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Flame retardancy and toughening of urea-formaldehyde resin
modified by amino-grafted polyborosiloxane

SHEN Jiahao', CHEN Fengging'?, FENG Yan'?, KANG Qiao'?, DAI Jinfeng'?, JIN Chunde'?

(1. School of Chemical and Materials Engineering, Zhejiang A&F University, Hangzhou 311300, Zhejiang, China;
2. Zhejiang Key Laboratory of Green and Low-Carbon Utilization Technology of Agricultural and Forestry Biomass,
Zhejiang A&F University, Hangzhou 311300, Zhejiang, China)

Abstract: [Objective] Urea-formaldehyde resin (UF) is widely used in decorative materials such as plywood
and decorative paper due to its excellent performance and cost advantages. However, because of the high
brittleness and fire safety properties of UF in applications, it is imperative to conduct toughening and flame-
retardant modification on such resin to broaden its application scope. [Method] Amino-grafted
polyborosiloxane (N-PBS) was used as a monomer to prepare a N-PBS-modified flame-retardant and toughened
UF resin (PUF) via in-situ polymerization. An impregnation adhesive system integrating adhesion, toughness,
and flame retardancy was constructed to improve the mechanical properties and flame retardancy of UF.

[Result] Owing to the modification of the UF main chain by the flexible N-PBS segments, PUF-coated
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decorative panels with 109%N-PBS (10%PUF) exhibited superior mechanical and flame retardant properties
compared to pure UF-coated panels. (1) After 30 seconds of flame combustion, the backside temperature of the
decorative panel decreased by 78.2 °C, the burn-through time was delayed by 60 seconds, and the flame self-
extinguished upon removal from the fire. (2) The dry bonding strength increased by 27%, and the wet bonding
strength met the standards for Type II plywood as specified in GB/T 9846—2015. (3) The toughness was
improved, as evidenced by a reduction of 0.9 mm in curling radius in a relevant test. [Conclusion] By
introducing N-PBS into the UF structure via in-situ polymerization, the chemical cross-linking is achieved,
which significantly enhances the flame retardancy, bonding properties and toughness of UF, thereby providing
technical support for enhancing the high value-added applications and expanding the application scope of UF.
[Ch, 10 fig. 36 ref.]
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Figure 5 Photographs recorded in infrared thermographic tests of UF, PUF and wood
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Figure 9 Bonding strength and curl radius test of impregnated paper by UF and different PUFs
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Figure 10 SEM images of the tensile fracture surfaces of UF and PUF plywood
X5 HAE A ME Pk A PR R B AR SRR A A o AN B 10A~Cy K B TSk TR, 48 N-PBS Bk
PUF 6 b W 17 DBy 22 TEDRELARS B2 B Sk 3hn, JF s R 2R G54, R ZZE P IR F v 5 2T 6
HLRE R RIESEREREN . W 10%~15% ) N-PBS 2l 75— B2 )i ¥ UF B, M
MO I 5 MR A 5 5

3 it

AHI G I Ao AR A SUE (N-PBS) XS IREER i (UF) #EA7TE0rE, Bl o8 1 3 B BRI )
=P RE Y PUF, MHEE T3 ILIR L, SR H R AL R A il £ 19 sek UF R oAb 24 8 5 8 iR 2 1Y
B—O—Si £5#y, AMUSEHM T N-PBS #£ UF SR 3 5) o0 A, HL I 08 7 A RE . AERR el e
o, PUF AIJE EUR k)2, A RCH MR s S fLid s mIe, 525 791 A N-PBS [ Si—O—Si kg,
UF ()2 Re s 200t , R G iR B MR pvEde m, Wi 2 B MW 240 IE . SR, W5 i R %
%X N-PBS % UF [ fk i 5 J RS B CR Agse m, HL T AR AR P AR Ak . ok il iE— 25 #8R N-PBS
A F R SER BR T R R, AT R R R RE Y R R 2SR AR B LB R, HE SR AR 1 S AL K

4 Hip

ARSI i 2 TRt PBS il T Z R A R AL AU (N-PBS), R HAE g 321 55 Bl o J5 A 3R
GBI UF, WET HAZIReM PUF, BFSE4RUESE T N-PBS # PUF D& %, FF2H] N-
PBS 1 @ 32 T} UF BYBHMAYE S580PE . 4TI 10%N-PBS I, PUF U (4415 T8 Al 58 ZE I ] ZE K 72.2 s,
B KT X3 P IR e TR ) R 63.6% N1 52.3%, JFERELH RAFAY FRERME . T L TR AR 4 5
ik 1.36 Fi1 0.76 MPa, #4li UF b 827, I SCGE IR BEIA 23.1%, FraPEae I 2 B4 1 2858 & Hbn
#E. JEAAE UF 4% 5] A N-PBS L4 BT k2= 3c 8k, AR A g T PUF YRR RE . K&
SREEFEIME, A TE & e PR RERHR FLISPINY UF #2048 Tn&e, ¥R T UF 7EEA M -5 06 T 4R 4k 1) = (A
RN o

5 5% X

[1] WANG Shuo, WANG Feibin, MA Panpan, et al. Eco-friendly wooden nails: bonding mechanisms and withdrawal resistance
in sustainable timber connections[J]. Journal of Cleaner Production, 2025, 486: 144606. DOI: 10.1016/j.jclepro.2024.
144606.

[2] CHEN Lei, LONG Yuqiong, HUANG Beijia, et al. Technological innovations review in reducing formaldehyde emissions


https://doi.org/10.1016/j.jclepro.2024.144606
https://doi.org/10.1016/j.jclepro.2024.144606
https://doi.org/10.1016/j.jclepro.2024.144606

55 43 B4 X ) eSS ESLEBCR ML e i PRI i (4 BELIA S B 5 9

through adhesives and formaldehyde scavengers for building materials[J]. Environmental Research, 2025, 273: 121242.
DOI: 10.1016/j.envres.2025.121242.

[3] SONG Jingbiao, CHEN Shiwei, YI Xibin, et al. Preparation and properties of the urea-formaldehyde res-In/reactive
halloysite nanocomposites adhesive with low-formaldehyde emission and good water resistance [J]. Polymers, 2021, 13(14):
2224. DOI: 10.3390/polym13142224.

[4] YANG Hongxing, WANG Hao, DU Guanben, et al. Ureido hyperbranched polymer modified urea-formaldehyde resin as
high-performance particleboard adhesive[J]. Materials, 2023, 16(11): 4021. DOI: 10.3390/mal6114021.

[5] ZHAO Li, LI Wenjie, CHENG Yu, et al. Preparation and evaluation of lignin-phenol-formaldehyde resin as wood adhesive
using unmodified lignin[J]. Industrial Crops and Products, 2024, 211: 118168. DOI: 10.1016/j.indcrop.2024.118168.

[6] WANG Hui, WANG Hongyan, LIAO Jingjing, et al. Technological properties of a branched polyethyleneimine derivative as
a cross-linker for low molar ratio urea-formaldehyde resins[J]. Polymer Testing, 2023, 118: 107914. DOI: 10.1016/j.
polymertesting.2022.107914.

[7] LIU Ming, WANG Yan, WU Yigiang, ef al. “Greener” adhesives composed of urea-formaldehyde resin and cottonseed
meal for wood-based composites[J]. Journal of Cleaner Production, 2018, 187: 361-371. DOIL: 10.1016/j.jclepro.2018.03.
239.

(8] ZEWEV, SREEHE, 48 4x, 55 . A [ Je 25 70 R BELAA 700 % 01 46 AR B8 14 BB 9 52 el (7). W VAR bR 2% 2 4, 2014, 31(5):
739-744. LI Xiaoping, WU Zhangkang, ZOU Quan, et al. Flammability of particleboard paneling using resins and fire
retardants [J]. Journal of Zhejiang A&F University, 2014, 31(5): 739—744. DOIL: 10.11833/j.issn.2095-0756.2014.05.012.

(9] T, fRilk, FEAR, S5 i B o 50 P S v ] Y — SR UM - R R - EAR IR TR RE LU Wi AR MR 72724, 2016,
33(2): 300-305. XI Xuedong, LEI Hong, DU Guanben, et al. Cold-setting MUF resin adhesive prepared with concentrated
fomaldehyde [J]. Journal of Zhejiang A&F University, 2016, 33(2): 300-305. DOI: 10.11833/j.issn.2095-0756.2016.02.016.

[10] QU Ping, LI Yuncong, HUANG Hongying, et al. Foamed urea-formaldehyde microspheres for removal of heavy metals
from aqueous solutions [J]. Chemosphere, 2020, 241: 125004. DOI: 10.1016/j.chemosphere.2019.125004.

(1] TR, Iz T, TR, 2. THIEC Btk = 2R UM FF AR 0 TR 14 ol 5 S LM RERAE (U] D e 70 127412, 2016, 29(3):
329-334. LEI Kun, SUN Yunlong, XU Heng, et al. Preparation and performance characterization of tripolycyanamide
formaldehyde resin foam modified by THIEC [J]. Journal of Functional Polymers, 2016, 29(3): 329-334. DOI: 10.14133/j.
cnki.1008-9357.2016.03.012.

[12] CAO Lijiu, HU Yue, MA Xu, et al. Double polymerization synergy to sharpen structural toughness of melamine resin
foam[J]. European Polymer Journal, 2024, 215: 113221. DOI: 10.1016/j.eurpolymj.2024.113221.

(13] #grb 2%, 558, dkilgHe, = R0 Y A I ok B HL 4T e M B 1) w5 00 T AR B2 5 T #E, 2008, 24(1): 147-150.
YANG Zhongxing, QI Lu, DI Haiyan. Modification of melamine formaldehyde resin and properties of its fiber[J]. Polymer
Materials Science and Engineering, 2008, 24(1): 147—150. DOI: 10.3321/j.issn:1000-7555.2008.01.039.

[14] RHagr, RWIA, 225670, ROMAE S8 4 ) 8 S 2 FAF 7 o Jig (0. w20 T3 41, 2012(2): 94-98. WU Yanjin, WU
Mingjun, LI Meijiang. Progress in preparation and application of polyborosiloxane [J]. Polymer Bulletin, 2012(2): 94-98.

[15] ITO S, GORB S N. Fresh “pollen adhesive” weakens humidity-dependent pollen adhesion[J]. ACS Applied Materials &
Interfaces, 2019, 11(27): 24691-24698. DOI: 10.1021/acsami.9b04817.

[16] WEI Yanxia, YAO Jinrong, SHAO Zhengzhong, et al. Water-resistant zein-based adhesives[J]. ACS Sustainable Chemistry
& Engineering, 2020, 8(20): 7668—7679. DOI: 10.1021/acssuschemeng.0c01179.

[17] WANG Chengfei, ZAINAL ABIDIN S, TOYONG N M P, et al. Mildew resistance and antibacterial activity of plywood
decorated with ZnO/TiO, nanoparticle[J]. Journal of Saudi Chemical Society, 2024, 28(4): 101877. DOL: 10.1016/j.jscs.
2024.101877.

[18] LIU Ru, LIANG Min, XU Jianfeng, et al. Preparation of a novel formaldehyde-free impregnated decorative paper containing
MnO, nanoparticles for highly efficient formaldehyde removal[J]. ACS Applied Materials & Interfaces, 2023, 15(29):
34941-34955. DOI: 10.1021/acsami.3c05791.

[19] ZHOU Kankan, CHENG Jianhui, FAN Minliang. Study on innovative laminated flooring with resin-impregnated paper[J].
Buildings, 2024, 14(10): 3250. DOTI: 10.3390/buildings14103250.

[20] PAGE J, WHALEY P, BELLINGHAM M, et al. A new consensus on reconciling fire safety with environmental & health


https://doi.org/10.1016/j.envres.2025.121242
https://doi.org/10.1016/j.envres.2025.121242
https://doi.org/10.3390/polym13142224
https://doi.org/10.3390/polym13142224
https://doi.org/10.3390/ma16114021
https://doi.org/10.3390/ma16114021
https://doi.org/10.1016/j.indcrop.2024.118168
https://doi.org/10.1016/j.indcrop.2024.118168
https://doi.org/10.1016/j.polymertesting.2022.107914
https://doi.org/10.1016/j.polymertesting.2022.107914
https://doi.org/10.1016/j.polymertesting.2022.107914
https://doi.org/10.1016/j.jclepro.2018.03.239
https://doi.org/10.1016/j.jclepro.2018.03.239
https://doi.org/10.1016/j.jclepro.2018.03.239
https://doi.org/10.11833/j.issn.2095-0756.2014.05.012
https://doi.org/10.11833/j.issn.2095-0756.2014.05.012
https://doi.org/10.11833/j.issn.2095-0756.2014.05.012
https://doi.org/10.11833/j.issn.2095-0756.2014.05.012
https://doi.org/10.11833/j.issn.2095-0756.2014.05.012
https://doi.org/10.11833/j.issn.2095-0756.2016.02.016
https://doi.org/10.11833/j.issn.2095-0756.2016.02.016
https://doi.org/10.11833/j.issn.2095-0756.2016.02.016
https://doi.org/10.11833/j.issn.2095-0756.2016.02.016
https://doi.org/10.11833/j.issn.2095-0756.2016.02.016
https://doi.org/10.1016/j.chemosphere.2019.125004
https://doi.org/10.1016/j.chemosphere.2019.125004
https://doi.org/10.14133/j.cnki.1008-9357.2016.03.012
https://doi.org/10.14133/j.cnki.1008-9357.2016.03.012
https://doi.org/10.14133/j.cnki.1008-9357.2016.03.012
https://doi.org/10.14133/j.cnki.1008-9357.2016.03.012
https://doi.org/10.14133/j.cnki.1008-9357.2016.03.012
https://doi.org/10.14133/j.cnki.1008-9357.2016.03.012
https://doi.org/10.1016/j.eurpolymj.2024.113221
https://doi.org/10.1016/j.eurpolymj.2024.113221
https://doi.org/10.3321/j.issn:1000-7555.2008.01.039
https://doi.org/10.3321/j.issn:1000-7555.2008.01.039
https://doi.org/10.3321/j.issn:1000-7555.2008.01.039
https://doi.org/10.3321/j.issn:1000-7555.2008.01.039
https://doi.org/10.3321/j.issn:1000-7555.2008.01.039
https://doi.org/10.3321/j.issn:1000-7555.2008.01.039
https://doi.org/10.1021/acsami.9b04817
https://doi.org/10.1021/acsami.9b04817
https://doi.org/10.1021/acsami.9b04817
https://doi.org/10.1021/acssuschemeng.0c01179
https://doi.org/10.1021/acssuschemeng.0c01179
https://doi.org/10.1021/acssuschemeng.0c01179
https://doi.org/10.1016/j.jscs.2024.101877
https://doi.org/10.1016/j.jscs.2024.101877
https://doi.org/10.1016/j.jscs.2024.101877
https://doi.org/10.1021/acsami.3c05791
https://doi.org/10.1021/acsami.3c05791
https://doi.org/10.3390/buildings14103250
https://doi.org/10.3390/buildings14103250

10

RN/ NI NI e 14 2026 4F X A 20 H

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

impacts of chemical flame retardants[J]. Environment International, 2023, 173: 107782. DOI: 10.1016/j.envint.2023.
107782.

LIU Shuai, WANG Sheng, SANG Min, et al. Nacre-mimetic hierarchical architecture in polyborosiloxane composites for
synergistically enhanced impact resistance and ultra-efficient electromagnetic interference shielding[J]. ACS Nano, 2022,
16(11): 19067-19086. DOI: 10.1021/acsnano.2c08104.

LIU Zongsheng, MA Meng, GE Bangdong, et al. Toward flame-retardant, transparency, and high mechanical property of
polycarbonate based on low addition of linear polyborosiloxane[J]. Chemical Engineering Journal, 2023, 474: 145799.
DOI: 10.1016/j.cej.2023.145799.

ZHU Yue, YU Ronghua, WANG Shengda, er al. Unexpected core-shell char from polycarbonate/polyborosiloxane
composites and its application in improving flame retardancy [J]. Chemical Engineering Journal, 2022, 446: 136742. DOL:
10.1016/j.cej.2022.136742.

ZHU Kongying, QI Hengzhi, WANG Shuang, et al. Preparation and characterization of melamine-formaldehyde resin
micro- and nanocapsules filled with n-dodecane[J]. Journal of Macromolecular Science, Part B, 2012, 51(10): 1976—1990.
DOI: 10.1080/00222348.2012.661663.

TRIPATHI M, RAHAMTULLAH, KUMAR D, et al. Influence of microcapsule shell material on the mechanical behavior
of epoxy composites for self-healing applications [J]. Journal of Applied Polymer Science, 2014, 131(15): 40572. DOL: 10.
1002/app.40572.

SINGH M. Preparation and structural characterization of melamine—methylurea—formaldehyde resin and its blends separately
with ethyl cellulose, starch, teakwood, and almond shell powders by *C NMR, IR, TGA, and SEM techniques [J]. Journal of
Applied Polymer Science, 2004, 92(6): 3437-3446. DOI: 10.1002/app.20279.

FRIEDEL B, GREULICH-WEBER S. Preparation of monodisperse, submicrometer carbon spheres by pyrolysis of
melamine-formaldehyde resin[J]. Small, 2006, 2(7): 859—-863. DOI: 10.1002/smll.200500516.

MERLINE D J, VUKUSIC S, ABDALA A A. Melamine formaldehyde: curing studies and reaction mechanism[J]. Polymer
Journal, 2013, 45(4): 413—419. DOI: 10.1038/pj.2012.162.

HAZARIKA A, MAJI T K. Properties of softwood polymer composites impregnated with nanoparticles and melamine
formaldehyde furfuryl alcohol copolymer [J]. Polymer Engineering & Science, 2014, 54(5): 1019-1029. DOI: 10.1002/pen.
23643.

HU Xiaofeng, HUANG Zhanhua, ZHANG Yanhua. Preparation of CMC-modified melamine resin spherical nano-phase
change energy storage materials[J]. Carbohydrate Polymers, 2014, 101: 83—88. DOI: 10.1016/j.carbpol.2013.08.091.

SU Junfeng, WANG Shengbao, ZHANG Yunyi, et al. Physicochemical properties and mechanical characters of methanol-
modified melamine-formaldehyde (MMF) shell microPCMs containing paraffin[J]. Colloid and Polymer Science, 2011,
289(2): 111-119. DOI: 10.1007/s00396-010-2328-1.

ANTUNES A, PAIVA N, FERRA J, et al. Highly flexible glycol-urea-formaldehyde resins[J]. European Polymer Journal,
2018, 105: 167-176. DOI: 10.1016/j.eurpolym;j.2018.05.037.

DING Zhongjian, DING Zhongqiang, LIU Jian, et al. Derivative thermogravimetric analysis curve for characterizing the
curing process of urea-formaldehyde resins[J]. International Journal of Adhesion and Adhesives, 2022, 117: 103184. DOL:
10.1016/j.ijjadhadh.2022.103184.

BACIGALUPE A, MOLINARI F, EISENBERG P, ef al. Adhesive properties of urea-formaldehyde resins blended with soy
protein concentrate[J]. Advanced Composites and Hybrid Materials, 2020, 3(2): 213—221. DOI: 10.1007/s42114-020-
00151-7.

ZHANG Chunling, LIANG Jingshi, YANG Yichen, et al. An anticorrosive coating based on polysiloxane with good
chemical stability and long-term corrosion resistance[J]. Materials Chemistry and Physics, 2024, 325: 129717. DOL: 10.
1016/j.matchemphys.2024.129717.

PANG Xiaoyan, GE Xin, JI Jianye, ef al. Facile route for bio-phenol siloxane synthesis via heterogeneous catalytic method
and its autonomic antibacterial property [J]. Polymers, 2018, 10(10): 1151. DOI: 10.3390/polym10101151.


https://doi.org/10.1016/j.envint.2023.107782
https://doi.org/10.1016/j.envint.2023.107782
https://doi.org/10.1016/j.envint.2023.107782
https://doi.org/10.1021/acsnano.2c08104
https://doi.org/10.1021/acsnano.2c08104
https://doi.org/10.1016/j.cej.2023.145799
https://doi.org/10.1016/j.cej.2023.145799
https://doi.org/10.1016/j.cej.2022.136742
https://doi.org/10.1016/j.cej.2022.136742
https://doi.org/10.1080/00222348.2012.661663
https://doi.org/10.1080/00222348.2012.661663
https://doi.org/10.1080/00222348.2012.661663
https://doi.org/10.1080/00222348.2012.661663
https://doi.org/10.1080/00222348.2012.661663
https://doi.org/10.1002/app.40572
https://doi.org/10.1002/app.40572
https://doi.org/10.1002/app.40572
https://doi.org/10.1002/app.20279
https://doi.org/10.1002/app.20279
https://doi.org/10.1002/app.20279
https://doi.org/10.1002/smll.200500516
https://doi.org/10.1002/smll.200500516
https://doi.org/10.1038/pj.2012.162
https://doi.org/10.1038/pj.2012.162
https://doi.org/10.1038/pj.2012.162
https://doi.org/10.1002/pen.23643
https://doi.org/10.1002/pen.23643
https://doi.org/10.1002/pen.23643
https://doi.org/10.1016/j.carbpol.2013.08.091
https://doi.org/10.1016/j.carbpol.2013.08.091
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1007/s00396-010-2328-1
https://doi.org/10.1016/j.eurpolymj.2018.05.037
https://doi.org/10.1016/j.eurpolymj.2018.05.037
https://doi.org/10.1016/j.ijadhadh.2022.103184
https://doi.org/10.1016/j.ijadhadh.2022.103184
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1007/s42114-020-00151-7
https://doi.org/10.1016/j.matchemphys.2024.129717
https://doi.org/10.1016/j.matchemphys.2024.129717
https://doi.org/10.1016/j.matchemphys.2024.129717
https://doi.org/10.3390/polym10101151
https://doi.org/10.3390/polym10101151

	1 材料与方法
	1.1 材料
	1.2 氨基接枝聚硼硅氧烷(N-PBS)的合成
	1.3 改性UF制备
	1.4 测试与表征
	1.4.1 红外光谱(FTIR)分析
	1.4.2 核磁共振(NMR)分析
	1.4.3 X射线光电子能谱(XPS)分析
	1.4.4 热重(TG)分析
	1.4.5 燃烧性能测试
	1.4.6 力学性能测试
	1.4.7 形貌结构


	2 结果与分析
	2.1 N-PBS以及PUF的化学结构分析
	2.2 PUF热稳定性分析
	2.3 PUF胶合板阻燃性能分析
	2.4 残炭形貌分析
	2.5 阻燃机理分析
	2.6 力学性能分析

	3 讨论
	4 结论
	参考文献

