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Abstract: Polymers are easy to burn when heated, which may result in fire disaster. It is necessary to
improve the flame retardant properties of polymers by employing flame retardants. Layered double
hydroxides (LDHs) have attracted more and more attention in the field of flame retardant due to their
halogen-free, non-toxic and excellent smoke suppression performance. The structure, preparation methods
and flame retardant mechanism of LDHSs are introduced. In particular, the methods to improve the flame
retardant properties of LDHSs, including cationic doping of laminate, interlayer anion intercalation and
surface modification are emphatically reviewed. Moreover, the flame retardant mechanism and properties of
LDHs with different structures are summarized. At last, the development trend of LDHSs as flame retardant
in the future is prospected.
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Table 1 Comparison of advantages and disadvantages of LDHs
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Table2 Potential composition of LDHSs containing transition metal elements'?
Mg?* Ni?* cu* Co* zZn* Fe** Mn?* ca** Li*
r=0.053 nm r=0.069 nm =0.071nm r=0.072nm =0.074nm r=0.078 nm =0.080 nm »=0.098 nm =0.073 nm
A|3+ B B B B B B B B B
r=0.053 nm
Ga3+
r=0.061 nm - B - B - - -
Fe3+
r=0.063 nm B B B B B B
C03+ B B B B B B
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r=0.070 nm B
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r=0.075 nm
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r=0.076 nm - B
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r=0.078 nm B - -
Ru3+ B B B
r=0.082 nm
Ti4+ _ B B _ B
r=0.056 nm
H: r NETRER, AR A.
3 LDHs 2 ifil # 7 ik 14 )i 2R A1 ke i
Table 3 Principles, advantages and disadvantages of different preparation methods of LDHs
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Table4 Flame retardant mechanism of LDHs with different anions between layers
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Table6 Flame retardant properties of EP/ZIF@MgAIl-LDH composites'®”

FE PHRR/(KW/m?)  THR/(MJm?)  #&H%R/%  SPRI(mYs)  TSPIm? LOI /% uL94
EP 1146 56 11.3 0.56 48 21.2 NR
EP/MgAI-LDH 865 49 13.2 0.45 41 23.8 NR
EP/ZIF-8 886 41 12.3 0.43 37 233 NR
EP/ZIF-8@MgAI-LDH 562 39 16.2 0.35 33 24.7 V-1
EP/ZIF-67 817 42 14.1 0.41 36 236 NR
EP/ZIF-67@MgAI-LDH 432 34 16.7 0.37 30 255 V-1
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Fig.5 Schematic diagram of the synthetic route of NiCo-LDH@PZS'®
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Table 7 Mechanism of enhancing flame retardant properties of LDHs with different surface modifiers

2 T P 7] $EF+ LDHs PHAA P AE RO ML FE EE BTN

el M LDHs 5 R AWM AT, T LDHs 73k P Ayt ; 7€ LDHs BB AL Si—  [62-63]
O—Si ke #F 0% e J2 I IE 1

Tk EY B AW 32 PO R L B R R RRIR , (et 2 RISk, R EA —EBEK  [64-66]
AR I, Bads O IR % s SBHLA Y Z A MBI POs, L1k betl xC N
SWALA YT 5 LDHs B FIAEH

MOFs MOFs #&ffi J5 , LDHs 52 $44 fif E AR 14 4 S AL ml i A S AR Ak , (i a0k 7o 3 SR AL R 2 O TE A [67]
SR R AR SRR ;. MOFs A 5 LDHs # [ 7E H

RGO RGO 15 — 4 2Rk, P tkty, BAMNRNBERRAEH, EmMimeE, 75 LDHs [70]

p [ 5 RELRA AR

5 #RIBESREE

Zi Lrid, LDHs 78BS 7 B 0F 5% B 4 BUA
TRERIERE, T LDHs M45HER 5 5 H BB
B, $#27} LDHs BHAMRERB AN 2, AT
DA L1 LDHs J2 4 ) 4 I BH 5 7 702 (8] % 44 B
B TOREAT LDHs BZS 4R, AT LA LDHs 1y
Fe PO A BE R 25 SRR R R, B LDHs
SR SR, JCI SR R R T s AR
H TSR AEAE 2 PR R A Tl — 2R s . TR
WK R A YR N S, R, BA LDHs
il 28 T2 AR AE A R & BRI K W = A Il R, DAL
YEFIN R4 JG LDHs # il £ S AR FEAR STl i g ]
WF5E FEM LT ILAS TR : (1) JFRE IR
i) LDHs il & T.25, ffd LDHs il & B2 H sl =4
RS YL R 8, SCPE LDHs MGk = (2)
S Z R A B A S AR TERE LDHs (9Bt I

A, HEIN LDHs MFh2e Ko AL (3) $2 78
LDHs 5405 A 25 L a5mikit, wnk
FEA A5 W PRI B EAVE R, i —20 523 LDHs
REBHIR; (4) FFEEZLA LDHs Rtk ik,
A S, SCEE LDHSs i Ak BH gk 1 [ Rt O
HAhRE; (5) SCEL LDHs ZRhdl 5 3 i ik 4
A, EHBHAMERESC B KAk (6) HSR LDHs 1)
FEA A RSB, ELAE N B ST b B Tl Ak
F ., ARFEBR A ST Tolb Ak B I A8 B, X &
B2 T LDHs BYAHZAME M SR AE 1, btk —2
JiEie LDHs BEARF 89 Tl AL FH iR 75 %% 1 o

S 3k

[1] SHAO X M, DU Y Q, ZHENG X F, et al. Reduced fire hazards of
expandable polystyrene building materials via intumescent flame-
retardant coatings[J]. Journal of Materials Science, 2020, 55(17):
7555-7572.

[2] HENG X D (ffj/\%5). Application status and development trend of
plastics in furniture materialJ]. China Plastics Industry (¥4} Tll)



32

A% @m & T FINE CHEMICALS

o5 39 %

[3l

4

[5]

[l

(8]

[9]

(10

[11]

[12)

[13]

[14]

[15]

[16]

(17

[18]

[19]

[20]

[21]

2019, 47(6): 155-158.

JANG J, IM H G, LIM D S, et al. Preparation of high-performance
transparent glass-fiber reinforced composites based on refractive
index-tunable epoxy-functionalized siloxane hybrid matrix[J].
Composites Science and Technology, 2021, 201: 108527.

ZHOU K K, DAI K, LIU C T, et al. Flexible conductive polymer
composites for smart wearable strain sensorg[J]. SmartMat, 2020,
1(1): e1010.

LI FF@&FEF), LIVUY I(XEH), LENG IS (B 2012). Progress of
shape memory polymer and their composites in aerospace
application]J]. Journal of Astronautics (Ffii2#4lt), 2020, 41(6):
697-706.

CHONG N S, ABDULRAMONI S, PATTERSON D, et al. Releases
of fire-derived contaminants from polymer pipes made of polyvinyl
chloride[J]. Toxics, 2019, 7(4): 7040057.

LIUH,WUHJ SONGQY, et al Core/shell structure magnesium
hydroxide@polyphosphate metal salt: Preparation and its performance
on the flame retardancy for ethylene vinyl acetate copolymer[J].
Journa of Thermal Analysisand Calorimetry, 2020, 141(4): 1341-1350.
BENJAMIN T, BIN Y, BIN F. Advances in flame retardant poly
(lactic acid)[J]. Polymers, 2018, 10(8): 876.

VAHABI H, RASTIN H, MOVAHEDIFARE, et al. Flame retardancy
of bio-based polyurethanes: Opportunities and challengeqJ]. Polymers,
2020, 12(6): 1234.

CAI T M, WANG J, ZHANG C, et al. Halogen and halogen-free
flame retarded biologically-based polyamide with markedly suppressed
smoke and toxic gases releases[J]. Composites Part B: Engineering,
2019, 184: 107737.

LI S, YAN H X, FENG S, et al. Phosphorus-containing flame-
retardant bismaleimide resin with high mechanical properties[J].
Polymer Bulletin, 2016, 73(12): 3547-3557.

SAG J, KUKLA P, GOEDDERZ D, et al. Synthesis of novel
polymeric acrylate-based flame retardants containing two phosphorus
groups in different chemica environments and their influence on the
flammability of poly(lactic acid)[J]. Polymers, 2020, 12(4): 778.

HU Z, ZHONG Z Q, GONG X D. Flame retardancy, thermal
properties, and combustion behaviors of intumescent flame-retardant
polypropylene containing (poly) piperazine pyrophosphate and
melamine polyphosphate[J]. Polymers for Advanced Technologies,
2020, 31(11): 2701-2710.

QIAN Y, ZHOU S J, CHEN X L. Synergistic flame retardant effect
between nano-silicon dioxide and layered double hydroxides in
ethylene vinyl acetate composites]J]. Journal of Thermoplastic
Composite Materials, 2018, 31(10): 1295-1309.

JAN J, ZHANG Y, FANG Z P, et al. Core-shell flame retardant/
graphene oxide hybrid: A self-assembly strategy towards reducing
fire hazard and improving toughness of polylactic acid[J]. Composites
Science & Technology, 2018, 165: 161-167.

SHANG S C (i##8)11), YANG B J (I1#18), ZHANG R C (3K EJR),
et al. Sb,03-ZnMgA preparation of Sb,03-ZnMgAl-LDHSs hydrotacite
and its assiting flame retardant effects on soft polyvinyl chloride[J].
Acta Materiae Compositae Sinica (& & #1#l2#4i%), 2017, 34(8):
1667-1673.

LIN SL ($h4R4%), LUO Z H (Z#13k), CHEN D Q (H4J}7), et al.
Research progress of halogen-free flame retardant rigid polyurethane
foam[J]. Materials Reports ($1#H3:4f), 2021, 35(1): 1196-1202.
HUA Y T (IFTE#), DU C G (F:& ), YAO X L (Wki4H), et al.
Research progress of ionic modification of hydrotalcite flame
retardant[J]. Chemistry Bulletin (k2438 ), 2019, 82(4): 316-322.
WANG X K (EI%F), PEIGB (3) %), WANG Q (L), et al.
Research progress of LDHs and their flame retarding properties[J].
Shanghai Plastics (i3 }), 2019, (2): 1-4.

ZHU M (RAf), ZHU I Z (K54, SHI I Y (IHFA), et al. Study
on flame-retardant poplar veneer modified by polyvinyl acohol
phosphate intercalated hydrotalcite[J]. Chinese Journa of Wood
Science and Technology (AR#1FH# 54 AR), 2021, 35(3): 52-58.
GAOY (#T), GU X Y (47I55L), LI H F (2=t ), ef al. Research

[22]

(23]

[24]

[29]

[26]

[27]

(28]

[29]

(30]

(31]

(32

(33]

(34]

(39]

(36]

(37]

(38]

progress on flame retardant polymer/LDHs nanocomposite[J].
Plastics (#8}), 2021, 50(1): 145-150.

CHEN J(BiF), ZHANG Q Y (5K 55), SONG Y W (K# 1), et al.
Research progress of hydrotalcite-like compounds and their
application in corrosion protection[J]. Journa of Xihua University
(Natural Science Edition) (PG4 RK2=2#4: A REL:AR), 2014,
33(5): 64-69.

YUE X P LI CF NIY H, et al. Flame retardant nanocomposites
based on 2D layered nanomaterias: A review[J]. Journal of Materials
Science, 2019, 54(20): 13070-13105.

MISHRA G DASH B, PANDEY S. Layered double hydroxides: A
brief review from fundamentas to gpplication as evolving biomateriag[J].
Applied Clay Science, 2018, 153: 172-186.

Yl H, LIU SY, LAI C, et al. Recent advance of transition-metal-
based layered double hydroxide nanosheets: Synthesis, properties,
modification, and electrocatalytic applications[J]. Advanced Energy
Materials, 2021, 11(14): 2002863.

CONTEROSTIO E, GIANOTTI V, PALIN L, et al. Facile preparation
methods of hydrotalcite layered materiadls and their structural
characterization by combined techniques[J]. Inorganica Chimica Acta,
2018, 470: 36-50.

THEISSFL, AYOKO G A, FROST R L. Synthesis of layered double
hydroxides containing Mg?", Zn?*, Ca?" and AI** layer cations by
co-precipitation methods—A review[J]. Applied Surface Science,
2016, 383: 200-213.

KALALI E N, MONTES A, WANG X, er al. Effect of phytic
acid-modified layered double hydroxide on flammability and
mechanical properties of intumescent flame retardant polypropylene
system[J]. Fire and Materials, 2018, 42(2): 213-220.

BAIG N, SAJID M. Applications of layered double hydroxides based
electrochemica sensors for determination of environmenta pollutants:
A review[J]. Trends in Environmental Analytica Chemistry, 2017, 16:
1-15.

MALLAKPOUR S, HATAMI M, HUSSAIN C M. Recent innovations
in functionaized layered double hydroxides: Fabrication, characterization,
and industrial applicationgJ]. Advances in Colloid and Interface
Science, 2020, 283: 102216.

GUOY W, ZHU Z L, QIU Y L, et al. Enhanced adsorption of acid
brown 14 dye on calcined Mg/Fe layered double hydroxide with
memory effect[J]. Chemical Engineering Journal, 2013, 219: 69-77.
KOSTURA B, KOVANDA F, VALASKOVA M, et al. Rehydration
of calcined Mg-Al hydrotacite in acidified chloride-containing
aqueous solution[J]. Collection of Czechoslovak Chemica
Communications, 2007, 72(9): 1284-1294.

ROCHA J, DELARCO M, RIVESV, et al. Reconstruction of layered
double hydroxides from calcined precursors: A powder XRD and 27
Al MAS NMR study[J]. Journa of Materials Chemistry, 1999, 9(10):
2499-2503.

XU S, LI SY, ZHANG M, et al. Fabrication of green alginate-based
and layered double hydroxides flame retardant for enhancing the fire
retardancy properties of polypropylene[J]. Carbohydrate Polymers,
2020, 234: 115891.

REN X M ({£754ff), ZHOU A J (82 %), SUN H L (FMV555), et al.
Preparation of magnesium aluminum hydrotal cite with orderly porou
structure by colloidal crystal template[J]. Journal of Wuhan Institute
of Technology (&7 TR 2%2:4k), 2018, 40(1): 52-56.

ZHAO P P, DENG C, ZHAO Z Y, et al. Nanoflake-constructed
supramolecular hierarchical porous microspheres for fire-safety and
highly efficient thermal energy storage[J]. ACS Applied Materials &
Interfaces, 2020, 12(25): 28700-28710.

ZOU Y (4B¥i). Characteristic analysis of layered double hydroxides
functional materials and its flame retardant application[J]. Bulletin of
the Chinese Ceramic Society (FEfiRhifi#lz), 2020, 39(12): 4034-4042.
QIAN Y, QIAO B, LI L, ef al. Hydrothermal synthesis of lanthanum-
doped MgAl-layered double hydroxide/graphene oxide hybrid and its
application as flame retardant for thermoplastic polyurethaneJ].



51

fifl o, 4

IR AT ) i 26 SRR REAIT ¢ 1k Jig

« 33

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Advances in Polymer Technology, 2020, 2020(3): 1018093.

GAO Y S, WANG Q, LIN W R. Ammonium polyphosphate
intercalated layered double hydroxide and zinc borate as highly
efficient flame retardant nanofillers for polypropylene[J]. Polymers,
2018, 10(10): 1114.

AN W (%30), MA JZ (ShtH), XU Q N (#:HH4). Research progress
of polymer-based hydrotal cite-graphene flame retardant compositesJ].
Materials Reports (#1#} F:4f¢), 2019, 33(S2): 604-608.

JN X D, GU X Y, CHEN C, et al. The fire performance of polylactic
acid containing a novel intumescent flame retardant and intercalated
layered double hydroxides[J]. Journa of Materials Science, 2017,
52(20): 12235-12250.

LUO Q Q (BE3E), XIEY M (It#ifi), LIN W D (F3C5E), et al.
Preparation of modified LDH based on DOPO-OH and siloxane and
its flame retarded epoxy resingJ]. Plastics (K1), 2019, 48(6): 15-19.
DING J M, ZHANG Y, ZHANG X, et al. Improving the
flame-retardant efficiency of layered double hydroxide with disodium
phenylphosphate for epoxy resin[J]. Journal of Thermal Analysis and
Calorimetry, 2020, 140(1): 149-156.

XU S, ZHANG M, LI S, et al. Intercalation of a novel containing
nitrogen and sulfur anion into hydrotalcite and its highly efficient
flame retardant performance for polypropylene{J]. Applied Clay
Science, 2020, 191: 105600.

QIU J D, LAI X J, LI H Q, et al. Facile fabrication of a novel
polyborosiloxane-decorated layered double hydroxide for remarkably
reducing fire hazard of silicone rubber[J]. Composites Part B:
Engineering, 2019, 175: 107068.

LUO X L, SHEN JY, MA'Y A, et al. Robust, sustainable cellulose
composite aerogels with outstanding flame retardancy and thermal
insulation[J]. Carbohydrate Polymers, 2020, 230: 115623.

WANG N (E#F), ZHONG J C (P'¢14]), WANG H Z (E#tik).
Preparation, characterization and application of calcium and
auminum layered double hydroxides intercaated by boric acid radic[J].
Inorganic Chemicals Industry (Jo#LE: Tll), 2016, (1): 25-27.

XU S, LI SY, ZHANG M, et al. Effect of PO} intercalated
hydrotalcite on the flame retardant properties and the degradation
mechanism of a novel polypropylene/hydrotalcite system[J]. Applied
Clay Science, 2018, 163: 196-203.

XU W Z, ZHANG B L, XU B, et al. The flame retardancy and
smoke suppression effect of heptaheptamolybdate modified reduced
graphene oxide/layered double hydroxide hybrids on polyurethane
elastomer[J]. Composites Part A: Applied Science and Manufacturing,
2016, 91: 30-40.

JN L, ZENG H Y, DU J Z, et al. Intercalation of organic and
inorganic anions into layered double hydroxides for polymer flame
retardancy[J]. Applied Clay Science, 2020, 187: 105481.
DUJZ,JNL,ZENGHY, et al. Flame retardancy of organic-anion-
intercalated layered double hydroxides in ethylene vinyl acetate
copolymer[J]. Applied Clay Science, 2019, 180(6): 105193.

JA L (B4i%), MA J Z (B#), GAO D G (Hi5thY), et al. Layered
double hydroxides/polymer nanocompositesJ]. Progress in Chemistry
(fk2=it ), 2018, 30(Z1): 295-303.

KONG Q H, WU T, WANG J Q, et al. Improving the thermal
stability and flame retardancy of PP/IFR composites by NiAl-layered
double hydroxide[J]. Journal of Nanoscience & Nanotechnology,
2018, 18(5): 3660-3665.

WANG L L, ZHANG M L, LI B. Therma anaysis and flame-
retarded mechanism of composites composed of ethylene vinyl
acetate and layered double hydroxides containing transition metals
(Mn, Co, Cu, Zn)[J]. Applied Sciences, 2016, 6(5): 131.

KHANAL S, LU Y H, JN D D, ef al. Effects of layered double
hydroxides on the thermal and flame retardant properties of intumescent

(56]

(57]

(58]

(59]

(60]

(61]

(62]

[63]

[64]

(65]

(66]

(67]

(68]

(69]

(70

flame retardant high density polyethylene composites[J]. Fire and
Materials, 2021, DOI: 10.1002/fam.2951.

ZOROMBA M S, NOUR M A, ELTAMIMY H E, ez al. Effect of
modified layered double hydroxide on the flammability and mechanica
properties of polypropylene]J]. Science and Engineering of Composite
Materials, 2018, 25(1): 101-108.

ZHANG M, DING P, QU B J. Flammable, thermal, and mechanical
properties of intumescent flame retardant PP/LDH nanocomposites
with different divalent cations[J]. Polymer Composites, 2009, 30(7):
1000-1006.

HAN Y Q, WU Y, SHEN M X, et al. Preparation and flame
retardancy of polystyrene nanocomposites based on layered double
hydroxides[J]. Polymer Composites, 2017, 38(8): 1680-1688.

GAO Z H, LU L H, SHI C L, ef al. The study of ZnAl and ZnFe
layered double hydroxide on the catalytic dechlorination and fire
safety of polyvinyl chloride[J]. Journal of Therma Analysis and
Calorimetry, 2019, 140(2): 115-123.

NAGENDRA B, ROSELY CV S, LEUTERITZ A, et al. Polypropylene/
layered double hydroxide nanocomposites: Influence of LDH
intralayer metal constituents on the properties of polypropylene[J].
ACS Omega, 2017, 2(1): 20-31.

LIU Y L, LI B, XU M J, ef al. Highly efficient composite flame
retardants for improving the flame retardancy, therma stability,
smoke suppression, and mechanica properties of EVA[J]. Materials,
2020, 13(5): 1251.

HUANG Y Z (% 5.3%), DONG Y C (4R %), SHEN F (JLIN), et al.
Effect of modified hydrotalcite on soft polyvinyl chloride[J]. Modern
Plastics Processing and Application (BRACIERHN T % H), 2018,
30(3): 42-45.

LI L, QIAN Y, HAN H Y, et al. Effects of functional intercalation
and surface modification on the flame retardant performance of
EVA/LDHs composites][J]. Polymers and Polymer Composites, 2020,
29(7): 0842-853.

HUANG S C, DENG C, ZHAO Z Y, et al. Phosphorus-containing
organic-inorganic hybrid nanoparticles for the smoke suppression
and flame retardancy of thermoplastic polyurethane[J]. Polymer
Degradation and Stability, 2020, 178: 109179.

HUANG S C, DENG C, WANG S X, ef al. Electrostatic action
induced interfacial accumulation of layered double hydroxides
towards highly efficient flame retardance and mechanica enhancement
of thermoplastic polyurethane/ammonium polyphosphate]J]. Polymer
Degradation and Stability, 2019, 165: 126-136.

MENG D H, MA Z Y, LENG Q, e al. A flameretardant
DOPO-MgAI-LDH was prepared and applied in poly(methyl
methacrylate) resin[J]. Polymers for Advanced Technologies, 2020,
31(1): 73-85.

LI A J, XU W Z, CHEN R, et al. Fabrication of zeolitic imidazolate
frameworks on layered double hydroxide nanosheets to improve the
fire safety of epoxy resin[J]. Composites Part A: Applied Science and
Manufacturing, 2018, 112: 558-571.

ZHANG Z D, QIN JY, ZHANG W C, et al. Synthesis of a novel
dual layered double hydroxide hybrid nanomateria and its
application in epoxy nanocomposites]J]. Chemical Engineering
Journal, 2020, 381: 122777.

ZHOU X, MU X W, CAI W, et al. Design of hierarchical NiCo-
LDH@PZS hollow dodecahedron architecture and application in
high-performance epoxy resin with excellent fire safety[J. ACS
Applied Materials & Interfaces, 2019, 11(44): 41736-41749.

XUW Z, ZHANG B L, WANG X L, et al. The flame retardancy and
smoke suppression effect of a hybrid containing CuMoO, modified
reduced graphene oxide/layered double hydroxide on epoxy resin[J].
Journal of Hazardous Materials, 2018, 343(5): 364-375.



