
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
1/

24
/2

02
5 

5:
02

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Waste to resourc
Faculty of Engineering, China University

430074, China. E-mail: hudt@cug.edu.cn

Cite this: RSC Adv., 2021, 11, 9942

Received 27th December 2020
Accepted 3rd March 2021

DOI: 10.1039/d0ra10873a

rsc.li/rsc-advances

9942 | RSC Adv., 2021, 11, 9942–995
e: preparation of an efficient
adsorbent and its sustainable utilization in flame
retardant polyurethane composites

Bei Tu, Keqing Zhou, Qianqian Zhou, Kaili Gong and Dongtao Hu*

In order to realize the comprehensive utilization of industrial solid waste and the treatment of water

eutrophication, the flower-like magnesium hydroxide (MH) was synthesized from phosphorus tailings by

sulfuric acid hydrolysis and a hydrothermal method and then was modified with a metal organic

framework (MOF) to remove the phosphates enriched in water through adsorption. Both MH and MOF-

modified MH (MH@MOF) presented good removal performance of phosphates. The phosphate-adsorbed

composites (MH–P and MH@MOF–P) were sustainably used as effective flame retardants for

thermoplastic polyurethane (TPU) at low loadings by a solution blending method. The cone calorimetry

test results showed that MH@MOF–P can significantly reduce the heat release rate (HRR), smoke

production rate (SPR), total smoke release (TSR), CO release rate and CO2 release rate of TPU

composites, compared with those of neat TPU. The novel strategy proposed in this work is of great

significance for resource recycling, environmental governance and improving fire safety of polymer

materials.
1. Introduction

Phosphorus tailings, as a remaining solid waste of phosphorus
ore aer otation,1 is usually deposited in the environment
forming tailing ponds in the past, which have caused a serious
waste of resources and environmental pollution problems.2

Therefore, recycling phosphorus tailings for secondary utiliza-
tion gradually attracted the attention of a wide range of
researchers. Up to now, the utilization of phosphorus tailings
mainly includes lling material,3 producing agricultural
chemical fertilizer,4,5 construction materials1 and chemical
products.6 The main components of phosphorus tailings are
dolomite, and contain a large amount of calcium and magne-
sium.6,7 Recycling calcium and magnesium from phosphorus
tailings to prepare chemical products with high added value has
great application prospects.

Among the massive amount of chemical products made
from phosphorous tailings, magnesium hydroxide is a kind of
inorganic material which has attracted intensive attention in
recent years. Its application generally focuses on adsorption
and ame retardant.8 In terms of adsorption, magnesium
hydroxide is considered to be highly reactive to the separation
and removal of traditional pollutants in wastewater treatment9

and mainly focuses on the removal of reactive dyes10 and heavy
metal ions.11,12 Soldatkina et al.10 calculated various thermody-
namic parameters in the adsorption process, supporting the
of Geosciences (Wuhan), Wuhan, Hubei

4

fact that magnesium hydroxide, as an adsorbent, can effectively
remove acids and direct dyes from water. Jiang et al.9 synthe-
sized ower globular magnesium hydroxide and then modied
it with trisodium citrate to remove Ni(II) ions in water with an
adsorption capacity up to 287.11 mg g�1. Through a series of
adsorption experiments, Guo et al.13 had proved that magne-
sium hydroxide powders could effectively remove Co(II) from
water and had a higher adsorption capacity than other adsor-
bents. Vafaeifard et al.14 had prepared a novel nanostructured
three-dimensional ower-like Mg(OH)2-incorporated granular
polyurethane which showed a high removal capacity of Cu(II)
(184 mg g�1). According to different preparation methods,
magnesium hydroxide has different morphologies, such as
needle-, lamellar-, rod15 and ower-like,16 etc. Compared with
other forms of magnesium hydroxide, ower-like magnesium
hydroxide is considered to have more excellent adsorption
performance due to its advantages such as large specic surface
area and large adsorption capacity.9 In addition, as a kind of
clean and efficient inorganic ame retardant,17 magnesium
hydroxide is widely applied to prepare a variety of ame retar-
dant polymer composites,18–20which can decompose and absorb
heat during combustion, generate MgO and release water vapor
and non-ammable gas, with good ame retardant effect.21

In recent years, with the use of various agricultural fertil-
izers, eutrophication of water due to excessive phosphates in
water has gradually become one of the main problems of water
pollution.22 It can lead to the growth of algae and other aquatic
organisms and the collapse of aquatic ecosystems. Up to now,
eutrophication of water has caused great damage to water
© 2021 The Author(s). Published by the Royal Society of Chemistry
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supply, shery, transportation and even tourism, causing huge
economic losses.23 At present, the common treatment methods
of water eutrophication mainly include adsorption, chemical
precipitation, biological decomposition, membrane separa-
tion.24–28 Among them, adsorption is considered to be an
economical, clean and efficient method of phosphates
removal.29 Inspired by this, it is of great signicance to produce
ower-like magnesium hydroxide from phosphorus tailings and
then use it as adsorbents for the removal of phosphates in
water. At the same time, phosphorus-based ame retardants
have also been shown to endow excellent ame retardancy to
polymer materials.30,31 It can promote the formation of a dense
carbon layer during the combustion of polymers,32 and form
glass like molten substances covering the polymer surface.33

Due to their different main ame retarding mechanisms,
magnesium hydroxide and phosphorus may have synergistic
effect on boosting the ame retardancy of polymer materials,34

which provides a new strategy for the sustainable utilization of
magnesium hydroxide aer phosphates adsorption.

Considering the surface polarity of magnesium hydroxide, it
is necessary to modify magnesium hydroxide to improve its
compatibility with polymer.8 Noh et al.35 selected hexyl phos-
phoric acid as modier to prepare surface hydrophobic modi-
ed magnesium hydroxide and successfully prepared ame
retardant polyethylene composites at low lling amount. Zhu
et al.36 modied magnesium hydroxide whisker with vinyl-
triethoxysilane, the surface of whisker changed from hydro-
philic to hydrophobic, and the dispersion and compatibility of
the modied whisker in the organic phase were signicantly
improved. Among a large number of modifying agent, metal
organic framework materials (MOF), composed of ligands and
metal ions, is considered to be a good modier37 and ame
retardancy material.38,39 First of all, MOF has the characteristics
of good crystallinity and large specic surface area, and there is
a strong interaction between its organic skeleton and polymer
molecular chain, so it has good dispersion in the polymer
matrix.40 Secondly, in the process of combustion, MOF can not
only absorb smoke, but also produce metal oxides to catalyze
the carbonization of polymers.41–47 Therefore, it is a promising
strategy to modify magnesium hydroxide with MOF.

Based on the abovementioned analysis, we designed
a simple and effective method to synthesize ower-like MH and
MOF modied MH (MH@MOF). The obtained MH and
MH@MOF were used as adsorbents to remove phosphates from
water to deal with the eutrophication of water. Finally, the
sustainable application of the phosphates adsorbed MH
composites was further realized in ame retardant polymeric
materials. The main purpose of this research is to achieve
resource recycling and environmental pollution control, and
Table 1 The components of phosphorus tailings

Sample MgO CaO P2O5 SiO2 Na2O

wt% 22.92 62.05 7.34 3.27 0.16

© 2021 The Author(s). Published by the Royal Society of Chemistry
obtain ame retardant TPU composites with high added value
simultaneously.

In this paper, MH was rstly prepared by hydrothermal
method and sulfuric acid hydrolysis of phosphorus tailings and
then was coated with MOF. Next, the adsorption effect of MH
and MOF@MH on phosphates in water was investigated, and
the adsorbed products MH–P and MOF@MH–P were collected.
The morphology and structure of MH, MOF@MH, MH–P and
MOF@MH–P were characterized by X-ray power diffraction
(XRD), Fourier infrared spectrum (FTIR), scanning electron
microscope (SEM), and transmission electron microscopy
(TEM). The recovered products were added into TPU matrix to
fabricate composites, and their dispersion in the matrix was
observed by SEM. Meanwhile, the combustion properties of
TPU composites were studied by cone calorimeter test (CCT),
and the char residues were analyzed.
2. Experimental
2.1 Materials

H2SO4, H2O2, NH3$H2O, ethanol, methanol, Zn(NO3)2$6H2O, 2-
methylimidazole, NaH2PO4$2H2O, NaOH and N,N-dime-
thylformamide (DMF) were provided by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Thermoplastic poly-
urethane (TPU) pellets (1180A) were purchased from BASF
Company (Germany). The phosphate tailings were obtained
from Yichang Tiaoshuihe Phosphate Mine. XRF was carried out
to analyze its chemical components. Table 1 shows that phos-
phorus tailings are mainly composed of CaO (62.05%) and MgO
(22.92%). The high content of magnesium oxide indicates that
the phosphorus tailings are suitable for preparation of
magnesium hydroxide as magnesium sources.
2.2 Preparation of ower-like MH

50.0 g phosphorus tailings were added into a three-necked ask
with 250 mL distilled water under condition of stirring for
5 min. Diluted solutions of H2SO4 were slowly dripped into the
above suspension and stirring for 3 h at 50 �C, then the ob-
tained products were centrifuged and the supernatant was
transferred to a three-mouth ask. 5 mL of H2O2 were dripped
into the supernatant and then NH3$H2O were introduced into
the above suspension to adjusted the pH value for 6–7. The
mixture was stirred continuously for 1 h and then the super-
natant was separated by centrifugation. The pH value of the
supernatant was adjusted to 11 by NaOH solution (0.5 M) and
then the solution was transferred to the reactor. The reactor was
placed in an oven and reacted for 4 h at 160 �C. When the
reactor cooled to room temperature, the nal products named
as MH were obtained by centrifugation, washed for several
Al2O3 K2O TiO2 MnO Fe2O3 SrO

0.81 0.17 0.09 0.11 0.69 0.04
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times by water and ethanol, and then dried in a vacuum oven at
60 �C.
2.3 Preparation of MH@MOF

3.6 g MH (0.062 mol) were dispersed into the methanol solution
and ultrasonic treatment for 20 min. “A” solution was prepared
by mixing of 8.85 g (0.108 mol) 2-methylimidazole and 30 mL
methanol, “B” solution was prepared by mixing 6.48 g (0.022
mol) Zn(NO3)2$6H2O and 30 mL methanol. Firstly, A solution
was added into the abovementioned MH dispersion and stirred
for 20 min, aer that B solution was dripped into the mixed
solution and stirred for 20 min. The resulting solution was
stirred at 60 �C for 4 h. The nal products were obtained by
centrifuging the as-mentioned solution, washed for several
times by water and ethanol, and then dried in a vacuum oven at
50 �C.
2.4 Adsorption experiment

1.0819 g (0.007 mol) NaH2PO4$2H2O were added into 215 mL
distilled water and NaOH were added into the above solution to
adjust its pH value to 7.0. 15 mL of the abovementioned solu-
tion was taken out to test the phosphates content before
adsorption Then 0.4 g MH were put in the aforementioned
solution under continuous stirring at room temperature for
24 h. Magnesium hydroxide products aer phosphates
adsorption test (MH–P) were washed for several times by water
and ethanol and nally the content of phosphates in the
remaining solution were measured. The adsorption perfor-
mance of MH@MOF sample was studied in the same
procedure.
2.5 Preparation of TPU composites

3.6 g MH were added into DMF solution with ultrasonication
and stirring for 1 h. Then TPU pellets were dissolved into the
above mixture under continuous stirring for 12 h. The mixture
was precipitated with distilled water and then dried at 100 �C
Fig. 1 XRD patterns (a) of MH, MH@MOF and standard magnesium hyd

9944 | RSC Adv., 2021, 11, 9942–9954
for 24 h. In the end, the products prepared by the above
experimental operation were pressed into sheets at 175 �C by
semi-automatic molding press (HPE-63D, Xima Weili
Machinery Co., Ltd., Shanghai, China). TPU/MH–P, TPU/
MH@MOF and TPU/MH@MOF–P composites were prepared
by the same procedure, the loading of all llers was kept at
4 wt%.
2.6 Characterization

Wavelength dispersive X-ray uorescence spectrometer (XRF,
PANalytical B.V. AXIOSmAX, Netherlands) was used to analyze
chemical component of phosphorus tailings. X-ray diffraction
(XRD, Germany Bruker AXS D8-Focus) was employed to detect
the structures of the powder samples. Transmission electron
microscopy (TEM, Philips CM12, Netherlands Philips Co, Ltd)
was performed to study the micromorphology of MH and
MH@MOF. Ion chromatograph (IC, American Thermo Fisher
ICS-2100) was used to measure the concentration of phosphates
in water. Scanning electron microscopy (SEM, Hitachi SU-8010,
Japan) was carried out to observe the microscopy of powder
samples and char residues of TPU composites aer combus-
tion. CCT (Fire Testing Technology, UK) according to ISO 5660
with a heat ux of 35 kW m�2 was adopted to study the am-
mability of TPU composites which had a thickness of 3 mm.
3. Results and discussion
3.1 Characterization and adsorption capacity of adsorbent

3.1.1 Characterization of MH and MH@MOF. The XRD
patterns of MH and M@MOF are shown in Fig. 1a. The picture
shows that MH have several typical diffraction peaks at 2q ¼
18.45�, 2q ¼ 37.85�, 2q ¼ 50.06�, 2q ¼ 58.50�, 2q ¼ 61.98�, 2q ¼
67.99� and 2q ¼ 71.95�, respectively, corresponding to (001),
(100), (101), (102), (110), (111), (103), (201) crystal planes. This is
highly consistent with the standard card of magnesium
hydroxide (JCPDS 07-0239),48 indicating that the synthesized
MH is a kind of product with high purity and no impurities
roxide and FTIR spectra (b) of MH and MH@MOF.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of MH (a, b) and MH@MOF (c, d).
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exist. For the sample of MH@MOF, not only the characteristic
peaks of MH remains, but also three main diffraction peaks of
MOF at 2q ¼ 7.3�, 10.3� and 12.8� appears, corresponding to
(011), (002) and (112) crystal planes, respectively.49 In addition,
the characteristic peaks of MH are weakened. All these indicate
that MOF is successfully coated on the surface of MH.

FTIR is further used to characterize the prepared MH and
MH@MOF, and the FTIR spectra are shown in Fig. 1b. It can be
observed that obvious absorption peaks of MH appear at
3424 cm�1 and in the range of 1428–1628 cm�1, which are
attributed to the stretching vibration and bending vibration of
–OH of water.50 In addition, the sharp absorption peak at
3697 cm�1 is due to the stretching vibration of –OH of
Fig. 3 TEM images of MH (a) and MH@MOF (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
magnesium hydroxide,51 and the stretching vibration peak of
Mg–OH52 appears near 562 cm�1. The abovementioned results
indicate that magnesium hydroxide is successfully prepared. In
addition, not only the abovementioned characteristic peaks
exist, but also C–N stretching vibration peaks at 1145 and
995 cm�1, methyl bending vibration peaks at 1458 cm�1, and
Zn–N stretching vibration peaks at 422 cm�1 can be observed in
the FTIR spectra of MH@MOF.53 The presence of these
absorption peaks also proves the successful modication of MH
by MOF.

The SEM images of MH andMH@MOF are shown in Fig. 2. It
can be clearly seen from Fig. 2a and b that MH has a ower-like
structure which is assembled by lamellar agglomeration. At the
RSC Adv., 2021, 11, 9942–9954 | 9945
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Table 2 Adsorption experimental data of MH and MH@MOF

Sample V (L) C0 (mg L�1) Ce (mg L�1) m (g) E (%) Qe (mg g�1)

MH 0.20 1137.72 646.16 0.40 43.21 245.78
MH@MOF 0.20 1137.72 875.89 0.40 23.01 130.91

Fig. 4 XRD patterns of MH, MH–P (a) and MOF@MH, MOF@MH–P (b).
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same time, as can be obtained from Fig. 2c and d, MOF coating
are decorated on the surface of MH, but still does not change
the overall structure of MH, which also presents a ower-like
structure. In addition, as shown in the EDS spectra of
MH@MOF (inserted in Fig. 2d), the presence of Zn, N, C, O and
Fig. 5 SEM images of MH–P (a, b) and MH@MOF–P (c, d).

9946 | RSC Adv., 2021, 11, 9942–9954
Mg elements further indicates the successful formation of
MH@MOF.

Fig. 3a is the TEM image of MH, which further demonstrates
that the ower-like structure is composed of agglomerated
magnesium hydroxide lamellae. According to previous research
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of the fractured surfaces for neat TPU (a), TPU/MH (b), TPU/MOF@MH (c), TPU/MH–P (d), TPU/MOF@MH–P (e).
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work, the magnesium hydroxide nanoplates are tend to grow in
situ and then form the ower-like shape under some special
conditions such as high temperature and high pressure.48 It can
be seen from the TEM image of MH@MOF (Fig. 3b) that many
nanoparticles are coated on the surface of MH. The above-
mentioned XRD, FTIR, SEM and TEM results all demonstrate
that the successful preparation of MH@MOF.

3.1.2 Adsorption capacity of MH and MH@MOF. Accord-
ing to the dissociation constant of H3PO4, it can be calculated
that when the pH value of phosphate solution is 7, phosphates
are mainly existed in the form of H2PO4

� and HPO4
2� which

could be easily removed from the solution and adsorbed onto
magnesium hydroxide because of the hydroxyl groups.54,55 The
concentration of phosphates in the solution before and aer the
adsorption experiment was determined and their removal effi-
ciency (E) and adsorption capacity (Qe) were calculated accord-
ing to the following formula:56,57

E ¼ C0 � Ce

C0

� 100%

Qe ¼ ðC0 � CeÞV
m

In the above formula: C0 represents the initial concentration of
phosphates in the solution (mg L�1); Ce represents the nal
concentration of phosphates in the solution (mg L�1); V repre-
sents the initial volume of the solution (L); m represents the
mass of adsorbent (g).

The data of adsorption experiments are listed in Table 2. It is
clearly visible that the E andQe of MH to phosphates achieved to
43.21% and 245.78 mg g�1, respectively, while that of
MH@MOF to phosphates only achieved to 23.01% and
130.91 mg g�1. The two parameters of MH@MOF were both
lower than MH. This may be due to the fact that MOF was
coated on the surface of MH, which reduced the specic surface
© 2021 The Author(s). Published by the Royal Society of Chemistry
area of MH and then leading to the reduction of adsorption
capacity.58

MH and MOF@MH aer phosphates adsorption were
named as MH–P and MOF@MH–P, respectively, and then
collected for analyzing their composition, microstructure and
secondary utilization. Fig. 4 shows the XRD patterns of MH and
MOF@MH before and aer the adsorption experiment. As can
be seen from Fig. 4a, compared with MH, the characteristic
peaks of MH–P are attenuated, but several basic characteristic
peaks of MH are still observed, which indicates that the
absorption of phosphates does not destroy the basic structure of
MH, but had an inhibitory effect on its crystallization. A similar
conclusion can be obtained from Fig. 4b.

Further observation of the SEM images of MH–P (Fig. 5a and
b) and MH@MOF–P (Fig. 5c and d) shows that aer phosphates
adsorption, except the edge of the lamellar layer is slightly
Fig. 7 HRR curves of TPU and TPU composites.

RSC Adv., 2021, 11, 9942–9954 | 9947
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Fig. 8 Combustion parameters including TTI (a), pHRR (b), FPI (c), pSPR (d), TSR (e), Peak CO (f), Peak CO2 (g) and Mass (h) of TPU and TPU
composites obtained from Cone calorimetry test.

9948 | RSC Adv., 2021, 11, 9942–9954 © 2021 The Author(s). Published by the Royal Society of Chemistry
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broken, MH remains an intact ower-like structure. However,
the morphology of MH@MOF changes apparently, and the
original ower-like structure disappears, showing a porous
spherical structure.
3.2 Fire behavior of TPU composites

3.2.1 Dispersibility. In general, the dispersion of the ame
retardant and the compatibility between ame retardant and
matrix play a key role in enhancing the ame retardancy of
polymer composites.59 The SEM images of the cross section of the
material are usually used to characterize the dispersion of the
ame retardants in polymer matrices. The dispersibility of the
ame retardants can be judged by observing the presence and
agglomeration of the ame retardants in the SEM images.19,60,61

Fig. 6 is the cross-sectional SEM images of TPU, TPU/MH, TPU/
MOF@MH, TPU/MH–P and TPU/MOF@MH–P. As shown in
Fig. 6a, the section of pure TPU is at and smooth without
obvious structural features. Aer the addition of ame retardant,
the cross section of TPU composites becomes rough obviously.
Typically, pure MH particles are poorly dispersed in TPU matrix
because of its poor compatibility. The aggregation of MH can be
clearly observed in Fig. 6b. Aer the modication with MOF, the
dispersion of MH@MOF in TPU is signicantly improved. The
agglomeration phenomenon no longer exists in Fig. 6c, and
MH@MOF is uniformly distributed in the TPU composites,
which is mainly attributed to the good compatibility between
Fig. 9 SPR (a), TSR (b), CO release rate (c), and CO2 release rate (d) cur

© 2021 The Author(s). Published by the Royal Society of Chemistry
MOF and polymer.38 Surprisingly, the compatibility between the
MH–P and MH@MOF–P recovered aer phosphates adsorption
and TPU matrix is also good, and no obvious agglomerations are
observed from the SEM images of the sections of TPU/MH–P and
TPU/MH@MOF–P (Fig. 6d and e).

3.2.2 Flame retardancy and smoke suppression effect.
Cone calorimetry test is employed to evaluate the combustion
behavior of TPU and TPU composites. The HRR curves are
presented in Fig. 7 and some typical cone calorimetry test data
are displayed in Fig. 8.62,63 As shown in Fig. 7, pure TPU burns
rapidly aer ignition, and the peak heat release rate (pHRR) is
up to 1082 kW m�2. Aer adding different MH-based ame
retardants, HRR curves of TPU composites are tended to be at,
and the values of HRR decrease in varying degrees. The pHRR
values of TPU/MH, TPU/MH@MOF, TPU/MH–P and TPU/
MH@MOF–P are 700, 666, 747 and 586 kW m�2, respectively,
which are decreased by 35.3%, 38.4%, 31.0% and 45.8%,
compared with that of pure TPU. Among them, TPU/
MOF@MH–P shows the best ame retardancy. This maybe due
to the combined ame retardancy of MOF, MH and phosphate.
When magnesium hydroxide is heated and decomposed, it will
absorb the heat in the re eld, and simultaneously generate
MgO and water vapor, which play a cooling role. The generated
water vapor escapes around the combustibles, which dilutes the
combustible gas and exerts a gas-phase ame retardant effect.
The solid magnesium oxide can not only block oxygen, but also
block the spread of heat.17,64 At the same time, phosphates
ves of TPU and TPU composites.
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would produce phosphate–carbon complexes which can with-
stand high temperature, promote the formation of dense
carbon layer, and form a physical barrier layer with excellent
thermal stability property.65 In addition, MOF contained in the
ame retardant can facilitate the formation of carbon layer and
delay the exchange of heat and mass.39

The Fire Performance Index (FPI) is a momentous parameter
used to estimate the re risk, and its value is dened as the ratio
of TTI to pHRR. The higher the FPI, the better the re safety of
material.66 The FPI value of pure TPU is 0.034 m2 s kW�1. The
addition of MH based ame retardants all increase the FPI value
of the TPU composites, especially for MOF@MH–P, indicating
that the re safety of the ame retardant TPU composites has
been improved effectively. In addition, as shown in the mass
loss curves of TPU and its composites (Fig. 8h), the nal
residual amount of TPU composites with the addition of
MOF@MH–P was increased by 42.0% aer combustion,
compared with that of pure TPU.

To investigate the combustion behavior of polymer
composites, in addition to comparative analysis of their ame
retardancy properties, it is also necessary to explore the release
of smoke during the combustion process and the toxicity of the
smoke released. As shown in Fig. 9, SPR, TSR, CO release rate
and CO2 release rate are selected as indicators for ue gas
analysis. Combining Fig. 8d, e and 9a, b, pure TPU has a higher
peak smoke generation rate (pSPR) of 0.152 m2 s�1 and total
smoke release (TSR) of 1369 m2 m�2. The pSPR values of TPU/
MH, TPU/MOF@MH, TPU/MH–P, TPU/MOF@MH–P are
decreased by 24.3%, 26.3%, 25.0% and 46.7%, respectively. The
TSR values of TPU/MH, TPU/MOF@MH, TPU/MH–P, and TPU/
MOF@MH–P are decreased to 1186 m2 m�2, 1234 m2 m�2, 1199
m2 m�2 and 1076 m2 m�2, respectively. This manifests that all
MH based ame retardants have superior smoke suppression
performance, which can inhibit the smoke release during the
Fig. 10 Digital images of char residues from pure TPU (a), TPU/MH (b), TP
after cone test.

9950 | RSC Adv., 2021, 11, 9942–9954
combustion of TPU composites. Compared with other ame
retardants, MH@MOF–P still exhibits excellent smoke
suppression effect. The generation of CO and CO2 reects the
smoke toxicity during the combustion process of materials. As
shown in Fig. 9c and d, the incorporation of MH based ame
retardants can inhibit the release of CO and CO2, making the
CO and CO2 release rate curve become gentle. The peak CO
release rate values of TPU/MH, TPU/MOF@MH, TPU/MH–P,
TPU/MOF@MH–P are decreased by 42.3%, 40.7%, 22.8% and
37.4%, and the peak CO2 release rates are decreased by 38.2%,
39.5%, 32.9% and 50.0%. It is clearly visible that the CO release
rate and CO2 release rate of TPU composites reduce strikingly
with the addition of MOF@MH–P, and TPU/MOF@MH–P has
a good smoke toxicity inhibition effect. The mechanism of
MOF@MH–P reducing smoke release and toxicity of TPU
composites can be summarized as follows: magnesium
hydroxide,16 phosphates67 and MOF39 accelerate the formation
of carbon layer during the combustion of TPU composites; the
decomposition products of magnesium hydroxide, phosphate
further covers the surface of the carbon layer to inhibit TPU
combustion, thus reducing the emission rate of ue gas;16 aer
modifying magnesium hydroxide with MOF, the magnesium
hydroxide is well dispersed in TPU matrix, contributing to form
a denser carbon layer; the porous structure and large specic
surface area of MOF enable it to adsorb the ue gas produced by
polymer combustion, greatly inhibiting the ue gas release and
reducing the ue gas toxicity of TPU composites;39 the porous
structure of MH@MOF–P makes it have a good adsorption
capacity of ue gas.

Besides, it is interesting to observe that some ame retardant
parameters of TPU/MH–P composites are worse than those of
TPU/MH. In contrary, the ame retardancy and smoke sup-
pressing properties of TPU/MH@MOF–P composites are better
than those of TPU/MH@MOF composites. This may be due to
U/MOF@MH (c), TPU/MH–P (d) and TPU/MOF@MH–P (e) composites

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM images of char layers from pure TPU (a), TPU/MH (b), TPU/MOF@MH (c), TPU/MH–P (d) and TPU/MOF@MH–P (e) composites.
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the fact that the ame retardant mechanism of MH and phos-
phate is different, and their ame retardant efficiency for TPU is
also different.21,31 Aer MH adsorbs phosphate, the MH–P
contains two components: MH and inorganic phosphate, so it
has a different ame retardant effect, in comparison with MH,
and thereby leading to the variation of combustion data. On the
other hand, as a metal organic frame material, MOF has ame
retardant effect, and also can improve the interface interaction
between the ame retardant and polymer matrix,44 thereby
Fig. 12 Schematic illustration for flame retardant mechanism of TPU co

© 2021 The Author(s). Published by the Royal Society of Chemistry
improving the ame retardant efficiency of the ame retardant.
In addition, the introduction of MOF made the ame retardant
aer adsorption of phosphorus (MH@MOF–P) present a porous
structure, which can improve the ame retardancy through
“labyrinth effect”.68 The good dispersion in the polymer matrix,
the combination of MH, inorganic phosphate and MOF as well
as the porous structure of MH@MOF–P impart the TPU/
MOF@MH–P composites with excellent ame retardancy.
mposites with MOF@MH–P.

RSC Adv., 2021, 11, 9942–9954 | 9951

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10873a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
1/

24
/2

02
5 

5:
02

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.2.3 Char residue analysis. Through the observation and
analysis of the char residues of the samples tested by cone
calorimeter, the ame retardancy mechanism of the composites
is further discussed. Fig. 10 shows the digital photos of the char
residues of TPU and TPU composites. As shown in Fig. 10a, pure
TPU is basically burnt out during combustion, and there is
almost no residual carbon residue. With the addition of MH
based ame retardants, the amount of the carbon residues aer
combustion test increases obviously. The residual carbon of
TPU/MH (Fig. 10b) and TPU/MH@MOF (Fig. 10c) are white with
some holes on the surface. The white color may be due to the
MgO produced by the thermal decomposition of MH covering
the surface of the carbon layer.69 In addition, the amount of
carbon residue in TPU/MH@MOF is higher than that in TPU/
MH, indicating that the modication of MOF further
improves the catalytic carbonization ability of MH. The color of
carbon residue is changed obviously aer the addition of
phosphate. As can be seen from Fig. 10d and e, the carbon
residue of TPU/MH–P and TPU/MH@MOF–P is gray which may
due to the formation of thick phosphate–carbon complexes
when they are heated. The continuity of the carbon layer of TPU/
MH–P is better than that of TPU/MH. Compared with TPU/
MH@MOF, the carbon residue of TPU/MH@MOF–P increases
and the carbon layer is more compact and continuous, indi-
cating that the catalytic carbonization ability of the ame
retardant is improved aer the adsorption of phosphates. This
is due to the fact that phosphates can also facilitate the
formation of dense carbon layer during the combustion of
polymer materials.31 Due to the combined action of several
ame-retardant components, TPU/MH@MOF–P composites
have formed the most continuous and compact carbon struc-
ture aer combustion.

In order to observe the structure of char layer clearly, the
SEM images of the carbon surface (Fig. 11) are analyzed. As
shown in Fig. 11a, the carbon layer of pure TPU is relatively
broken, in which there are large number of cavities and
cracks. This makes it easy for heat and smoke to escape
during combustion. The carbon layer of TPU/MH is rough,
and there are many cracks on it (Fig. 11b). In contrast, the
carbon layer of TPU/MH@MOF (Fig. 11c) is smoother,
denser, and more continuous, although there are still some
holes on it. The carbon structure of TPU/MH–P (Fig. 11d) is
similar to that of TPU/MH@MOF, but the number of holes
increases slightly. Surprisingly, the introduction of
MOF@MH–P into TPU matrix results in continuous, and
compact carbon layer (Fig. 11e). The dense carbon layer can
block the heat radiated by the ame, slow down the burning
speed of polymer and reduce the amount of fuel vapor
entering the ame.70,71

According to the abovementioned analysis, the ame
retardancy could be exerted in gas phase and condensed phase
simultaneously by the incorporation of MH@MOF–P. As shown
in Fig. 12, in gas phase, the magnesium hydroxide in
MH@MOF–P will decompose to produce water vapor, reducing
the concentration of combustible gas around the material. In
condense phase, both MOF and phosphates can facilitate the
9952 | RSC Adv., 2021, 11, 9942–9954
formation of compact carbon layer. Meanwhile, the decompo-
sition of MH produces MgO and absorbs heat, which can reduce
the temperature and increase the densication of carbon layer.
The dense carbon layer catalyzed by MH@MOF–P forms
a barrier which can not only block heat, but also reduce the
release of ue gas, CO, CO2 and other toxic gases. These
combined ame retardant mechanisms work together to
enhance the re safety of TPU materials.

4. Conclusion

In order to realize the comprehensive utilization of phosphorus
tailings, ower-like magnesium hydroxide was rstly prepared.
Then the poor compatibility between MH and polymer matrix
was solved by the introduction of MOF. The ower-like structure
of MH endowed it with excellent adsorption property and had
a promising removal performance of phosphates from sewage.
The adsorption test of the phosphates showed that both MH
and MOF@MH could remove the phosphorus element in the
water efficiently. Aer the phosphates adsorption experiment,
MH–P and MH@MOF–P were recovered and used as effective
ame retardants for TPU. The cone calorimetry test results show
that the addition of MH based ame retardants including MH,
MOF@MH, MH–P and MOF@MH–P can improve the re safety
performance of TPU composites, especially for the MOF@MH–

P. Typically, the pHRR, pSPR, TSR, peak CO release rate and
peak CO2 release rate of TPU/MOF@MH–P were dramatically
decreased by 45.8%, 46.7%, 21.4%, 37.4% and 50.0%, respec-
tively, compared with those of pure TPU. Although the ame
retardancy properties of the recycled MH has not been
compared to the commercial magnesium hydroxide that is sold
in themarket for FR applications, the novel strategy proposed in
this work is endowed with a great importance to the resource
utilization of phosphorus tailings, water eutrophication treat-
ment, sustainable application of adsorbents and ame retar-
dant polymer materials.
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