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Bonding properties and curing kinetics of phenolic resins modified

with starch and lignin
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Abstract: Phenol-formaldehyde (PF) resins were modified with starch and alkaline lignin and then plywood
panels were manufactured with these modified PF resins. Differential scanning calorimetry (DSC) was used to
determine the curing behavior of the modified phenolic resins, and a kinetic analysis was performed using the
Kissinger and the Ozawa Methods. Influence of various factors on bond strength and formaldehyde emissions of
the panels were determined. Results showed that, according to the National Standard, bond strength met the
requirements for a Grade resin, and formaldehyde emissions of the manufactured panels met the requirements
of Grade E1 (1.5 mg-L™"). When the alkaline lignin content was 18.0% and addition of a hydroxymethylated
product was 12.0%, bond strength reached a maximum of 1.22 MPa. When the alkaline lignin content was
18.0% and the addition of a hydroxymethylated product was 9.0% , formaldehyde emissions reached a mini-
mum of 0.32 mg-L™". Activation energies from the Kissinger Method were consistent with those calculated by
the Ozawa Method. Compared to a lower hydroxymethylate content, resin with a higher hydroxymethylate con-
tent had a higher activation energy. Also, curing had nominal reaction orders between 0.69 and 0.86. Thus,
with a higher hydroxymethylate content more energy was needed to activate the curing reactions of the resin,

and the nominal reaction orders meant that the curing behavior of the modified phenolic resins was complicat-
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LL1T Ak alfe i A palon]: R (rpral); WBEW IR (37%, 370.00 g-L7', Zpfral); A Ak
B1(96%, 960.00 g-kg™', Jpdfraf); TR (HE)); IR (Arpral); TakiEs () TR R (1 4R
BT B SR B0 PR ARL AT BR S R AL, Tl Bk 2 SR AT BR A DUTE A 2D o Al AR
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[ i i#EAT 3] pH 7.00 B 20k SO, WG HORE, 15 TE R iR 2 R AR .
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K i STA409PC [i] 45 4 40 H7 AL, A% 5 B i 24 20.00 mg, 40 % 3 & 20.00 mL-min~, M 20.00~
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Table 1 ~ Change of bond strength of plywood

S A 90 AR5 8(%) 016 5 ARG 5 3 /MPa

B A 28 Ak o ik 3 20 %
6.00% 9.00% 12.00% 15.00% 18.00%
12.00 1.01 1.08 1.02 0.99 0.89
14.00 1.03 0.95 0.9 1.21 1.15
16.00 0.97 1.15 1.02 0.82 1.03
18.00 0.79 0.94 1.22 1.03 0.98
20.00 0.88 1.04 1.00 1.01 0.95
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B 2558 AR 2Ky T 4 40 18.00% 0, JKe A M 14 J0e 4 ik B2 W A 72 PP B4k = i g o, RS 53 B8 2 |
THE TR, A s Ry B 5040 12.00% 0, 35355 ORfH (1.22 MPa), H )5 PR AT RE & Bl & 72 1T
e s n, WG SRR BERR B, A FREBEn, BCA SRR EEARN G s EXn R —ERE R, MR
BRI RSB 2, HAKEEPLERM, WP KERE TR, KGRI G B T

12 2 BT s TS B T AR i G P s ) S 0 J - A P TS R T i 8 31 [ K B b v 25K (I b
7E 0.50 mg-L'<E1<1.50 mg-L™"); T 458 A Z & 0 Fi 4051 18.00%, 3% W B4k 7 Wy hin A&k i 2 4%
B 9.00% I}, B A A B FY IR R i e/ (LAl 0.32 mg - L), 3 55 40 1 T Y J0R JE 2 WA L 28 e — 4 (g
Ty T8 A i I 5 A P I R TR o — 2 <0.20 mg- L), 5t PR AT BB 2 B A 2R e T I AR AR ) EE UK B R, AR
JEAS B (03 g F RS S R T B, ISR R, SO 3R Tt O 5T 6 0 4 14.00% 0], Bifi 45 58 F Ak 7= 9 1
S (1 0 Y R A S RN A R, O HLHY R O R A 2 L M A AR R, S O R 0 B 1Y
JEH AT REA LR 4 05 i OFE il VR E b= i, TR 28 5 F R 000 OB, ¥ H Ak 7= ) v il
R Q7EflBat Rk, By . B RIS FOR R OB 58 45 M T IR L IR, i
AR s @M R SC e, T ACRE T S BOIR 2. R S i A AR R, B
AR R TR R SE,  JBEE Ak i HY TR R A BE RO 2R i 8 g v 2b R DA 2 B A R R 18
B VR SO A BILAR I N, RS e aite v Y DB ORI L, A A v 1 TR R B B AR A D
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Table 2 Changes of the plywood formaldehyde emission
AN [ VP A7 I AR 5 43 B (%) T 9 TR AR Y R A/ (mg - L)

B A 28 ek 5k 0 K%
6.00% 9.00% 12.00% 15.00% 18.00%
12.00 0.81 0.94 0.82 0.87 1.01
14.00 1.01 1.21 1.35 1.34 1.43
16.00 0.74 0.94 0.82 0.94 0.73
18.00 0.41 0.32 0.84 0.85 0.60

20.00 0.44 0.34 0.87 0.82 0.51
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2.2 EM-EARRBEMENAE (PF)ERABEHR(DSC)HH

FRAE H I A B 9T 2598, 24080 2 R ol IR 43 50 18.00% , 34 B LAk 7= W fin A A I 43 %4 9.00%
BF, A AR R R 0N, BRLG, DA G S A B SR S ekt PE7E 10.00, 15.00, 20.00, 25.00 C-
min™ Fh i EE T B AR EAGIR E, DL ARl — TR EE T (10.00 °C-min™) (14 45 45 il [ A RRAE RS o 45 2R
n#3~4,

x3 ARFBRERTHFHIERNEE

Table 3 Characteristic curing temperature at different heating rates

Thifi 3 4 B/(“C-min™) B AR T, /C WETR ERIR L T, /°C 27 AR EE TL/°C AT/IC & fL I} [8] 2/ min
10.00 68.50 90.00 133.50 65.00 6.50
15.00 118.40 122.10 148.20 29.80 1.99
20.00 118.80 128.80 156.80 38.00 1.90
25.00 127.10 131.00 163.00 35.90 1.44

x4 F—FREXRTHHEENLEE

Table 4  Characteristic curing temperature under the same heating rate

Y S 4 B A% PR G
T, T, T
6.00 67.50 88.00 107.40
9.00 67.10 89.70 106.10
12.00 68.50 90.00 109.50
15.00 68.70 92.00 110.00
18.00 70.30 92.30 139.60

AL [ 4 0 3 2 48 B MR A B — LA A5 00 T A AR AR, 8 nT LR Rl iR A M A g 1 [
et ft . IR 3 el LUE M. FEE THRE RS, ootk PR By 4G EALIREE T we T AR T, %
TR EE T ERA S, TR I AR ] g AR 3R PR T T R, AL B ] PN AR T RO
K, TR IR EE 2 R O, T S ) AU A AR R N D 1 R 1 RS B o

M4l LUE H . fETHERSEFAE SO S , Sertk PF A0 T AR B T, B 52 F B A ™ ) o i
GBI BE I A W TR G EAR B TR T EAGIREE TR A RIS, HA DR EA S
Bt XL PR BT o B R, AR B i AR S, I T AR R R . R PRI A&
W 18.00% 0, WETH [ AL IR T, 15 %) 92.30 °C, 4 T REALIE T k%) 139.60 °C, L 15.00%1 A
WA T BRI T 17 29.60 C, G, 4 75 Z0REIR, R TP ERAR ) I A i T4 T 5T £ 3 B
15.00% LT .

2.3 Kissinger i&it EiE#-mARZ B4 PF B9 E L iE L BE

Kissinger J7 #2 &%t 2 A FHl s 3 T 19 DSC i 2 k1720 12 A B 77 1 o B BRI 11 52 17 1) 5 K 3k
A T 1A S TR M P A TR BB, S I R B m A A i R R AN AR

Kissinger 72U F -

~In(B/T,?)=—In(AR/E,)+(1+T,) (EJR) .
Forps T, Dy b 1 RN T By i A U Y D THOURL BB, B R IR A8, AT R Gk Ry B=da/dr, R g
Kissinger Jy 2 A]Hl, A FlE, P{E AT H-In(B/T)%F UT, /BTG 2], 5255 b A [a] 52 FR 5 4 40 B0 el 1k PF
B =In(B/T2)~1T, W RN 1 s, HEERGE-In(B/T.) X 1 000/T, 75 K 5 5 24 i A48, ] 40 [
TEiGALRE B, X —BAZ) )2 w8

i3 Kissinger 75 4 A4 L O 45 1F 24 55 HY BB 24y J57 6 73 280 15.009% 0 A AH 5C R E r,  [m] ] i I A5 Y
F ARG Y o R EIH I R AR .

y=bx+bo(b=E/R) .,
Hor: y=—In(B/T;?), x=1 000/T,, by Fl by FEHRMAATNE IR b=2 [ (vx) (y—y) I/ T (x—x)2%
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=Y (y=)1 X (y~y)? .
Hidr. SSR M EIHSEJ5 F1, SST by S5 Fl . B v 4351 9.1}
RAJGESE] y BUES531°49.53, 9.07, 8.98, 8.94 /LA

Hrp, x=2.56, y=9.13, A LI1E 4 6,=2.108, bo=y—bux= 9.6
’ M . o FFHE 7 40 7 B

9.13-2.108x2.56=3.734, I [1] I J5 & ; 9.5
—0—6.00%
y=2.108x+3.734, 94| ——9.00%
FarsR Y E,=2.108xR=17.53 kJ-mol™, o ——12.00%
i , X & 93F  _a15.000
3L 0 R I [ U5 7 FR AL E & 15.00%
— —*— 18.00%

£ 92+

|

9.0 -
EURT: #=0.784, W] r=0.885, AR5 LM [u] 9 HH 5C 20
FLE AT LAGIE 24 0.75<IF<<1.00 I, I 32 W A1 56 4 24 2.5 2.6 2.7 2.8
RS FATH T r=0.885, KW T -In(B/T,) 5 UT, 1000/,
Z ) B A ARG 1 TE LA DG, Rl d e 1 AT A1 -In(B/T})—1000/T, & % % &
IR Y, R, (KELEERSH E Mr, 45 Figure 1 Relation schema of —In(B/7T,?)— 1 000/T,
ik 6,
& 6 Kissinger ZiItHEiE#H-BHAZLIEMBHMIEEXLN NFESH
Table 6 Curing kinetics parameters of starch-alkali lignin modified phenolic resin by Kissinger calculation
Fe WAL B K% TR B/(°C-minT) T, 1C E, /(kJ-mol™) HRRE
6.00 10.00 88.00 14.88 0.81
15.00 125.50
20.00 128.70
25.00 129.20
9.00 10.00 89.70 15.97 0.80
15.00 130.70
20.00 132.80
25.00 128.00
12.00 10.00 90.00 17.53 0.89
15.00 122.10
20.00 128.80
25.00 131.00
15.00 10.00 92.00 17.87 0.84
15.00 125.00
20.00 127.80
25.00 130.40
18.00 10.00 92.30 18.86 0.88
15.00 120.00
20.00 129.40
25.00 128.20

M6 AT LA M o 0 JO Y G e T AR D A T A i o P B A I A B LR R B0
YR8 ) oA I T Y R 5 e, K LT AR g o SR P S ) A I PR i [T P R 2 A, R
ANEIMALZ o [FINARGELAE R A BEE , B8 R BB e, HAH#RYE 0.80 = 1.00 Z (8], #
AR AR B A B R PE AR OGAR SR, MTIT SR UE 1 I B ) TE A 1
2.4 #F A Ozawa ;KIR1E kissinger 5% B 15 ZI i B L i& 1L 8k

Ozawa J5 7 #ETT T S0 AL BR RO RE B 100 ORI E . 5B IR AT L, kG T PR R L
PR RN R M B AN R i AT BB AR AR 22 o DRI, A A A 2 3 PR A AGE 38 o AT D 382 S5 1oz BIL A e 80 8y 5 323K
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RIS AL BB, 3% 2 Ozawa ¥R — A WG H o Ozawa ¥ (09— SC o0 SEml 2, X T [ — A FE ALK & i
5, DSC [ £ ToAL ) i i A8 B 5 TR R TE G, R — N E ™, Ozawa J7 RN
lg B=lg[AE/RG () ]-2.315-0.456 TE/RT,.

Hp: Gla) M ARG LM RE; E A MEBE( -mol™; R ST H(8314); A NHH., hTEAR
[ B T M o, W G(a)e—MEEM, XHElgB 5 UT, BIRAMERR, WRERASR E H, #F
HJ k=-0.456 TE, IR, Filk, [E4LiGILEE E, -kR/0.456 7,

) Kissinger 2: 28 [ ] 1 (% B AL 7= W BT 5 73 B0 15.00% ) R 5%, LA lg BAE RS & (y), VT, 1E
R AR (x), FIFHEERUA y=bu+b,, 1% b=—-0.456 TE, /R, MIfi B af 1535 £,=23.96 kJ-mol™,

[FIEE, 4 b vk 58 A AR Ozawa B A0 E,, WIMHEATEOE (R T)

£ 7 Kissinger i£5 Ozawa it ERBHE L ELEEELE

Table 7  Curing activation energy value comparison table by Kissinger and Ozawa calculation

. . E, /(kJ-mol™)
LA 1 B 2y 50 % .
Kissinger Ozawa
6.00 14.88 21.28
9.00 15.97 22.49
12.00 17.53 23.96
15.00 17.87 24.26
18.00 18.86 25.21

2 7 AT LLE . H Kissinger 35 TT5 19 [ L 1% L BB ME L Ozawa 3531 55 906 (L AE WS G, ALARIX 2 Fif
PRI BT, AR 2 Fh oy 23 545 2009 06 10 BE 0 /NI Y & — 20, MM SR TE T Kissinger 325 i 15 21 1)
[ Ak 2l Ty a5 . e BT et 4 B50R Y R 0% e 1 T A i A 11 Al R v B B g EG AR BT i 0 B0 TR R 1Y
O T T A T R, X R TR A R O 3 B0 PR L I A T R A [ AL R R 2 R, RSN
At %,

2.5 EM-EAZEXM PF B R REANE
Hi Crane J5 53K U By- 0 A 2% 2001 19 16 A% i [T £ 52 1 8K
dInB/d(1/T,)==E, InR+2T,,
M AE, InRZ2T, i, W) 2T, 0 DL 220, DA 36 A it Ok i 2 43 4K 15.00% , Ut B Crane J5 F2 09 3T 555
Pt o SR J5 A A RLATE SR g
y=b\+by (b)=—E, InR),
Hep: y=In B, x=1 000/T,. by Fl bo Z AR A FH e /NF- D5 iRk H
51:2 [(xi—;é )(yi_;’) ]/2 (xi_;c)zo
o, x =2.560; y =2.810, AJLIEH: b=—-2.882, be=y —bx =2.810+2.882x2.560=10.188, ][] )= 75 & ;
y=—2.882x+10.188, r=0.930,
HARR k=-2.882 fC A Crane 72, 15E LI %% n =0.730, [RIFE, 3 3o %F H A A [) 345 36 o 40 5
P18 TSP T3 AR O ) 2 1 R B I, R BFE R BR 0.69~0.86, 52 1 G- A0 h /N B0 W T - R 3R 1K
2 T T AR g 11 [ A B 0 — A B 4 SR

3 Hib

RS AR A B A i BT A K L R MO E SR AR, R RO B £ 18.00%, T AL )™
WA R TR 2 K 12.00% 0, J5A AR A T 5 568 B2 4 K (x0=1.22 MPa)

JEE A 1 Y BT D 0.30~1.50 mg - L™, HL 5 80AC 2% T4 o o 40 K 18.00% , 8 AL 7= i A
N BR3P 9.00% B B Y RE R A e/ (0.32 mg- L) ¢

TRE 0 -0 A 2R DA T TR AR I 6 T A S B — AN TR B o B I R AR A i v, I TR A A A 4
PEHRE T, VETRALIRIE T,, 27 ACHRE Ti A0 2w, [ [ A i e o 4%

Kissinger % Hl Ozawa 15 1H545 2 1915 10 AE I I/INIUF & — 200 o AR 5T E 3 B5058 H R 1) o5 1 A i
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(PIF)7E ] Al i 5 HA A [T 437 AL BE LU e B e 70 B0 TP B A 0Pt PR OSIR, X i R g o 20 ORE Y
etk PE B 2 A 2 R o DL, ot (PF) 3 Y i o 0 OB Ry, (80 S B ) 905 A R Aot
. ANEASIE 22 A

A A T2 i A S I % BRI, e BRI B 0.69~0.86,, [ B KA /N A A B A -l A 3R
SR B PR AR 11 1] P s R e — A B2 A B o
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