental compositions
were determined with an energy-dispersive X-ray
spectroscopy (EDX) (China).

FTIR spectra of kraft papers and char residues
were obtained using a Spectrum GX spectrometer (PE
Co., USA) in the range of 400-4000 cm ™!, with a
resolution of 4 cm™'. Before the tests, kraft paper
samples were cut into powder and mixed with KBr in
a ratio of 1:100.

The crystalline structures of kraft papers were
investigated using a D/max-B X-ray diffraction
diffractometer (Rigaku Co., Japan) with Cu Ko radi-
ation generated at 36 kV and 20 mA. The angle was
from 5° to 50° in steps of 0.02° (A = 0.154 nm). The
degree of crystallinity and crystalline dimension of
kraft paper were calculated according to the follow-
ing equations:

Se
Cr%)=57s

x 100% (2)

where Cr denotes degree of crystallinity and Se and
Sn denote the area of the crystalline peak and the
noncrystalline peak, respectively.

KA
Ly = Feos0 (3)

where Ly, denotes the crystallite size; K stands for the
Scherrer constant taken as 0.9; and f§ stands for the
width (in radians) at the half height of the charac-
teristic diffraction peak.

TG analysis of kraft papers was investigated using
a Pyris 1 thermogravimetric analyzer (Perkin-Elmer,
USA). The samples (8.5 £ 0.5 mg) were tested in the
range of 40-700 °C with a heating rate of 10 °C/min
and in the nitrogen atmosphere with a flow rate of
60 mL/min.

A Pyris 1 thermogravimetric analyzer (Perkin-
Elmer, USA) coupled with a Nicolet 6700 FTIR
spectrophotometer through a transfer pipe was used
to obtain the TG-IR analysis spectra of kraft papers.
The samples were tested under a nitrogen atmo-
sphere with a heating rate of 10 °C/min from 40 to
700 °C, and the flow rate of nitrogen atmosphere was
60 mL/min.

The tensile index and strain at break of control and
treated kraft papers were measured using an elec-
tromechanical universal testing machine (MTS SYS-
TEMS Co., Ltd., China) according to ISO 1924-2:2008.
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The samples (15 mm x 180 mm) were tested using
constant rate of elongation method (20 mm/min).

Results and discussion
Flame resistance

LOI and vertical flame tests were conducted to
investigate the flame resistance of kraft papers. The
corresponding results from these tests are shown in
Table 1 and Fig. 2.

Table 1 lists the LOI values, WG and the vertical
flammability test data of control kraft paper (KP) and
treated kraft papers (KP-5, KP-10, KP-15, KP-20, KP-
25, KP-30). It can be seen that LOI values increase
distinctly following the increase in (NH,),HPO;
concentration. LOI value of control kraft paper is only
19.1%. By contrast, KP-5 shows a LOI value of 26.5%
(LOI > 26, not burn in normal atmosphere) with a
flame-retardant rating of B-1, and KP-10 shows a
flame-retardant rating of B-0. When the concentration
of (NH,),HPO; solution increases to 30%, the LOI
value reaches 48.2%. After dipping in water at room
temperature for 24 h, the LOI values of treated kraft
papers decreased. But the LOI values still sustain
above 26% when the concentration of (NH4),HPO; is
above 20%, and the flame resistance is well
maintained.

According to Table 1 and Fig. 2, the treated kraft
papers show excellent flame-retardant properties.
The control kraft paper sample burns out completely
and vigorously in air, with 3 s of after-flame time,
and no residues left after combustion. After modifi-
cation, all kraft papers have no after-flame or after-
glow time; these samples stop the propagation of
flame immediately when the flame is removed.
Meanwhile, large quantities of char are obviously left
in the igniting area. For KP-5, KP-10, KP-15, KP-20,
KP-25, KP-30, the char lengths are 84, 72, 58, 52, 50
and 45 mm, and the weight gain values are 3.6, 6.7,
10.5, 12.9, 16.8 and 23.7%, respectively. These results
verify that the modification can endow kraft paper
with high flame-retardant efficiency, with no release
of halogens or formaldehyde. It is likely that flame
retardant is reactive in condensed phase and has the
efficiency in altering combustion characteristics and
favoring the formation of carbonaceous char.
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Table 1 LOI values, WG and vertical flammability test results of control and treated kraft paper samples

Samples Concentration of Weight gain  After-flame After-glow Char length LOI Rating® LOI after dipping
FR (%) (%) time (s) time (s) (mm) (%) (%)

KP 0 - 3+£1 0 No residues 19.1 NR -

KP-5 5 3.6 +0.9 0 0 82+ 4 26.5 B-1 21.9

KP-10 10 6.7 £ 0.7 0 0 72 +2 35.8 B-0 24.7

KP-15 15 105+£1.0 0 0 58 +3 40.2 B-0 25.8

KP-20 20 129+05 0 0 52+2 44.6 B-0 26.5

KP-25 25 168 +0.7 0 0 50+2 46.5 B-0 28.3

KP-30 30 237+05 0 0 45+ 2 48.2 B-0 29.9

#4(B-0: non-inflammable, LOI > 35; B-1: difficultly flammable, 25 < LOI < 35; B-2: flammable, 20 < LOI < 25). [22]

Figure 2 Pictures of KP (a), KP-5 (b), KP-10 (c), KP-15 (d), KP-20 (e), KP-25 (f) and KP-30 (g) after vertical flammability tests.

25
(a) KPp (b)
100 — ps 5 — xp
—KP-10 o\o 2.0 - KP-5
80 | ——KP-20 S ——KP-10
—
= —KP-30 § 15 — KP-20
= = —KP-30
_ED 60 - E
R3] 2 4.5
B (5]
40 | 2
(5]
Z 05
20} S
‘g
A 00
0 | ! | ! | ! | ! | ! | ) 1 L 1 L 1 s 1 L 1 s 1 )
100 200 300 400 500 600 100 200 300 400 500 600
Temperature ("C) Temperature (°C)

Figure 3 TG (a) and DTG (b) curves of KP, KP-5, KP-10, KP-15, KP-20, KP-25 and KP-30 in nitrogen atmosphere.
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Table 2 TG data of kraft paper samples under nitrogen

atmosphere

Samples Tonesetlo%(oc) Tmax (OC) CYGOO (%)
KP 288.2 347.5 19.8

KP-5 266.1 299.7 42.1
KP-10 256.9 299.4 48.6
KP-20 2274 289.9 50.3
KP-30 225.2 270.6 50.7

Thermal stability

The thermal stabilities of control and treated kraft
papers were evaluated by TG in nitrogen atmo-
sphere; the curves of TG and DTG are shown in Fig. 3
(a) and (b), respectively. And the data of TG and
DTG, such as the 10 wt% mass loss temperature
(T10%), the temperature at maximum mass loss rate
(Tmax) and char yield at 600 °C (CYgo), are summa-
rized in Table 2.

As shown in Fig. 3 (a), the control kraft paper has
the Tqo ¢ at 288.2 °C and T, at 347.5 °C, which
corresponds to the depolymerization of the glycosyl
units to volatile products involves levoglucosan [27].
With the increase of temperature, the control kraft
paper has the CY¢go of 19.8%. Compared with control
kraft paper, the treated kraft papers have lower Tyg ¢,
lower Tp,.x and more residues. In addition, Ty ¢ and
Tmax decrease with the increase of (NH4),HPO3; con-
centration, and CYgyo increases with the increase of

] Mater Sci (2019) 54:1884-1897

(NH4),HPO; concentration. The Ty ¢, reduction is
due to the decomposition of flame retardant and the
evolution of ammonia and water as gaseous products
between 200 and 400 °C. In the meantime, P-O-P or
P-N-P bonds are formed resulting in ultraphosphate
structures [36]. When the concentration of (NHy),
HPO; increases to 30%, the CYgog increases to 50.7%,
which is 156.06% higher than that of control kraft
paper. The results demonstrate that the modification
can endow kraft paper with high thermal stability.
The flame retardant catalyzes the dehydration of
kraft paper, favoring the formation of carbonaceous
char and preventing the depolymerization of cellu-
lose [23, 27, 37, 38].

TG-IR analysis

TG-IR was employed to investigate the changes of
gaseous volatiles released from kraft papers during
thermal degradation, and explore the thermal
degradation mechanism of kraft paper.

The FTIR spectra of pyrolysis products from KP
and KP-30 at different temperatures are shown in
Fig. 4. During thermal degradation, the gaseous
pyrolysis products of control kraft paper mainly
exhibit characteristic signals peaks (Fig. 4a): vibration
absorption of ~OH from water vapor at 3589 cm ™',
absorption of aliphatic C-H bond from diverse
alkanes at 2820 cm™}, absorption of CO, at
2351 cm ™', stretching vibration absorption of C=O
group at 1742 cm ™', and the stretching vibration of

(@) ——140°C (b) 5554 —140°C
2351 —> —240°C ~ ——270°C
——350°C 350 °C
500°C 500 °C
——600°C ——600°C
1742
e ] “
- 3589 \w\,w
3589 2820 Y S j\
v ¥
NN A_hw
L | | | | | | L N 1 N 1 N 1 1 N 1 )
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm’)

Wavenumbers (cm'l)

Figure 4 FTIR spectra of pyrolysis products of kraft papers at different temperatures: a KP, b KP-30.
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Figure 5 Intensities of characteristic peaks for pyrolysis products of KP and KP-30: a H,O, b CO,, ¢ hydrocarbons, d carbonyl
compounds and e ethers.

C-O-C bond from ethers at 1067 cm™'. Among them, ethers belong to flammable ones. From Fig. 4b, KP-30
water vapor and CO, are non-flammable volatile does not show new absorption peaks compared with
species; hydrocarbons, carbonyl compounds and KP. And KP-30 mainly releases a small amount of the
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Figure 6 FTIR spectra of control kraft paper (KP), carbonized
control kraft paper (KPC) and carbonized treated kraft paper
samples (KPC-10, KPC-20 and KPC-30).
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Figure 7 FTIR spectra of KP and KP-30.

non-flammable water vapor and CO, during the
thermal degradation.

The intensity of characteristic peaks for main gas-
eous pyrolysis products of KP and KP-30 is shown in
Fig. 5a—e, to further study the effect of modification
on thermal degradation process. All the maximum
absorption intensities of these gaseous pyrolysis
products reduce after the modification, especially the
flammable gaseous pyrolysis products. These results
indicate that the flame retardant can favor the
decomposition of glycosyl units to form carbona-
ceous char, instead of releasing volatile products. In
addition, the time of treated kraft paper started to
pyrolysis is earlier than control kraft paper, and the
same phenomenon is shown in Fig. 4a and b. This
result indicates that grafted flame retardant can
decrease the initial decomposition temperature,
which agrees with the results of TG analysis.

@ Springer

| J Mater Sci (2019) 54:1884-1897

FTIR analysis

To further disclose the flame-retardant mechanism in
the condensed phase, the FTIR of kraft papers and
char residues was investigated (the char residue of
KP, KP-10, KP-20 and KP-30 are labeled KPC, KPC-
10, KPC-20 and KPC-30, respectively), and the results
are shown in Fig. 6. KP has the main absorption
peaks at 3403, 2019, 1428 and 1039 cm ™!, which are
the characteristic peaks of cellulose. The peak at
3403 cm™' is assigned to —-OH stretching vibration
absorption, a peak at 2919 cm ™' is assigned to C-H
absorption, a peak at 1428 cm ™' is assigned to C-C
absorption, and a peak at 1039 cm ™ is assigned to C—
O-C bonds absorbing. As can be seen in the figure,
the peaks almost disappear for carbonized kraft
paper samples (KPC, KPC-10, KPC-20 and KPC-30),
except the C-C absorption at 1420 cm™'. And the
spectra of KPC-10, KPC-20 and KPC-30 show some
new peaks at 1242, 1068 and 935 cm™". The peak at
1242 cm ™" corresponds to the vibration absorption of
P=0, the peak at 1068 cm™' is ascribed to P-N
stretching vibration from the NHj; decomposed by
(NH4),HPO; reacting with the P=O bond. The peak at
935 cm ™ is attributed to P-O-P stretching vibrations,
which indicates the dehydration of the P-OH groups
and the formation of polyphosphoric acid. During
combustion, H;PO3;/H3PO, and polyphosphoric acid
are produced which promoted the char layer forma-
tion of kraft paper. The dense char layer can hinder
heat and mass transfer between gas and condensed
phases and protect kraft paper from further
oxidation.

FTIR was also employed to investigate the chemi-
cal structures of kraft paper before and after the
modification and verify the reaction between
(NH4),HPO;5; and cellulose of kraft paper. The FTIR
spectra of KP and KP-30 are shown in Fig. 7. Both KP
and KP-30 have some characteristic peaks of cellu-
lose. Compared with KP, KP-30 has some new peaks
at 781, 1142, 1715, 1754, 2446, 3212 and 3302 cm ™.
The peak at 781 cm™' corresponds to P-O-C
absorption, the peak at 1142 cm ™' corresponds to the
vibration absorption of P=0O, and the peak at
2446 cm ™ is assigned to P-H absorption. The results
indicate that the flame retardant is grafted on the
kraft paper by forming P-O-C bond. The peaks at
3212 and 3302 cm™' correspond to the vibration
absorption of NH, T units. In addition, the peak at
1715 and 1754 cm™' is assigned to the C=0O
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Figure 8 SEM images and EDX results of kraft papers. KP (a—c), KP-30 (d—f) and burnt KP-30 (g—i). The magnification times were 800

in a, d; 3000 in b, e; 2500 in g; and 6000 in h.

stretching vibration, which is probably because a
small amount of oxidation occurs during the
modification.

Surface morphology and elemental
constitution

SEM was used to observe the surface micromor-
phologies of KP, KP-30 and KPC-30, and the images
are shown in Fig. 8. As shown in Fig. 8 a and b, the
fibers of KP are flat and disorganized with rough
surface and curly edges. The curly edges of fibers are

maintained in KP-30 (Fig. 8 d and e), and the fibers of
KP-30 are smoother than the fibers of KP, with a little
swollen. These results demonstrate that (NH4),HPO;
can enter the interior of fibers and reacts with cellu-
lose molecules, causing fibers to become swollen. The
images of KPC-30 are shown in Fig. 8 g and h. After
combustion, a large amount of carbon residue of
treated kraft paper is markedly remained. The puffy
and dense char layer is formed, and the residual
carbonized frame retains the fiber shape. These
results verify the efficiency of the flame retardant in
favoring the formation of char.
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Figure 9 XRD spectra of KP and KP-30.

The chemical composition on the surface of KP,
KP-30 and KPC-30 was investigated by EDX test, and
the results are shown in Fig. 8. As shown in Fig. 8 c,
only C and O are detected in KP. And the obvious P
and N signals are newly obtained in KP-30, which
indicate that the modification can endow kraft paper
with high P and N element content, with the obvious
increase in O element content. In KPC-30, the O ele-
ment content decreases a lot because the dehydration
reaction of kraft paper during combustion. However,
a great amount of P and N element are remained. It
means that the nonvolatile phosphides are formed
and some N-containing compounds are combined
with P to form P-N structure during combustion,

] Mater Sci (2019) 54:1884-1897

which agrees with the results of FIIR. The non-
volatile phosphides in condensed phase can favor the
formation of char and increase the barrier property of
chars to hinder heat, oxygen and flammable gases
transfer between gas and condensed phases.

X-ray diffraction analysis

XRD was used to investigate the crystal structures of
the control and treated kraft papers. Figure 9 shows
the X-ray diffraction spectra of KP and KP-30. From
the spectra, it can be concluded that control kraft
paper shows the main diffraction peaks at 20 = 14.7°,
16.2°, 22.6° and 34.2°, corresponding to the (110),
(110), (200) and (004) crystallographic planes of
characteristics diffraction peaks of cellulose I [39-42].
This result shows that the main component of the
control kraft paper is cellulose I. The spectrum of KP-
30 is similar to that of KP. There is almost no change
in diffraction angles of characteristic peaks, indicat-
ing that the flame-retardant modification does not
significantly affect the crystal structure of kraft paper.

The degree of crystallinity and crystalline dimen-
sion of kraft paper were calculated using Eqs. 2 and
3, respectively, and the related parameters are shown
in Table 3. The degree of crystallinity of KP-30
(48.49%) decreases slightly, compared with that of KP
(52.56%). For the crystalline dimension, there is no

Table 3 Crystal parameters of

KP and KP-30 Samples Degree of crystallinity (%) Crystalline dimension (nm)
110 110 200 004
KP 52.56 2.89 428 3.48 3.39
KP-30 48.49 2.46 4.55 3.48 3.95
Figure 10 Tensile index (a) 50 - (b) 5
(a) and strain at break values 45l
(b) for control and treated —_ = 4
20 40 | X
kraft papers. = < I\
g sl A
5 \}\{ 53 \{\ —
g sop . = —1
— B =
2 25 {\i\} g 2
2 20| 2
[_4
10 +
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obvious change observed between control and trea-
ted kraft papers. These results indicate that the
modification does not significantly affect the degree
of crystallinity and crystallite size of kraft paper.

Strength properties

Figure 10 shows the tensile index and strain at break
of control and treated kraft papers. From Fig. 10a and
b, it can be seen that the tensile index and strain at
break of kraft paper decrease gradually as the
(NH4)>HPO; concentration increases. The tensile
index of the control kraft paper is 34.456 Nm/g,
whereas the tensile index of KP-30 is 23.465 Nm/g,
31.89% lower. This is possible because that the tem-
perature and flame retardant have some influence on
the strength properties of kraft papers during the
modification. Even so, the tensile index of treated
kraft paper is still high enough to meet the require-
ments in many fields.

Conclusions

In this work, a highly efficient and eco-friendly
reactive flame retardant, ammonium phosphite, was
synthesized for kraft paper. During the modification,
the -PO(O"NH,"), groups of ammonium phosphite
reacted with -OH groups of cellulose to form P-O-C
covalent bond, which made the flame retardant
firmly graft on fibers of kraft paper. From the results,
this reactive flame-retardant exhibited excellent flame
resistance for kraft paper with LOI value of 48.2%,
and the flame resistance was well maintained after
dipping in water for 24 h. During decomposition, the
grafted flame retardant decomposed to catalyze the
dehydration of kraft paper and favored the formation
of carbonaceous char instead of releasing volatile
products. The flame retardant is cost-efficient and
easily synthesized, and the modification is facile and
efficient. Therefore, this reactive phosphite flame
retardant for kraft paper can be used in a wide range
of applications.
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