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Abstract: Pa-APP/PER/a-ZrP flame-retardant polyacrylate emulsion was prepared from water-borne
polyacrylate emulsion with 45% solid content synthesized by emulsion polymerization, composite flame
retardant, piperazine-modified ammonium polyphosphate (Pa-APP), pentaerythritol (PER) and a-zirconium
phosphate (a-ZrP), followed by analysis on its flame-retardant efficiency and flame-retardant mechanism.
The optimal formula of the composite flame retardant system obtained by orthogonal experiment was as
follows: the dosage of composite flame retardant 25% (based on the mass of polyacrylate emulsion, the
same below), the dosage of a-ZrP 2% (based on the mass of polyacrylate emulsion, the same below),
m(Pa-APP) : m(PER)=4.5 : 1. The limiting oxygen index of Pa-APP/PER/a-ZrP flame retardant
polyacrylate emulsion prepared under the above-mentioned conditions reached 30.4%, the UL-94 test
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reached V-1 grade, and the peak heat release and total heat release were reduced by 77.65% and 39.73%

compared with those of pure polyacrylate, respectively. The morphology and composition of carbon

residues after combustion of Pa-APP/PER/a-ZrP flame retardant polyacrylate emulsion was characterized
by SEM-EDS, XPS and FTIR. The results showed that Pa-APP/PER/a-ZrP flame retardant polyacrylate
emulsion could effectively inhibit the droplets in the combustion process of polyacrylate, increase the

residual carbon amount, improve the carbon layer structure, and reduce the amount of flue gas released

during combustion, leading to significant safety performance improvement of Pa-APP/PER/a-ZrP flame

retardant polyacrylate emulsion.

Key words: flame retardants; polyacrylate; a-zirconium phosphate; ammonium polyphosphate; piperazine-

modification; pentaerythritol; acrylic series chemicals
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mL Jo/K ZEE5 40 mL KA 1000 mL PO B H
30 min )7 , 4 43 g Pa AL, SREHEFELT 10 min,
M Pa WMEIR AW, BTN 100 ¢
APP. ZJ5, BIREGWINIME 90 °C, FFLE b 8 h,
ROWEHRIE, ¥RMIEGERHEERR, A6
K Pa-APP JfHHJO/K LWEVEV, g, ¥R F T
MREEE, &

BXHR[1618 W a-ZrP, 7E 90 W i 74 J 1F
T, % 1 g KFER a-ZrP 3K HE 10 mL K,
SRIGURIN 2.2 mL TBAOH., Wi, FHiZiR &AL
BBHLH L 200 t/min ZbFE 5 min J5, H 20 mL 7KK
HARBIFHS 30 min, §HE 72 h J5, BRI RTEE
LA LL 5000 r/min 4bH 60 min, )2 WAL A )
B a-ZrP 92Kk B B0 o

VI fE4H & Pa-APP/PER/a-ZrP [HBREE TR IF R

Be L A BC ] R B KB AL ( HAEN 9em ) 1Y
R (ERARN 9 om) HUE TR E MRS L,
L 2~3 g RNMGIRER LI S R 7E D84k L, R
KA AAE R EIRE (90 °C) FHETFIELR, HE
H RN AR, 8 AR T L TR TS U8
Y1) Jo e 2 15 3 LI [, DU 10 IRIBCE 348
H 45%., ¥ 8.47 g Pa-APP F1 1.88 g PER %M H: )7
( m(Pa-APP) : m(PER)=4.5 : 1,Pa-APP . PER . a-ZrP
TINS5k 18.82% ., 4.18% . 2%, VIBN KNS
FLRE AR T, N IAREA T, FIA 0.90 g
FIBSAFI) a-ZeP GUK 4 H0R, B IRBEFEA A1 5 T
F| 100 ¢ RWNHMREEZLI T, Ry s e 153
Pa-APP/PER/a-ZrP BHEAR NG TR BRFLIR , K 2L (5
AERIF RO E T, 78 40 CF T2 HE
&, [115 Pa-APP/PER/a-ZrP FH AR 5% 1N 47 B2 Tig i i
123 EXFEIREH

FEF X} Pa-APP ., a-ZrP {EFLIR HP 43 HUE: & 1 K
PEREM B LG, S5 LB, 4 Pa-APP Wi N
25% ( ARG RR AR ZLR B AR &1, T 8™
RIS, BB Pa-APP ., PER Fll a-ZrP SN
FEN 25% (IR GRRER LR EA BT, ),
# Pa-APP I PER ¥ lim (LA SR VA 1R T L Ak 7 4
Firit, FE) FEN 24.5%. 24.0%. 23.0% [ i%
& m(Pa-APP) : m(PER)=9 : (1. 2, 3). 8: (1. 2.
A7 (1. 2, 3) ). a-ZrP B TR bR Sy 25
g, ZEHM A% S5, IR 0.5%. 1.0%. 2.0%
( LR Im TR IR 7L AR it T~ D, RIEE A
BHAA AR R 44173 A2, % Pa-APP. PER Fll a-ZrP %
FENHEE A, B, C, WRIFAFG I E B E AR KT,
W 1 ERIER B, B Lo(3°)IE AR R 5.

®1OELIRNRGKFR

Table 1 Levels and factors of orthogonal experiment
(S
K- A Pa-APP B PER C a-ZrP
W /% Wit /% BN/ %
1 22.05 2.45 0.5
2 19.64 4.36 1.0
3 17.25 5.75 2.0
4 21.33 2.67 1.0
5 18.40 4.60 2.0
6 17.82 6.68 0.5
7 20.13 2.88 2.0
8 19.06 5.44 0.5
9 16.80 7.20 1.0
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Fig. 1 Tensile properties (a) and stress-strain curves (b) of
Pa-APP/polyacrylate samples
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Table 3 LOI and compatibility of a-ZrP/polyacrylate

B LOI/% AHZS
B P AL 17.6 FaE
0.5% a-ZrP/%E 5 1 BR Iig 18.1 e
1.0% a-ZrP/ZE 7N IS BR g 18.2 FE
1.5% a-ZrP/5 N I W2 e 18.4 FUE
2.0% o-ZrP/ R NI BRI 18.5 FUE

2 3 W LRI, a-ZeP TN A TR AR R
FE PR B, R FEIN SR o-ZeP/ RN
FREGIY) LOI {EFEE a-ZrP BN AN e, 24
a-ZrP TN 2%, LOI Al3k 18.5%, AN
TR T =

Kl 2a F1 b 730 A AR S it o-ZeP/ 38 TN G TR P
By PP RE RN J)-R AR 2k . rTRLR B, et i
RV TR R B4l RN I TR R i hr i v e A T4 7t
M4 o-ZrP 75 RN TRER P s ik 3] 2.0%0, 2k
P J5 T TN R TR O W 4 A D AR A 81.445%, Fif
SRJE R 13.654 MPa, XJEHN, a-ZrP 5 R NG R
BEAHZSVEL, iR TEMAMEAER 1, Wl T EAH
TR B A RR,
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a TOBEARRE B RWEE | o
o 80409 80423 80452 80683 8laas |
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Fig. 2 Tensile properties (a) and stress-strain curves (b) of
o-ZrP/polyacrylate samples
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Table 4 Experimental scheme and results

b fl Pa—:PP : B PiR :c a—irP Loye, PHRR/
WINE /%  WINE/%  WINE/ % (kW/m?)

1 22.05 2.45 0.5 30.1  194.49
2 19.64 4.36 1.0 304 156.73
3 17.25 5.75 2.0 302 199.30
4 21.33 2.67 1.0 303 182.75
5 18.40 4.60 2.0 301 135.43
6 17.82 6.68 0.5 295 21246
7 20.13 2.88 2.0 29.7  193.87
8 19.06 5.44 0.5 30.0  181.16
9 16.80 7.20 1.0 294  194.16

HE 4 70, YHEMIEFRT m(Pa-APP) :

m(PER)=9 : 2, a-ZrP &I A 1.0%H} ( No.2 ), LOI
K, M 30.4%; 24 m(Pa-APP) : m(PER)=7 : 3 .a-ZrP
NN A 1.0%HF (No.9), LOT F/ly, 4 29.4%. 4
FEARIA 22 m(Pa-APP) : m(PER)=8 : 2. a-ZrP F{/
4 2.0% (No.5 ) iif, PHRR f/]N, & 135.43 kW/m?;
24 m(Pa-APP) : m(PER)=8 : 3. a-ZrP #HHEHN 0.5%
(No.6) Af, PHRR fitk, N 212.46 kW/m*, Hiltn]
UL, RGNt Pa-APP, PER Fll a-ZrP i PE5 A
JHPATR A LOT 55 PHRR AHZE380 K, BLHABHIA A R 4%
20 43 T Lo H PHAR SO 2 i

LI LOI AF8HRET, Ry R4 IR AN KT LOI
2% ; UL PHRR HASARET, Ry W45 Z A K
SR PHRR {E MM, LUK B8 b X 1 58 52 5645
RFT 00T, W 5 PR, LLLOT Af8Frit, 45K
F RV R R FEA PR RE B 52 K/ hg . Pa-APP>
PER>a-ZrP, AR¥EME G RV IR ERAY LOI K/NAf
IR, SCREAFIECTT 0 m(Pa-APP) : m(PER)=
9 :2, a-ZrP NN 1.0%. *4LL PHRR FEHRAT,
5 PR 3R PN A4 T i BEL IR 2 BB 1 5% i K /Ny« PER>
0-ZrP>Pa-APP . MRIEHE S5 R NI IR IR PHRR X
NI LR B, BEIRSSCR e a1 B 7 J& m(Pa-APP) :
m(PER)=8 : 2, o-ZrP @HMEH 2.0%, ML ZEA] L
i, WE 4 2Z%mW Lol Ik ETWHEE, Em
PHRR R EMHE, HETHE 4. BXT LOI BYH
TR, EH m(Pa-APP) : m(PER)=9 : 2; L FHZE C
%} PHRR MRS, H a-ZrP AEHE5R N KRR
My J2E R (2.2 945 AT R ), HEH o-ZeP BN
O 2.0% . H AR U o BH R ROR B AF RS O R
m(Pa-APP) : m(PER)=4.5 : 1, a-ZrP # N K 2.0%,
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Bl Pa-APP ., PER ¥ il 4351~ 18.82%711 4.18%, 7E
ZEANET #4510 Pa-APP/PER/a-ZrP [HMR B TN 15 TR
s FLIE LOT 35 30.4%,

S5 OERLREIR I

Table 5 Analysis of orthogonal experimental results

EEL 28 4 B c
LOI/% K, 90.70 90.10 89.60
K, 89.90 90.50 89.90
Ks 89.10 89.10 90.20
ki 30.23 30.03 29.87
k> 29.97 30.17 29.97
ks 29.70 29.70 30.07
R, 0.53 0.33 0.20
PHRR/(kW/m?) K, 550.52 571.11 588.11
K, 530.64 473.32 533.64
K; 569.19 605.92 518.60
ki 183.51 190.37 196.04
k> 176.88 157.77 177.88
ks 189.73 201.97 176.20
R, 12.85 44.20 19.84

W KHERZER—KFERLRAERZ A kA K, NN
EEE s R K kHFR/N k (HZ R 2E(H

24 HEMRIESHEES T

Xt i BB M R B . Pa- APP/ERE N 1A R i ( Pa-APP
Wi N 18.82% ). Pa-APP/PER/ X A 4 2 ik
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Pa-APP/PER/a-ZrP/polyacrylate (d) surfaces
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Fig. 4 EDS images of pure polyacrylate (a), Pa-APP/

polyacrylate (b), Pa-APP/PER/polyacrylate (c) and
Pa-APP/PER/a-ZrP/polyacrylate (d) surfaces
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Table 6 TGA data of samples

B Ts0/C Tuma/°C BRI/ %
44 R NI PR TR 326 389 1.34
Pa-APP/5R N 1 W2 e 296 381 10.96
Pa-APP/PER/ZR N /i B2 I 243 394 12.49
Pa-APP/PER/a-ZiP/RNIGIRTE 270 403 14.29

A S G 6 WL, AR TN TR R ]
WA RIREE (Tsy, ) A 326 °C, I K512k R
XoF I P R ( Tonax ) 389 °C ., Pa-APP . Pa-APP/PER .
Pa-APP/PER/a-ZrP U145 1Y SR TN FR IR AH AR T2l 3%

PIRTRER ) Tso A FT TR, )& H T Pa-APP. PER
BTG J7 i e B 35 Lo 4 SR N S TR TR AIC ( 7E No S0 T

R LR EYH LR, T 0, 35 H it 2 ),
?fﬁt Pa-APP ., PER {0145 1 SR N I R R AH 4 T2 3R
PR R R A A3 iR BE B T . SR, AH L T AR
IR TR \Pa-APP M )5 1Y RN MR B , Pa-APP/PER |
Pa-APP/PER/a-ZrP MU J5 NI BRI 1) Tonax S 5% 1
A TR . AT PER MRS I SR TN TR
g 5% 7 i N Pa-APP/SRNMGTRER Y 10.96% 42 F+ 2
12.49%; 1E Pa-APP/PER Bt PERERE F5IA a-ZrP )5,
RNIGTREE i AR T E 14.29%, XUiBIE]IA
B a-ZrP TEREW I i e vE T i #2, M
PEFF T 5 N TR 1 1) TR 1k o
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Table 7 Results of the vertical combustion test of sample
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Fig. 6 LOI of samples
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Fig. 7 THR(a) and HRR(b) curves of samples
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Table 8 Combustion characteristic parameters of samples

i TTI/s PHRR/(kW/m?) PHRR/TTI/[kW/(m*s)] THR/(MJ/m®) av-MLR/(g/s) TSP/m* av-EHC/(MJ/kg)
4l 5 P I R T 26.00 549.94 21.15 78.78 6.26 4.14 21.46
Pa-APP/3E R I R Tik 27.00 239.40 8.87 48.08 4.98 421 17.41
Pa-APP/PER/ZR TN /s i g 43.00 145.94 3.39 47.51 4.18 6.79 16.33
Pa-APP/PER/a-ZtP/E N MR 45.00 122.89 2.98 47.48 3.27 3.85 16.89

SR RO BRI (av-EHC ) ik T3 R PSR
B IR BE R B B SR b 3o A mp SRR 2 2B X 03 1 0 o)
YERPRY, R 8 AT LA ), 4R N RRER 1) av-EHC
h 21.46 MJ/kg, Pa-APP/RN/EMLNS. Pa-APP/PER/
RNMTREE M2 AR R Y av-EHC #ER T
W&, 2950 17 MI/kg. av-EHC MIFRAREM, SAMHE R
YRz 3034 . T Pa-APP/PER/a-ZrP K- IBH
BRARZR , AR EL A SRR FINEE SR AR IR E A, 7ERkbe

I FEH Pa-APP 1 523 ok AR BERR M IR S AL
il PER B0, HAOR S RE HE NH; Fil HyO S5HERA
PR, Fike TSR B AT BRSR, TR T R N
TR G A RO B, PHRR/TTI b KR G858,

PHRR/TTI {Hil K, UM RBAGEER PR A, 4
PRTRNR . Pa-APP/ RN MRS . Pa-APP/PER/SR N i
RfiE . Pa-APP/PER/a-ZrP/E& N TR G i K K fa k615
B 21.15, 8.87. 3.39 F1 2.98 kW/(m*s),
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Fig. 8 Mopography of carbon residues for pure polyacrylate (a),

Pa-APP/polyacrylate (b), Pa-APP/PER/polyacrylate (c),

Pa-APP/PER/a-ZrP/polyacrylate (d) after cone
calorimeter test
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Fig. 9 SEM images of carbon residues of pure polyacrylate (a),
Pa-APP/polyacrylate (b), Pa-APP/PER/polyacrylate

(c) and Pa-APP/PER/a-ZrP/polyacrylate (d) surfaces
after cone calorimetry test
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Fig. 10 SEM and EDS elemental mapping images of carbon
residues of Pa-APP/PER/polyacrylate (a), Pa-APP/
PER/a-ZrP/polyacrylate (b) surfaces
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Fig. 11 C 1s (a), O 1s(b), P 2p (c) and N 1s (d) XPS spectra of carbon residues for Pa-APP/PER/ polyacrylate sample
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Fig. 12 C s (a), O 1s(b), P2p (c), N 1s (d) and Zr 3d (e) XPS spectra of carbon residues for Pa-APP/a-ZrP/polyacrylate sample
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Fig. 13 FTIR spectrum of carbon residue obtained after the
burning test of Pa-APP/PER/a-ZrP/polyacrylate
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Fig. 14 Schematic diagram of flame retardant mechanism for Pa-APP/PER/a-ZrP/polyacrylate system
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Fig. 15 Tensile properties (a) and stress-strain curves (b)
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