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Preparation of amidinourea phytate and its flame retardant effect on wood

ZHENG Shuging , ZHANG Yi, MU Jiaxin , WANG Yongjuan , WANG Fenggiang , ZHANG Zhijun’
(College of Materials Science and Engineering (Key Laboratory of Biomass Materials Science and Technology, Ministry of

Education), Northeast Forestry University, Harbin 150040, China)

Abstract: Phytic acid (PA) is a very promising phosphorus-based aqueous bio-based flame retardant, but its treat-
ment of wood alone has problems such as easy loss of PA and high release of combustion smoke. This challenge can
be mitigated to some extent by compounding with other nitrogen and boron flame retardants. However, due to the
strong acidity of PA, PA and its complex flame retardants used in wood fire-retardant treatment may cause wood
degradation, which in turn affects its mechanical strength. In this study, a new type of phosphorus-nitrogen flame
retardant, amidinourea phytate (AUP), was synthesised from PA and dicyandiamide. The physicochemical proper-
ties of AUP was characterised using FTIR, XRD, XPS and TG. The effects of AUP on the pyrolysis and combustion
behaviours of poplar wood were investigated by TG, Py-GC/MS, limiting oxygen index (LOI) tester and CONE, and
the flame retardant mechanism was explored. The results showed that the AUP flame retardant wood showed
excellent flame retardant and smoke suppression properties at a lower mass gain rate (8.73wt%) than the PA flame
retardant wood with a mass gain rate of 14.8wt%, and the loss resistance was better; The LOI value of the AUP flame
retardant wood was 34.8%, which was 54.0% higher than that of the untreated wood; The total heat release and total
smoke production were reduced by 57.7% and 65.7% respectively, and the char formation rate was increased by

148%, and the residual char structure was denser, with the effect of cohesive phase and gas phase. In addition, the
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impact strength of AUP flame retardant wood increased by 58.5% compared with that of untreated wood, while that

of PA flame retardant wood decreased by 29.2%.

Keywords: wood flame retardant; amidinium urea phytate; phytic acid; flame retardant mechanism;

phosphorus-nitrogen synergy effect

AR — AT RFLR Y . BRI H AR IR, 76
UK SR —— KU MR . KRR R,
B M — ] A R 08 R 2 O A R, A ]
S IRA S 1 5 R SR S — A SR PR . I
Hh2E 3 X AR BRI e T R\ AT T4, &4 .
B B BIAE TR KPR BEA T Sy E T 08 A A LA
R FEwW, Horp, B R BRI BB BCR &, X
BHEPE REFNE FH 5 A s /0N, 3 BE A A5 B A A4 R
M52 R0, X 2 k. BeAh, 2R 2SAIE
RN T (0, RS AT R b B — BHAA I A AN A2
[7i] 5F 1 B 35 3 — 22 1) Bl ) BHLBR AR o 2R W TR
(APP) J& — Pl & L LB - AR BHIA R, 8z
FHF 50RE B ACKE (R BR80T, FH T BELR AR 4
f) APP il % A AL, KPEg e, HHGH
Je B BEIR A BT 2 M 25, AN 23 5% ) LA 4
Wt M, B, KSR . AR s s
IR IREE & 8 IR T TE MG 6 P

FER (PA) VBN —Fh KR (0 A= Py SEBEBA ), &=
BURE T XA R RF T, RABS R
L SO, FER R R TS T E
KB Costes 45 MK iR 5 A i Z IEAT 4L A
WA T —F A SRR R BN DIk R
BELARSR), Gl )2 2 A 2 R A W 2 i OB B U
2, R T A N R B MR R R Li 0
KA PA. KR E AR HMEL3 1 1 KR
Fb 2H B ZK 5 P BRI, Ah B B A b TR) st 52 B
HER A AHBERE , BB W R T, X AR
BRI MEER; RFEEETR PAS = RR
Jiie 52 T FH W A5 12 Bk AL B AF A 802> T B
AR B B TR R g 11

SR, H T PA BRI R, Lol o 5 i 4b
B0 N R o N 70 3 B i1 (A E RS
AR F2m B0, B, ARBFIE B 7E AR E L

PERE A [R) B, ot Bk 1 FH A R S %) 70 T 5
I FH P B s R R, DAL R AU e (DCD) K 32
BLJFORE, AT AR EURHEE R L L AR T RRE S5
AR F JH R DT 1% 387 750 B AR 700 A 2 bk JE IR (AUP).
5 PAMILL, AUP AR & A A ITR, Al K
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Table1 Formulation of amidinourea phytate (AUP)

Ingredients DCD/g PA/mL Molar ratio (PA to DCD) H,0/mL ‘pH
AUP-6 12.6 27.6 1:6 10.4 3.52
AUP-9 18.9 27.6 1:9 214 4.34
AUP-12 25.2 27.6 1:12 32.1 5.39

Notes: “pH value is tested after reaction at 25°C; PA—Phytic acid; DCD— Dicyandiamide.
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Fig.1 Solubility change curves of AUP-x

2.2 AUP-x ZHIR1E
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Fig.2 FTIR spectra (a) of PA, DCD, AUP-x, XRD (b) and C1s (c)/N1s (d) of XPS patterns from AUP-x
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Table 2 XPS patterns of AUP-x

Sample C/at% O/at% N/at% P/at%
AUP-6 23.91 38.65 30.36 7.08
AUP-9 25.17 37.02 32.48 5.33
AUP-12 25.34 30.78 38.41 5.47

57 (DTG) %k . BRI %1, AUP-6. AUP-9,
AUP-12 [ 0 fift i R i 26 1 380°C Z L FH 4,
Z Ji AUP-6 Ak HOR i AUP-9, AUP-12 # K,
5% B N 3.84wt%. X T AUP-9, £ — B Bt 260~
480°C, K H 2 47wt%, AUP-9 52 ™7 A= FE W R 1Y
[ B9 bR R JOR &5 4G B CO,. AL KRR
R, IR T A X 1 I B 370°C
% By Bt N 594~780°C, & T K 4N 16wt%,
F B2 TN R LB A B K R AT DL R 22 B

itk — 2 Wik . % U A AL g R . AUP-12 1
P il B BORL BE 5 AUP-9 — 3¢, {H Ak 5 BUOR T
K, FREE RN 7.84wt% ., FIXIHK L, AUP-9 [ #4
REHCRE/N, REEELR, MEEEELT,

YT AUP-9 HAT G 38 M PR RS . 5 B LA K
IR e, WOR L TR 220 PHER AL 3
2.4 FEBHARBBCR R LR R

BELBRBE (R P TR % | 484 B 3R Bt I 2 i
SN 3 iR o PA BV N K K38 0 T 495 A g i
M, TS I AUP BEJR 5506 A% A B4 0 8 4 BE 52
BN, AUP/wood 1 5T W 18 X K -1.36%. BTt
MRS R LW, ML HT 5 AUP/wood 2 24 2 11
AALEN, Bl RN 85.36%, i PA/wood #% 24
HNRE T 2 77.04%, YLLK FAUN 22.89%, X F
WY AUP BHLA R 09 B 3 R PE A T PA, BRSO IIERH
WRAETE R B AT T R
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*3 mRKREHEXSH

Table 3 Parameters related to erosion resistance test

Sample &/% N Vo I/%

PA/wood -53.94 68.53+3.49 15.73+1.65 22.89+1.35
AUP/wood  -1.36 41.65+0.67 35.55+0.52 85.36+1.09

Notes: ¢ indicates the moisture absorption rate of the flame
retardant material; y;, y, indicate the amount of drug load before
and after the anti-erosion test; I indicates the loss resistance of
the flame retardant.

2.5 PBEBAM R fUR F 3R

# 5 44 memm%ﬁﬁ%F%¢%Eﬁ%
BilEg . Kl 5(a). [l 5(b) N ARAFMG A, HA
L Js R R 2 SR R L TR R o R PR
7 AUP 4k 5 ) AR M & 5(c). Bl 5(d) Frs, Ji
EENOE DS O e o R AN TR S o
K it FOURL B 5 76 AR 48 A BE T 5 S 70 7 20 i
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MES . 18 5(e). K 5(f) Hr, i 28Uk B AR JE 3 45
JLEE, B RHES D) SRR AEBOIR S .
AL, AUP i i H B DAL BERE iE AUP UKL K )
BEARB TR, HAEWSREF AR B AR I 25 A S B
ABEARARM SR

it | 100 tth %g A8 Sa254” iy

il . AL XA Y. pu—

[E5 AU o AUP BHARAEBIRS B9 SEM 1R ((a), (b)) ARALBEF
B s ((c), (d)) AUP Ab BB A BRI ; (e) AUP ALBEAT BT 5

(F) FiE LEAR M A FR Y AUP BHIAT 53 TIE SR

Fig.5 SEM images of untreated wood and AUP flame retardant treated

wood: ((a), (b)) Cross section of untreated wood; ((c), (d)) Cross section
of AUP treated wood; (e) Longitudinal section of AUP treated wood;

(f) Molecular morphology of AUP flame retardant attached to wood

2.6 FEBHARMNZ1ERE

RACFRHE S PA BHIARE . AUP BEIEARA (125 1 528
FE L R R b SR B AN SR 4 TR, 5 UL PAL
AUP [R5t AL B AR 12 PR e AR T — 52

T N W | T I O T = )
122.68 MPa, 11.31 GPa, ¥R/l PA. AUP BHEA )5
ol M AR A N R R B R B . AR TR AL BEAS
PA BHLIA#F . AUP BHIR BF 04 25 il 3 B 43 B BRI T
25.29% . 7.74%, SHIIEED B TR T 5.48% . 4.42%.
X ET R T PARRYERSR, RBIALHLI &AM
2 L BE v (Y AL A L R A AR, R BRI,
PRASE Ty 2 P S AR D SELBR A 11 i R 4
ik AUP FRIEEE PA /I, 1250 A BRI AR 119 TR K
B LAz 2], i AUP BRI il PRk
T PA BHIAM o AL phfi s E R 19.92J-m 2,
2% PA AL BR A RE vl R A 1410 J-m ™, TR
T 292%. A/, AUP BHARRE vl o B LU AR AL 3 AF
W25 T 58.5% , X Ak 152 it Ak B o5 A 41 L
DASCARRIEIBR . SRS T K HE LB ST 1 AR
SRR AUP 255, 32 1B RER S| — & gz,
SR T AM LB, shih T REA T EE TR,
2.7 PBEBAMA R B BRI 14 B
2.7.1  PHBRAZ A I 1 B 4R 46 5

e PR AU F8 RO RE 08 7F — 2 R B b R B BHL A
MR BELBR AR, & 6 R T A Ab BB K i R
P50 35 /T 5 PABH R B4 . AUP B 44 A9 LOT fH .
R AL A LOLE AN N 22.6%, PA FHLEAHF 9 LOI {4
75 & 30.4%, W-PA/wood LOI {8 % M i B F F&
T 16.8%; £ AUP 4h 5 A9 B A ik #E LOT{EH
34.8%, 1fii AUP BH#& b1 7K BE i J5 LOI (B AH T ,
B AUP BHIA I BT R MRtk , 3R K S X B A4
) BEL AR 50 SR 5 i AN R DA PR A4 0 3 245 AR ok
F, PO G AUP BHER AT 24 B A 5t i BHL
BRYERE, T PA BHARHE .

F4 RAIEH. PA BEBAHT, AUP BEBASTHI 114 BE
Table4 Mechanical properties of control, PA/wood and AUP/wood

Sample Flexural strength/MPa Flexural modulus/GPa Impact strength/(kJ-m?)
Control 122.68+0.16 11.31+0.08 19.92+0.29
PA/wood 91.65+0.21 10.69+0.11 14.10£0.12
AUP/wood 113.18+0.07 10.81+0.07 31.58+0.25

2.7.2 BRI A B KA BE 5k

HEIE i A4 (CONE) I [R] I 345 A1 B 76 #4 e
AR O BT LA AR R B AL
ARE, 5ESRRIRT LT, WO SRR R
Be Tk RE fie oy BEAE B XA o R 5 A T OR AL EAS |

PA FHLIARE (3 3% 14.78%) . AUP FHLEART (5 B %
8.93%) 1F & M8 ) % Jy 50 kW/m® 4 K, CONE Il
T A5 B 0 PR TR R (IR IR Pk -HRR. & i
Pk,-HRR)., AL #FE & (THR)., 345 25000k b
(Av-EHC). & 4 B ik (TSP). F- 1 CO /™ & (Av-
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Fig. 6 Limiting oxygen index (LOI) values of control, PA/wood and

AUP/wood before and after loss resistance test

COY). si#RmF[a] (TTI). ok 9k RE+5 %L (FPI) 5544
BERFIESH, X A il 19 3l 2 PR i % (HRR)
SR CE (THR) . MRS HGH 2 (SPR). AR BRI
i (TSP) LA K i 4612k (MLR) £k ini&l 7 fir s o
ARAL BB s PARS [H] (TTI) O 31's, PA AL HAS
1) TTI{E N 19s, XJE i PAfEHE TR | L4
Y Z AR A TR, A R R MR A AL
1A Y BT B, A AUP &b B A4 TTI{H ik 55's,
i 9 Az I # 4 90k AE Bf TR) ORI A G . X R
T AUP Z ) 01 7= AR AR IR nY W] i, 377 4R K
1 NH;. S RAMEGYEHERERRIE, Tk T
FIRY) K BRI (v B, 1T B T HL R B ]
KR A REHE EX (FPI) J& 3R7m KUK a6 142 B i
B A PEAR bR, TTIH R &5 i Po-HRR {H (19 LY {H
FHVAE S FPI(H, — MOk, FPIAE M S #R KK
KA REOEAL, Zatlag®™, hEksn

1, PABHEAM ) FPIEAR T A, AUP BHEAH 1)
FPI{E 0 B &5 FAg AR, X 1d B S n AUP BH 4% 71
A AR 1 I 2 A R R s

Ak B A K B O R 8 AT S A PA B L
AUP BHBABF (9 FARE T 38 % (HRR) Fifi B 1] 22 46 1 it
A E 7(a) BroR AN AR 24 A8 P AN TR 0
B — UG XoF W A A T AR S A T 20 il A e It
A B PR TR, B R BRI E AT, RM R T
B RACE, fE— @B FRAaa MEs,
WM T PGB MEREN R, KRNI AM
FE IR S A = IR AE R R, A R Rk
PR, B R, NERRCE KR TR,
A TR A, AR S A AR AR PA L
AUP RTINS , A BORE ORI, 3L
' PA BH #1 19 Pk,-HRR. Pk,-HRR {f 7 9 T T
35.2%. 35.9%, AUP [H#A#1 1) Pk;-HRR., Pk,-HRR
H LR AL H A TR B3, /Wl T 77.6%.
59.3%. ULk, AUP B I A A5 AR 1 27 — e i
VAR R e L B A BT ] 22 AN ) 2 B b A
K &b B A1 Y9 Pk,-HRR., Pk,-HRR {8 H B A i 8] 43
WK 35s. 3205, 1 AUP BHAR A4 X} R 6 {f M B 1K)
A ] 4350 2 100s. 395 s, 3 1 I BHLAA b H1 BB A 2
IR AP i FE, R KB EERE, &
AUP 435, K #F B9 THR {H K& A% 3] 20.0 MJ-m2,
HHE AR AL PR AL FEAR T 57.7%, 1% (H Wi T PARH
BRA (39.2MJ-m™), MeAb, FHEAM 2 di i 25 K 50
J& ., W-PA/wood # RS % [ FHiE FEE 8K, THR
A EF = 49.9M)m™2, TN T 27.9%;
1Ml W-AUP/wood R i % 50 A AH Lk, 26—
JHCHR U B ) W AT 42 T (85s), fil THR {H AU 3%
T 6.9%, iXFEJEH T AUP FLARI HA KIFm
SR

KR A AR 55 LR RS B AR I O TR

R5 RAEH. PA BT, AUP B ISR EHNIRSE

Table 5 Cone calorimetric test parameters of control, PA/wood and AUP/wood

Pk,-HRR/ Pk, HRR/ THR/ R . . . Charvield
Sample (kW-m™) (kw-m™) (MJ-m™) (l\‘;]li}gl E; (Triz;fz) (I\‘/IH-kg"; TTI/s (S.H/lz'kw—l) % aryield/
B-W AW B-W AW B-W AW
Control 1619 — 2017 — 582 — 3.5 0.026 31 0.154 13.5
PA/wood 1049 139.1 129.2  165.1 39.2 499 3.6 0.035 19 0.147 19.4
AUP/wood 36.3 42.9 82.1 77.1 200 214 1.2 0.041 55 0.670 33.5

Notes: B-W refers to before the loss resistance test; A-W refers to after the loss resistance test; Pk-HRR was the peak values of HRR with time;
THR was the total heat release; Av-EHC was the average effective heat of combustion; TSP was the total smoke release; Av-COY was the
average CO production; TTI was the time from when the cone shutter opened, exposing the sample to the set heat flux, to the moment
flaming was established; FPI indicates fire performance index; Char yield was the carbon residue ratio.
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Fig.7 Cone calorimetric test results of of control, PA/wood and AUP/wood under 50 kW/m? (a) Heat relaase rate (HRR); (b) Total heat release (THR);
(c) Smoke release rate (SPR); (d) Total smoke release (TSP); (e) CO production (COP); (f) Mass loss rate (MLR)
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O AR AT (55— . 55 04 (E Hh B R] 4350 50 s
2855), SHBETSE (TSP) 840, A, AUP &b B
el A A 1 A A S R R A A 2 5 B 2 R
S~ o B A A AR DA AR A I ] 43 50 R 50 s
370s, H AUP LZbHEAF 1 TSP {H N T 65.7%.

CO 2 BH 1k AR P I 9 1 21 88 5 5 R4S
A, FHERERELT, hE s LK 7(e) WAL
SEAM A, PA K AUP A4b B AE — & 72 J A F
T COHEmL, XFEERM T uEA Y] iE i iR
AL SR BE I K R ), 23k R N AN AT s B T R R
AR, T LAY T )2 38 Tk B 4 R 5 AR
HE 5 B i 7= ) AN 58 k%, 85T co
I HE K

K 7(f) AR FRA . PA B K . AUP FHIR
) Jo i 41 3 R (MILR) Fifi B[] 28 fE B il 26 . A~
BRBEIT R, PA BHAARE I T 4 2 3 3R 5 oA b 3
MAR L, R REORBEAR /N, BR k38 pR oK Ab B AL Y
13.5wt% 42 T} 2 £ 19.4wt%., [fii AUP FHLIAAF 1 2k &
R R M K IEREAL, 3Rk H 33.5wt%, LA
AEFRM R R T 148%. 454 A5 FE S T B UK be
# (Av-EHC), PA BH#AM Av-EHC {HHAKEFA T [
T 20.6%, Ifii AUP FH#%# Av-EHC fH FFE T 53.9%.
2.8 BEBAH 7K B9 BEA #1L i

PR o B A BEABL R 9 4 58 rh ol 35 &8 G %
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KWL RER | FHR . KRB RAEBK .
R, o O A MU R M Y 450°C
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11.6wt%, Xt I ok A 58 44 ff R 5 2 iE— 25 05 1
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10.9wt%. 5 AR AL PR AH L, PA FHBE B 9 16 40 it
TREE (72°C) i KA fiff 3 AR I (B IR B2 (288°C) K
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S8R P14 TR P AR 0 A BT A A TR R, b A R A A 7

PEIE T AR B R AK B S o AUP BEAA B4 #0043 fift 3 6
A T AR AL BEA FPA BHAR A Z 18], 0 46 43 ik ok B
BORAE PR PE T, 2 T PARHSAM , KK EH
MR IR E (Tha) WA T = H Z[H . AUP FHIA
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LA, AUP BHBARE 14 5% B8 2206 5 T PA BHIA M,
K 29.5wt%. S IRFEES LA N BEHRS
N, SR T AL, 3 3 de KRR o 24 0 1) ik A 0
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Ui WY BELAK Ab G T A% AR HE 28 ST IR AT R
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AUP FHAR M 3R 4540 B R B0, i HOb Bl 17—
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AT A AR SR N, T 1 A R A B Ak
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Fig.8 Thermogravimetric curves of control, PA/wood, AUP/wood: TG (a) and DTG (b) in N, atmosphere; TG (c) and DTG (d) in air
F6 KRAEH. PA FRMAFFI AUP PR R EIFIESEL
Table 6 Thermogravimetric parameters of control, PA/wood and AUP/wood
Sample Atmosphere T/ C Tyows/ C Tsows! C Tinax/ C Wagoc/Wt%
N, 240 300 353 362 10.9
Control :
Air 288 293 369 372 0.1
N .
PA/wood 2 72 194 288 288 279
Air 183 233 377 298 17.2
N. .
AUP/wood 2 200 252 322 294 29.5
Air 213 274 369 306 16.8

Notes: The data in the table are obtained under nitrogen and air atmosphere. Tj,s refers to the temperature at 5wt% mass 10ss; T;gwio

refers to the temperature at 10wt% mass loss; T, refers to the temperature at 50wt% mass loss; T, refers to the temperature at which
the rate of heat loss is maximized; Wy refers to the residual rate of the sample at 800°C.
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W -2- Kk 2 W A5 AAL S W, JE B R R A e UL
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TR -2-TAFEEER AL G, N T S
KIHREAL, MOMmERA — S RERM, it
A0, AUP BN —J7 T A T AR B 1 3R B A%
FEAR T Sr i = ey al R 5 55 —Jr i, AUP FHJR
R 3 il 7= A B K . NH S8 AN AR SRR B 1 T 4R
PESNR S Oy B EE , A Bl BH T sl 42 s A b 19 <
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Fig.9 Digital photographs and SEM-EDS images of residual carbon from control, PA/wood and AUP/wood after cone test
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Fig. 10 Total ion chromatogram (TIC) and relative content of each type of gas product of control, PA/wood and AUP/wood after cone test
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