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Abstract
To improve the thermal stability and flame retardancy of poly(vinyl chloride) (PVC) based composites, magnesium borate 
hydrate-mechanically activated lignin (MBH-MAL) complex was in-situ synthesized by hydrothermal method for using 
as a novel additive. In addition, MBH-lignin (MBH-L) complex, MAL, MBH, and common mixing of MBH and MAL 
(MBH+MAL) were also prepared for comparative investigation. MBH-MAL showed synergistic improving effect on PVC 
as MBH-MAL/PVC composite exhibited excellent thermal stability and flame retardancy. The static thermal stability time 
was 871 s and limit oxygen index was 32.54%, indicating that MBH-MAL effectively inhibited the generation of HCl from 
thermal decomposition of PVC and prevented the combustion of PVC based composites in air. MBH-MAL/PVC composite 
still exhibited outstanding tensile and flexural properties. Moreover, the enhancing mechanism of MBH-MAL on the thermal 
stability and flame retardancy of PVC based composites was proposed.
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1 Introduction

Poly(vinyl chloride) (PVC), a typical thermoplastic poly-
mer, is widely used in many fields because of its unique 
properties, especially good corrosion resistance and 
mechanical properties [1–5]. A certain amount of plas-
ticizers is added to facilitate the manufacture of flexible 
PVC, which inevitably reduces the flame retardancy of 
PVC based composites [6]. Dioctyl phthalate (DOP), with 
the properties of low volatility, suitable softness, good 
heat resistance and weatherability, is commonly used as 
an efficient plasticizer to improve the processability of 
PVC [7]. DOP can also help to enhance the dispersion of 
additives in the manufacture of various PVC based func-
tional composites [8]. However, when the composites are 
burned, both plasticizer and PVC decompose due to poor 
thermal stability, releasing complex gases that are harmful 
to human health [9, 10]. It is crucial to develop an envi-
ronmentally friendly additive that can improve the thermal 
stability and flame retardancy of PVC based composites 
[11].

Borate hydrate, a new type of inorganic flame retardant, 
is considered as an efficient fire protection and safety flame 
retardant system for polymers ascribed to the high ther-
mal stability, low cost [12], and smoke suppression perfor-
mances [13]. When borate hydrate is used as flame retard-
ant for PVC, metal ions can promote the release of HCl 
(gas flame retardant) and the formation of char (preventing 
the transfer of oxygen and heat) at high temperature, and 
part of the borate roots can form a glass layer on the sur-
face of char to stabilize it [14]. Additionally, the resulting 
HCl molecules interact with borate to produce  H2O mol-
ecules, which further reduce heat loss and harmful gases 
generated from thermal decomposition of PVC. However, 
hydrophilic inorganic particles difficultly disperse well in 
polymers. It is of great significance to improve the inter-
facial compatibility between borate hydrate and PVC and 
simultaneously increase the properties of PVC.

Lignin contains a large number of phenolic hydroxyl, 
alcohol hydroxyl, carbonyl, methoxyl, and carboxyl 
groups [15, 16]. The interaction between lignin and PVC 
can be proved to be a “proton donor-proton receptor”. 
Theoretically, hydrogen bonds can be formed between the 
α-hydroxyl groups of lignin and the chlorine of PVC, or 
between the carbonyl groups of lignin and the α-hydrogen 
of PVC [17, 18]. In addition, lignin has a complex struc-
ture composed of cross-linked 3D networks, contributing 
to excellent compatibility with PVC [19]. In native state, 
lignin has a low glass-to-rubber transition temperature and 
is part of a block copolymer with non-crystalline polysac-
charides [20]. The phenolic hydroxyl groups can trap free 
radicals due to the stereoscopic hindrance, so lignin can 

be a heat stabilizer to hinder free radical reactions in the 
process of PVC pyrolysis [21]. Specially, lignin can be 
also used as an flame retardant due to that a large amount 
of char formed during the combustion of lignin can act as 
an insulating layer on the surface of the combustion mate-
rial, which prevents the diffusion of oxygen and heat, as 
well as the volatilization of degradation products [22, 23]. 
It is worth mentioning that the metal ions in the borate 
hydrate and the electronegative lignin have a strong inter-
action effect [24]. Suitable combination of borate hydrate 
and lignin as an additive can promote the compatibility 
between PVC and polar borate hydrate, which is expected 
to reduce the damage to the mechanical properties of PVC 
based composites while improving its thermal stability and 
flame retardancy.

To improve the interaction between lignin and borate 
hydrate, an efficient pretreatment for lignin is important to 
enhance its activity. Mechanical activation (MA), referring 
to the use of mechanical actions to change the structure and 
physicochemical properties without any reagents, is con-
sidered to be an effective, convenient, and environmentally 
friendly method [25]. The aggregation structure of lignin can 
be loosen by MA pretreatment and lead to the oxidation of 
oxygen-containing groups and the generation of aldehyde, 
ketone, or carboxyl groups [26], contributing to the increase 
in its reactivity with other polar materials and uniform dis-
persion in the polymer matrix [27].

In this paper, mechanically activated lignin (MAL) was 
added to the reaction system of magnesium borate hydrate 
(MBH) for in-situ synthesis of MBH-MAL complex, which 
was used as heat stabilizer and flame retardant for PVC. 
MBH-lignin (MBH-L) complex, MBH, MAL, and common 
mixing of MBH and MAL (abbreviated as MBH+MAL) 
was also prepared for comparative investigation. The ther-
mal stability, flame retardancy, and mechanical properties 
of PVC based composites with different additives were 
comparatively studied to confirm the reinforcing effect of 
MBH-MAL. Based on the investigation of the properties of 
the composites and characterizations of the additives and 
composites, the enhancing mechanism of MBH-MAL on 
the thermal stability and flame retardancy of PVC based 
composites was proposed. This study can provide a new 
insight into the development of a novel inorganic–organic 
complex additive for improving the properties of PVC based 
composites.

2  Experimental

2.1  Materials

PVC (S65 type, k value: 64.6–66.0) was purchased from 
Formosa Plastics Industry Co., Ltd. (China). Enzymatic 
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lignin was purchased from Jinan Yanghai Chemical Co., 
Ltd. (China). DOP (99%) was provided by Shandong Yousu 
Chemical Technology Co., Ltd. (China).  Na2B4O7·10H2O, 
 NH3·H2O, and  MgCl2·6H2O (analytical grade) were pur-
chased from Chengdu Fushan Chemical Reagent Co., Ltd. 
(China). Absolute ethanol (analytical grade) was supplied 
by Xiqiao Science and Technology Co., Ltd. (China). All 
chemicals were used without further purification. Deionized 
water was used throughout the experiment where required.

2.2  Preparation of MAL, MBH, MBH+MAL, 
MBH‑MAL, and MBH‑L

MAL was prepared in a customized stirring ball mill [21]. 
25 g of dried lignin and 400 mL of zirconia milling balls (5 
mm diameter) were added to a jacketed stainless steel tank 
(1200 mL). Lignin was subjected to dry milling at a speed 
of 450 rpm under a constant temperature of 50 °C. After 
milled for different MA time (30, 60, or 90 min), the balls 
were removed from the mixture by a sieve, and the resulting 
sample was MAL.

MBH was prepared as follows [28]: 20.43 g of 
 Na2B4O7·10H2O was dissolved in 100 mL of water (60 °C). 
100 mL of 1.5 mol·L–1  MgCl2 solution was placed in a 500 
mL beaker, and 60 mL of 6.5 mol·L–1 ammonia aqueous 
was slowly added with magnetic stirring. Then, the  Na2B4O7 
solution was added. The prepared mixture was put into an 
autoclave to react at 190 °C under a pressure of 2 MPa with 
a mechanical stirring of 300 rpm. After 7 h of reaction, the 
mixture was treated by a repeated washing-filtration process 
with deionized water until the filtrate was neutral, and etha-
nol was used for the last washing-filtration process. After 
dried to constant weight at 120 °C, MBH  (MgBO2(OH)) 
was obtained.

MBH+MAL was prepared by mixing MBH and MAL at 
room temperature by a high-speed mixer (10,000 rpm, Tester 
FW80, China) with the mass ratio of 1:1.

In-situ synthesis of MBH-MAL and MBH-L was per-
formed in the preparation process of MBH. After mixing 
 MgCl2 solution and ammonia aqueous, MAL or native lignin 
was added to the mixed solution, and  Na2B4O7 solution was 
finally added (mass ratio of MAL (or lignin) to MBH was 
1:1). This mixture was put into the autoclave for reaction 
under the same conditions as the preparation of MBH. After 
the same treatment, MBH-MAL and MBH-L were obtained.

2.3  Preparation of PVC Based Composites

DOP (20 g in a batch) and MBH-MAL (or other prepared 
additives, with 0, 5, 10, 15, 20, or 25 g in a batch) were uni-
formly mixed, and then the mixture was put in an oven at 
120 °C for 60 min. Add PVC to the mixture (for each batch, 
the total mass of PVC and additive was 100 g), the resulting 
mixture was again put in the oven at 80 °C for 90 min. The 
mixture was placed in a two-track internal mixer (Helite 
XK-300, China) to obtain a uniformly mixed sheet. The 
sheet was compression-molded in a flat vulcanizer (Shuangli 
XLB25-D, China) for 15 min at 185 °C under a pressure of 
8 MPa. After cooled to room temperature, the resulting PVC 
based composites were obtained. The entire preparation pro-
cess of MBH-MAL/PVC composites is shown in Fig. 1.

2.4  Measurement of Static Thermal Stability 
by Congo Red Method

According to GB/T 2917.1-2002 (China), the static thermal 
stability of the composites was tested by the Congo red method 
[21, 29]. The prepared composites were pulverized into gran-
ules (particle size of 10‒14 mesh). In static air, the composite 
granules were placed in a flat-bottom test tube with a height 
of 50 mm and Congo red test strip was placed 25 mm above 
it. The testing was maintained at 180 °C, and the time for 
the upper Congo red test paper changing to blue (equivalent 
to pH = 3) caused by the HCl gas generated from thermal 

Fig. 1  Preparation process of MBH-MAL/PVC composites
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decomposition of PVC was recorded as static thermal stabil-
ity time [30]. The measurements were carried out at least in 
triplicate, and the data were statistical average values.

2.5  Measurement of Mechanical Properties

Mechanical properties of the prepared composites were 
measured by an MWW-20A universal testing machine (Jinan 
Tianchen Testing Machine Manufacturing Co., Ltd, China). 
The tensile strength of the specimens (100 × 20 × 4 mm) were 
measured at a crosshead speed of 2.0 mm·min–1 in accord-
ance with GB/T1040‐2006 (China) at 25 °C [31]. The flex-
ural strength of the specimens (100 × 10 × 4 mm) was meas-
ured by a three‐point flexural test at a crosshead speed of 1.0 
mm·min−1 according to GB/T 9341–2008 (China) at 25 °C 
[31]. The measurements were performed at least in triplicate 
to obtain statistical average values.

2.6  Characterizations

The crystal structure of the samples was determined by 
X-ray diffraction (XRD) on a D/MAX 2500 V diffractom-
eter (Rigaku, Japan) using Cu Kα radiation (λ = 0.154 nm) 
at 40 kV and 30 mA, recorded from 5° to 80° with a scan-
ning speed of 10°·min–1. The morphology and microstructure 
were observed by an S-3400 N scanning electron microscope 
(SEM, Hitachi, Japan) with an accelerating voltage of 5 kV 
and a working distance of 6.5 mm [32]. Energy dispersive 
spectroscopy (EDS) elemental maps were obtained by energy 
dispersive X-ray analysis using a Hitachi S-3400 N energy 
dispersive spectrometer. The chemical structure of the sam-
ples was characterized by Fourier transform infrared spec-
troscopy (FTIR) on a FTIR-8400S spectrometer (Shimadzu, 
Japan) with a resolution of 4  cm–1 and a recording frequency 
range of 400‒4000  cm–1. Thermogravimetric analysis (TGA) 
was carried out using a Q50 thermogravimetric analyzer (TA 
Instruments, USA). A sample of about 5 mg was weighed into 
an aluminum crucible and heated to 600 °C at a heating rate 
of 20 °C·min–1 under the protection of air. The hydrophobicity 
of the samples was tested by a DSA-100 Lukes Contact Angle 
Gauge (KRUSS, Germany) with a water droplet volume of 3 
μL and a water droplet residence time of approximately 20 s. 
The flame retardant properties of the samples was determined 
by a JF-3 limiting oxygen chamber (Jiangning, China) with gas 
velocity of 10 L·min–1 and gas purity of 99.99 vol%.

3  Results and Discussions

3.1  Characterizations of the Prepared Additives

The microstructures of the prepared MBH, MBH-L, and 
MBH-MAL additives were characterized by XRD and SEM, 

and the results are shown in Fig. 2. In the XRD pattern of 
MBH (Fig. 2a), the appeared diffraction peaks corresponded 
to (110), (020), (200), (220), (230), (320), (330), (410), 
(311), (141), (500), (160), and (022) planes of  MgBO2(OH), 
indicating that  MgBO2(OH) was successfully synthesized 
by hydrothermal method. In the XRD patterns of MBH-L 
and MBH-MAL, most of the characteristic diffraction 
peaks of  MgBO2(OH) became weak but the intensity of 
the (110) peak increased as the presence of lignin. Lignin 
is an amorphous polymer without crystal structure but is 
rich in −OH and −COOH groups. During the formation of 
 MgBO2(OH) with adding lignin,  Mg2+ bonded with −COOH 
and  [BO2(OH)]2− bonded with −OH, contributing to the in-
situ growth of MBH in the lignin network [33]. In addi-
tion, MA pretreatment led to the increase of active −OH 
and −COOH groups in lignin, which could result in stronger 
bonding between MAL and MBH. As most of MBH were 
submerged into lignin, the characteristic diffraction peaks 
of  MgBO2(OH) in the XRD patterns of MBH-L and MBH-
MAL were weaker and wider compared with those in the 
pure MBH. The enhancement of (110) peak could be due 
to an increased content of −OH groups, especially in MBH-
MAL. These can prove that the synthesized MBH-L and 
MBH-MAL contained  MgBO2(OH).

The microscopic structure of these samples could be vis-
ually observed by SEM analysis. As presented in Fig. 2b, 
MBH consisted of needle-like nanocrystalline whiskers 
with a length of about 2 μm and flakes. The MBH crys-
tals in MBH-L were flaky and embedded in the lignin net-
work (Fig. 2c). During the in-situ synthesis of MBH-L, the 
hydroxyl groups in lignin could combined with MBH in 
the form of hydrogen bonds, contributing to the change of 
the morphology of MBH in MBH-L compared with pure 
MBH. Furthermore, the morphology of MBH in MBH-
MAL (Fig. 2d) shows greater change, ascribed to that more 
active −OH and −COOH groups in MAL had a greater 
impact on the growth of MBH whiskers. Therefore, the 
MBH crystal whiskers in MBH-MAL complex were smaller 
and embedded in the MAL network.

The changes in functional groups and chemical structure 
of different samples were characterized by FTIR. As shown 
in Fig. 3, characteristic absorption peaks attributed to lignin 
aromatics skeleton (1598, 1511, 1460, and 1422  cm−1), −OH 
stretching vibration (3414  cm−1), C–H stretching vibration 
(2937  cm−1),  CH2 vibration (2847  cm−1), and C=O stretch-
ing of carbonyl groups (1702  cm−1) can be clearly observed 
in the FTIR spectra of lignin [34, 35], and MA did not destroy 
the basic skeleton structure of lignin. After 60 min of MA, 
the absorption peak of the stretching vibration of aromatic 
and aliphatic −OH groups moved from 3421 to 3435  cm−1, 
indicating that MA increased the hydrogen bond energy and 
led to the increase of free hydroxyl groups and the reactivity 
of lignin [36]. In the spectrum of MBH, the strong absorption 
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peak at 3452  cm−1 was the stretching vibration of hydroxyl 
groups; the peak at 1620  cm−1 was the characteristic absorp-
tion of bound water; the antisymmetric telescopic vibrations 
of  B(3)−O were related to the peaks at 1489 and 1364  cm−1; 
the peaks at 1000 and 921  cm−1 were symmetrical retractable 
vibration of  B(3)−O; the peaks at 1282 and 1209  cm−1 were 
the flexural vibration in the surface of B–O–H; the peak at 536 
 cm−1 was the flexural vibration of  B(3)–O; the peaks at 707 and 
623  cm−1 were extra-plane curved vibration of  B(3)–O; the 
peak at 497  cm−1 was the stretching vibration of Mg–O bonds 
[37]. FTIR analysis also confirmed the successful synthesis of 
 MgBO2(OH). The FTIR spectra of MBH-L and MBH-MAL 
show the characteristic adsorption peaks of lignin and MBH. 
The absorption peak of –OH groups shifted to a lower wave-
number compared with that of lignin and MAL (from 3421 
and 3435  cm−1 to 3416 and 3422  cm−1, respectively), imply-
ing a strong evidence for the interaction between the hydroxyl 
groups of lignin and MBH via in-situ synthesis.

3.2  Effect of DOP on Hydrophobicity 
of the Prepared Additives

DOP is commonly used as plasticizer for PVC. In this study, 
the prepared additives were firstly mixed with DOP for 

modification, and then the mixture was added to PVC for 
further processing. The change in the chemical structure of 
MBH before and after mixed with DOP was characterized by 
FTIR, and the effect of DOP on the hydrophobicity of MBH, 
MBH-L, and MBH-MAL was evaluated by water contact 
angle characterization (the DOP-modified samples used 
for characterizations were washed with  CCl4 to remove the 
unbound DOP). As shown in Fig. 4a, the band at 2853  cm−1 
was related to the characteristic adsorption of C–H bonds 
in the long carbon chain of DOP. The peaks at 766 and 740 
 cm−1 were the benzene ring adjacent double replacement 
part of the single bond vibration. The peak at 1724  cm−1 was 
due to the expansion vibration of C=O of ester. The bands at 
1462, 1271, and 1116  cm−1 were caused by the characteristic 
adsorption of −C–O–C− vibration. The characteristic peaks 
of MBH are all presented in the spectrum of DOP-modified 
MBH, but the peak type was significantly blunt. The DOP 
with long chains dispersed in MBH and reduced the crystal-
linity of MBH.

As shown in Fig. 4b, the water contact angles of MBH, 
MBH-L, and MBH-MAL increased by 27.8, 12.4, and 
12.8% respectively after modified with DOP, and DOP-
modified MBH-MAL exhibited the highest water contact 
angle (68.5°). DOP with two hydrophobic chains could 

Fig. 2  (a) XRD patterns of different samples; SEM images of (b) MBH, (c) MBH-L, and (d) MBH-MAL
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embed into MBH, increasing the hydrophobicity and 
dispersity of MBH and its complex. The increase in 
the hydrophobicity of MBH, MBH-L, and MBH-MAL 

additives modified with DOP could significantly improve 
their compatibility with PVC.

3.3  Effect of Different Additives on Static Thermal 
Stability of the Composites

Static thermal stability testing was to evaluate the inhibition 
of additives for HCl generated from thermal decomposition 
of PVC, and longer static thermal stability time means bet-
ter inhibition effect. The effect of different additives on the 
static thermal stability of PVC based composites is shown 
in Table 1. To explore the effect of the addition amount of 
additives on the static thermal stability of the composites, 
different amounts of MBH and MBH-L were added to PVC 
for comparative study. In addition, lignin with different MA 
time was used to prepare MBH-MAL to determine the effect 
of MA time on the static thermal stability of MBH-MAL/
PVC composites. The static thermal stability of pure PVC 
was poor, and the test result of Congo red was only 147 s, 
but that of the composites gradually improved as increasing 
the addition amount of MBH. The static thermal stability 
of the composites with adding 15 wt% of MBH or MBH-L 
increased by 69 or 390% compared with that of pure PVC. 
For using MBH-MAL as additive, the static thermal stability 
of MBH-MAL/PVC composites improved as the increase of 
MA time. The static thermal stability of MBH-MAL/PVC 
composite with MA time of 60 min was 15.6% higher than 
that of MBH-L/PVC composite. The addition amount of 15 
wt% for all additives in PVC based composites and MA time 
of 60 min for lignin were chosen for further investigations.

Figure 5 shows that the static thermal stability of MAL/
PVC composite was 85.7% higher than that of pure PVC, 
which might be due to the enhancement of MAL as a rigid 
particle, and MA reduced the particle size of lignin to pro-
mote its dispersion and improve the compatibility with PVC 
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3848 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:3842–3856

1 3

matrix. The static thermal stability of MBH/PVC composite 
was only slightly higher than that of pure PVC. MBH is a 
hydrophilic crystal material and could severely aggregate 
in PVC matrix, failing to play a role in improving the ther-
mal stability of the composite. The static thermal stability 
of MBH+MAL/PVC composites was improved compared 
to that of MBH/PVC composite, attributing to the three-
dimensional structure and thermal stability of MAL. This is 
owing to that MAL improved the static thermal stability of 
PVC, and the three-dimensional mesh structure of MAL had 
an effect on preventing the aggregation of MBH. It is worth 

noting that the static thermal stability of MBH-L/PVC and 
MBH-MAL/PVC was 100.1% and 139.1% higher than that 
of MBH+MAL/PVC, respectively. Firstly, in-situ synthesis 
of MBH-L and MBH-MAL complex at high temperature and 
pressure contributed to the growth of MBH whiskers into the 
skeleton and network of lignin, preventing the agglomeration 
of MBH with a certain hydrophobicity. Secondly, the good 
dispersion of MBH-L and MBH-MAL in the composites 
could lead to strong interaction with PVC, inhibiting the 
generation of HCl from the thermal decomposition of PVC.

3.4  Effects of Different Additives on Thermal 
Degradation Properties of the Composites

Figure 6 and Table 2 show the thermogravimetric analysis 
results of different PVC based composites. After exclud-
ing the thermal decomposition residues of MBH and L, the 
residual char content of the sample is the residual char data 
after PVC combustion. As revealed from the TGA curves 
in Fig. 6a, the degradation of different PVC based compos-
ites can be divided into two stages. The first decomposition 
occurred in a temperature range of 250–350 °C attributed 
to the loss of HCl originated from chlorine (Cl) radicals 
from −C–Cl bonds and hydrogen radical from adjacent 
C–H groups [38]. In addition, the thermal decomposition of 
DOP also occurred at this stage. The second decomposition 
occurred in a temperature range of 400–520 °C, which might 
be due to the degradation of polyene backbones [38]. Pure 
PVC had a mass loss of 65% in the first stage, ascribing to 
the decomposition stage of the main body of PVC, and also a 
stage that needs to be focused on improving the thermal sta-
bility of PVC. In addition, the maximum weight loss rate of 
MBH/PVC composite occurred at a lower temperature than 
pure PVC, but the residual char content (12.4%) of MBH/
PVC composite was higher than that of pure PVC (11.9%). 
MBH lost its water at high temperature, which took away a 
lot of heat. Part of MBH formed a glassy expansion coat-
ing, which facilitated the carbonization of composites and 
prevented the entry of oxygen. Simultaneously, HCl released 
from PVC and  Mg2+ in MBH combined to form  MgCl2. 
Temperature in maximum thermal decomposition rate (Tmax) 
of pure PVC was 294 °C. Tmax of MBH-L/PVC and MBH-
MAL/PVC were 5 and 10 °C higher than pure PVC, respec-
tively, which was consistent with the results of static thermal 
stability. Compared with the previously reported PVC based 
composites [39, 40], MBH-MAL/PVC exhibited a higher 
Tmax. The removal of HCl is generally believed to be caused 
by oxygen free radicals in the air [41], while the H atom 
free radicals given by phenol in lignin can combine with 
the degraded PVC macromolecular free radicals to form the 
substances that cannot react with  O2, thus forming a ther-
mal stabilization effect [21]. MA reduced the particle size 
of lignin and increased the surface phenol content, which 

Table 1  Static thermal stability of PVC, MBH/PVC, MBH-L/PVC, 
and MBH-MAL/PVC composites

Sample Amount of addi-
tive (wt%)

MA time 
(min)

Thermal 
stability time 
(s)

PVC 0 – 147 ± 6
MBH/PVC 5 ‒ 169 ± 7

10 ‒ 191 ± 8
15 ‒ 249 ± 10
20 ‒ 284 ± 9
25 ‒ 342 ± 7

MBH-L/PVC 5 0 385 ± 10
10 0 452 ± 12
15 0 720 ± 14
20 0 774 ± 11
25 0 818 ± 13

MBH-MAL/PVC 15 30 783 ± 14
15 60 832 ± 15
15 90 847 ± 12
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resulted in a high char residue of 17.9% for MBH-MAL/PVC 
composite. The char residue of MBH-MAL/PVC composite 
was higher than that of the PVC based composites reported 
in previous literature [39]. The char content of MBH+MAL/
PVC composite was 12.8% lower than that MBH-MAL/
PVC composite as MBH, MAL and PVC were mutually 
dispersed via common mixing, which could not bind the 
thermal decomposition of PVC. In the first stage, MAL/PVC 
composite could effectively restrain the escape of HCl, so its 
maximum weight loss rate occurred at the highest tempera-
ture. However, the char residue of MAL/PVC composite was 
only 13.7% for lacking of co-action between PVC and MBH.

3.5  Effect of Different Additives on Flame 
Retardancy of the Composites

The effect of different additives on the flame retardancy of 
PVC based composites was measured by limit oxygen index 
(LOI) and the observation of combustion process, and the 
results are shown in Figs. 7 and 8. The LOI of MAL/PVC 
composites was only 4.1% higher than that of pure PVC 
(28.35%), revealing that single MAL had a weak effect on 
the flame retardancy performance of the composites. The 
LOI of MBH/PVC was 13.2% higher than that of pure PVC, 

indicating that MBH had a significant effect on improving 
the flame retardancy of PVC based composites, which is 
consistent with the results of static thermal stability. The 
LOI of MBH+MAL/PVC composites was 4.6% higher than 
MAL/PVC, which is consistent with the results of static 
thermal stability. The thermal stability of MBH-L/PVC com-
posite was similar to that of MBH/PVC composite, but the 
flame retardancy performance of MBH-L/PVC composite 
was worse than that of MBH/PVC composite. The LOI of 
MBH-L/PVC composite was 8.1% higher than that of pure 
PVC and 4.5% lower than that of MBH/PVC composite, for 
the MBH content in MBH-L/PVC composite was only half 
of that in MBH/PVC composite. The LOI of MBH-MAL/
PVC composite was 14.8 and 6.2% higher than that of pure 

Fig. 6  (a) TGA and (b) DTG curves of different PVC based composites (amount of additive = 15 wt%, MA time = 60 min)

Table 2  The actual char residue 
of the composites

Sample Char 
residue 
(%)

PVC 11.9
MBH/PVC 12.4
MBH-L/PVC 17.4
MBH-MAL/PVC 17.9
MBH+MAL/PVC 15.6
MAL/PVC 13.7
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Fig. 7  LOI of different PVC based composites (amount of addi-
tive = 15 wt%, MA time = 60 min)
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PVC and MBH-L/PVC composites, respectively, and higher 
than that of the previously reported PVC based composites 
[42, 43], showing that MA was benefit to improving the 
flame retardancy of PVC based composites. These results 
demonstrate that both MBH and lignin could improve the 
flame retardancy of PVC based composites, especially the 
additives prepared by in-situ synthesis with MA-pretreated 
lignin. The flame retardancy performance of the compos-
ites was improved with the addition of MBH-MAL, and 
the LOI of MBH-MAL/PVC composite reached the highest 
value of 32.54%, implying the synergistic effect of MBH 
and MAL. During the combustion process, MBH formed a 
glassy expansion coating that hindered the escape of volatile 
combustible materials and the entry of oxygen, enhancing 
the tight structure of char [13]. In addition, MBH was dehy-
drated at high temperature and exhibited the endothermic 
and cooling effects [13]. A large amount of char formed 
from the carbonization of lignin during combustion acted as 

an insulating layer on the surface of the combustion mate-
rial, which prevented the diffusion of oxygen and heat and 
the volatilization of degradation products [44]. The addi-
tives prepared by in-situ synthesis (especially MBH-MAL) 
exhibited excellent structure and properties, which help to 
significantly improve the flame retardancy of the PVC based 
composites.

Figure 8 presents the burning state and the shape of the 
combustion residues of PVC based composites during the 
LOI test. Pure PVC produced a large amount of white smoke 
when burning, and a large amount of black ash surrounded 
the flame, attributing to the decomposition products of PVC 
and DOP, which could not be burned completely and were 
carried out by HCl (Fig. 8a1). The glassy coating formed 
from MBH on the surface of the composites effectively pre-
vented the release of toxic smoke, which led to the absence 
of white smoke during the burning of MBH/PVC, MBH-L/
PVC, and MBH-MAL/PVC composites (Fig. 8a2–a4), and 

Fig. 8  Photos of (a) combustion phenomena and (b) combustion residues of different PVC based composites (amount of additive = 15 wt%, MA 
time = 60 min)
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the combustion residues further proved this result (Fig. 8b). 
MBH/PVC, MBH-L/PVC, and MBH-MAL/PVC composites 
had white residues after combustion (Fig. 8b2–b4), which 
were the residual MgO generated from the decompose of 
MBH at high temperature. There was still a lot of black 
ash around the flame of MBH/PVC composite (Fig. 8a2), 
which did not appear in the combustion of MBH-L/PVC 
and MBH-MAL/PVC composites. This proves that the addi-
tives containing lignin (especially MAL) could restrict the 
combustion of PVC based composites. The amount of MgO 
in MBH/PVC composite was more than that in MBH-L/
PVC and MBH-MAL/PVC composites after burning, for the 
amount of MBH in MBH/PVC composite was twice of that 
in MBH-L/PVC and MBH-MAL/PVC composites. In fact, 
lignin (or MAL), MBH, and PVC formed an intumescent 
flame-retardant system at high temperature. PVC released 
HCl at high temperature to dilute the oxygen around the 
flame, and took away the heat (gas source). MBH formed 
a borate coating at high temperature to prevent the entry 
of oxygen and promote the PVC matrix to form char (acid 
source). Lignin is a natural polymer with extremely high 
carbon content, which became char at high temperature (car-
bon source). MA increased the activity of lignin, resulting 
in that the interaction in MBH-MAL was stronger than that 
in MBH-L. During the burning process, MAL and MBH 
promoted PVC to expand into char to reduce the release of 
black ash and toxic fumes, so MBH-MAL/PVC composite 
had fluffier and more combustion residues than MBH-L/PVC 
composite (Fig. 8b3, b4).

3.6  Effect of Different Additives on Mechanical 
Properties of the Composites

The effect of different additives on the mechanical proper-
ties of PVC based composites is shown in Fig. 9. The tensile 
and flexural strengths of pure PVC were 28.0 and 49.5 MPa, 
respectively, and those of the composites gradually reduced 
as increasing the addition amount of MBH. The tensile and 
flexural strengths of 15 wt% MBH/PVC composite reduced 
by 42.1 and 17.1% compared with those of pure PVC, 
respectively (Fig. 9a, b). After adding 5 wt% of MBH-L, 
the tensile strength of the composite decreased by 2%. With 
the increase of its content, the tensile strength of the com-
posites no longer decreased significantly. Compared with 
MBH, the addition of equivalent amount of MBH-L had less 
negative effect to the tensile strength of PVC based compos-
ites. The flexural strength of 5 wt% MBH-L/PVC composite 
was 4.9% lower than that of pure PVC. With the increase of 
its content, the flexural strength of the composites slowly 
decreased. The flexural strength of 25 wt% MBH-L/PVC 
composite was 25% lower than that of pure PVC, which 
was 55% higher than that of 25 wt% MBH/PVC compos-
ite. With the increase of MBH content, the mechanical 

properties of the composites greatly reduced. The damage 
to the mechanical properties of the composites is due to the 
incompatibility of polar MBH and PVC. The mechanical 
properties of MBH-L/PVC composite were better than those 
of MBH/PVC composite, ascribed to that MBH was in-situ 
grown in the lignin network and the compatibility between 
MBH-L and PVC was improved, which effectively avoided 
the agglomeration of MBH in PVC matrix. The addition of 
these additives could destroy the uniform structure of PVC 
and thus the mechanical properties of these PVC based com-
posites decreased as the increase in the addition amount of 
additives. On the contrary, the thermal stability and flame 
retardancy of the composites increased with the increase 
in the addition amount of additives. On the basis of com-
prehensive consideration, the optimum addition amount of 
additives was chosen to be 15 wt%, which could significantly 
improve the thermal stability and flame retardancy of the 
composites without significant decrease in their mechanical 
properties.

As shown in Fig. 9c, the tensile strength of MBH-MAL/
PVC composites slowly increased as the increase of MA 
time. With MA time of 90 min, the tensile strength of MBH-
MAL/PVC composite was 26.7 MPa, which increased by 
4.9 and 64.4% compared with that of MBH-L/PVC and 
MBH/PVC composites, respectively. The flexural strength 
of MBH-MAL/PVC composites was maintained at about 
40.8 MPa, indicating that MA time had no significant effect 
on the flexural strength of the composites. MAL has more 
active groups than lignin and is looser in structure, which 
allows it to bond better with MBH, so MBH bears more ten-
sile stress in MBH-MAL/PVC composite. Comprehensively 
considering the effect of MA time on the mechanical proper-
ties, thermal stability, and flame retardancy of the compos-
ites, 60 min could be considered as an optimum MA time.

Figure 9d presents the effect of different additives on the 
tensile and flexural properties of PVC based composites. 
MAL had a great impact on the mechanical properties of 
the composites. In particular, the flexural strength of MAL/
PVC composite reduced to almost half of that of pure PVC. 
MBH+MAL exacerbate the decrease trend of the mechani-
cal properties of the composites. In contrast, the negative 
effect of MBH-L and MBH-MAL on the composites was 
weak, attributing to their special structure by in-situ syn-
thesis. The tensile property of MBH-MAL/PVC was higher 
than that of the PVC based composites reported in previous 
studies [43, 45]. Firstly, the needle-like structure of MBH 
was responsible for the stress transfer during the fracture 
of the composites, which maintained the mechanical prop-
erties of the composites. Secondly, MBH was uniformly 
dispersed in lignin (or MAL) with better hydrophobicity to 
avoid aggregation, leading to satisfactory compatibility with 
PVC matrix. Therefore, the MBH-MAL complex prepared 
by in-situ synthesis could not only effectively enhance the 
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thermal stability and flame retardancy of PVC based com-
posites, but also had little effect on the mechanical properties 
of the composites.

3.7  SEM and EDS Analyses of the Composites

The influence of different additives on the microstruc-
ture of the fractured surface of PVC based composites 
was characterized by SEM, and the results are shown in 
Fig. 10. The cross-section of the pure PVC was very smooth 
with a layered fracture mark, indicating a brittle fracture 
(Fig. 10a). The cross-section of MAL/PVC composite was 
stacked in a layered manner along the vertical direction, 
which caused stress fracture in the direction of stretching 
(Fig. 10b). The agglomeration and accumulation of MBH 
in MBH/PVC composite was very serious (Fig. 10c). MBH 
was seriously agglomerated inside the composite, and the 

uneven dispersion of MBH in the PVC matrix led to uneven 
stress distribution in MBH/PVC composite when affected 
by external forces. Moreover, the agglomeration of MBH 
also resulted in less improvement in the thermal stability 
and flame retardancy of MBH/PVC composite. As shown 
in the fractured surface of MBH+MAL/PVC composite 
(Fig. 10d), a certain combination of MBH and MAL reduced 
the agglomeration of MBH, but the structure of the com-
posite was still loose. MBH+MAL made the interior of the 
PVC based composites loose and the stress could not be 
transmitted, which was failure to maintain the mechanical 
properties of the composites. MBH in MBH-L/PVC com-
posite was needle-shaped and had been broken, showing that 
MBH supported the tensile stress (Fig. 10e). The dispers-
ibility of MBH in MBH-L/PVC composite was much better 
than that of MBH/PVC composite, which corresponds to the 
results of thermal stability, flame retardancy, and mechanical 

Fig. 9  (a) Tensile strength of MBH/PVC and MBH-L/PVC compos-
ites with different amount of additives; (b) flexural strength of MBH/
PVC and MBH-L/PVC composites with different amount of addi-
tives; (c) tensile strength and flexural strength of MBH-MAL/PVC 

composites with different MA time (amount of additive = 15 wt%); 
(d) tensile strength and flexural strength of the PVC based composites 
with different additives (amount of additive = 15 wt%, MA time = 60 
min)
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properties. The cross-section of MBH-MAL/PVC composite 
was very smooth (Fig. 10f), which is similar to that of the 
pure PVC. MBH, MAL, and PVC were uniformly compat-
ible, proving that MA and in-situ synthesis could signifi-
cantly increase the properties of lignin and MBH and thus 
promoted the fusion of MBH-MAL and PVC.

Figure 11 reveals the distribution of B and Mg elements 
in the PVC based composites with different additives. In 
the composites with in-situ synthetic additives (especially 
MBH-MAL/PVC), the distribution of B and Mg elements 
was relatively uniform, but those elements in MBH+MAL/
PVC composite aggregated seriously. This is consistent 
with the results of SEM analysis. The aggregation of MBH 
in MBH+MAL/PVC composite led to the decrease in the 
mechanical properties of the composite, and the thermal 
stability and flame retardancy were also poor.

3.8  Proposed Enhancing Mechanism of In‑Situ 
Synthesized Additives on the Properties 
of the Composites

A schematic diagram of the preparation processes of MBH-
MAL/PVC composite is illustrated in Fig. 12a, which could 
be used for exploring the enhancing mechanism of in-situ 
synthesized additives on the properties of the composites. 
The particle size of lignin became smaller after MA, with 
looser structure and increased carboxyl and hydroxyl groups, 
which were favorable for in-situ synthesis of MBH. MAL 
with electronegative could attract  Mg2+ during the in-situ 
synthesis of MBH-MAL, and the borate roots interacted 
with the hydrogen of the hydroxyl groups, which ensured the 

growth of MBH whiskers in the network of MAL. The active 
functional groups in the MAL interacted with the hydrogen 
in the PVC chain, so the MBH loaded on MAL could be 
uniformly combined with PVC matrix, avoiding the reunion 
of MBH. At the same time, the mechanical properties of 
PVC were hardly destroyed by the addition of MBH-MAL.

The combustion process of MBH-MAL/PVC composite 
is shown in Fig. 12b. When PVC was burned, HCl gener-
ated as the decomposition of PVC induced by heat.  Mg2+ 
could combine with  Cl− to form  MgCl2, and  H+ reacted with 
borate roots to generated water vapor, which could take a 
lot of heat to cool the composites.  Mg2+ promoted the car-
bonization of MAL, and part of the borate formed a glassy 
coating on the surface of the combustion product, which 
could inhibit the entry of oxygen and the escape of HCl 
to achieve the purpose of flame retardancy. Lignin formed 
char at high temperature rather than decomposed, which 
could effectively prevent heat transfer to the interior of the 
composites. Therefore, MBH-MAL can be considered as an 
effective additive to improve the flame retardancy and ther-
mal stability of PVC based composites without significant 
decrease of the mechanical properties of PVC.

4  Conclusions

MBH-MAL complex was successfully prepared by in-situ 
synthesis for using as a novel additive to improve the ther-
mal stability and flame retardancy of PVC based compos-
ites with DOP as plasticizer. A systematic investigation was 
also performed with MAL, MBH, MBH+MAL, and MBH-L 

Fig. 10  SEM images of the fractured surfaces of different PVC based composites: (a) PVC, (b) MAL/PVC, (c) MBH/PVC, (d) MBH+MAL/
PVC, (e) MBH-L/PVC, and (f) MBH-MAL/PVC
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Fig. 11  EDS mapping images of different PVC based composites: (a) MBH-L/PVC, (b) MBH-MAL/PVC, and (c) MBH+MAL/PVC

Fig. 12  Schematic diagram of (a) the preparation process and (b) the combustion process of MBH-MAL/PVC composite
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used as comparative additives for preparing the composites. 
MBH-MAL effectively inhibited the thermal decomposition 
of PVC and promoted more char formation. MBH-MAL/
PVC composite exhibited excellent flame retardancy and 
thermal stability without significant decrease of mechanical 
properties, ascribed to the uniformly in-situ growth of MBH 
in the MAL network with abundant active functional groups 
and the good compatibility between MBH-MAL and PVC 
matrix. During the combustion process of the composites, 
MBH could form a coating to prevent the entry of oxygen 
and release moisture to remove heat. MAL formed char at 
high temperature, which prevented the heat from transferring 
to the interior of the composites. Synergistic interaction of 
MAL and MBH in MBH-MAL complex showed excellent 
effect for enhancing the thermal stability and flame retar-
dancy of PVC based composites.
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