549 45 42 0]
2022 4F

JEEAE TR 2R (A ARBR2RR)
Journal of Beijing University of Chemical Technology ( Natural Science) 2022

Vol. 49, No.2

SRR kR, BE
AR ( BRBIERT) ,2022,49(2) .62 -71.

AR B MR ARAZ A MgAl - LDH of /K PEBR 4UR i o3 J2 Tl I fe PR RE A9 B2 THAE T LD ] e st TR

ZHANG Jun, ZHAO JingMao, SHAO Lei. Improvement of the anti-corrosion performance of waterborne epoxy resin coat-

ings by fumarate-intercalated MgAl —layered double hydroxides[ J]. Journal of Beijing University of Chemical Technology

(Natural Science) , 2022,49(2) .62 -71.

= DR 1R E 8 MgAl - LDH X 7K {4 38 & 1 g
R EM SRR AIER

kR

HER &

(LR TR 1. BRI 5 TR AR ; 2. BRI E ) TRVFFE .G, bt 100029)

 OE. HREDEORGIE T B DIRAREE R B E E LGP (LDH-Fu) FOM , Z/K AL 315 15 3 LDH -
Fu iR, FIH X SR (XRD) fHHE AR SN ERE (FT-IR) | X AR FRETEL (XPS) K3 k& S 4
L S 3% ( FESEM) XF LDH - Fu ¥R #8477 RAE, 25 3R W5 NO, #/Z1) LDH(LDH-NO, ) i1t ,LDH-Fu 23
SN 7S 08 3T AR WL T R TR AR A 0. 01 mol/L NaCl ¥ ' A\ LDH 22 MBS Ay 3 B, &5
SRFW] LDH - Fu BEXS I M 5 8L Dok 17, 3 HLRB AR I B] AR, K6 — 2 &1 LDH - Fu B3I 27K P 304
PR A SR A A TS I ERAEAR I 3 A 5 v B R S e T K M v 2 B T P e 45 R 3R W . /% LDH - Fu ¥
TR0 ~7% (RESE) BAEEN B0 3% LDH-Fu Mk R 2 BA SR B3 6 ; 530 3% LDH-NO,
FHLG, 7RI 3% LDH-Fu M7K Mg 2 B TEAT 0 it b R

KB & DR, 2R EAEY; BENEOR; KRR IRREZ; Bigmhtkae

RE 5K S TUS6L. 67

T4 J R T 2 A LR 2 02 S 52 4 T JEg b )
DB LR 2 A 4 A AN T R A 2 [
EWAAAE R, T BELAS S Ay BB 5 3 4 Jd R m .
B2, AR & A 1 Kk 5 R A DL 2 )
78 B RCE I SR AN T {UEE (b e/ S E 275
RIS IREER A RS, S AR UWRH & i B
e KRR R0 TR 1ok BE ) AN U A% 5t B LIS 770 T
b, BRI =2 N

TEK VDR J2 P ds i & 0 SE0RE (40 By 8 BURL
GARIIURL S ) A AR R K PR 2 B PR 0
SR A E AL A9 (layered double hydroxide, LDH)
N HE ORGSR, i I L B e A JZ ]
A5 G LA 1 B S DA BOK AR AL Y TR N

Wk H . 2021-12-23
FH—VEH . B 1997 44 Wik
#AFEBERN

E-mail ; jingmaozhao@ 126. com

DOI:; 10. 13543/j. bhxbzr. 2022. 02. 008

B AT AR, AT AR Dok B U RT
AR BB 221, PRtk LDH AT DA S 22 154
Mgk zs a8, T KR Z KRB0 Mei
SR R RS - PR AR 4 T J IR H BRI 2
) MgAl — LDH, Hi Ak 2 i 1 45 SR 3R B | 7K 1 B4 4aU
JIg FF S N A i ) 223 R R iR 4 2 19 MgAl - LDH
Al LB 4 K M TR 2 B R ik M BB Tabish
SR TR K B A BT A 2-5 2R - 1 e
(MBT) [ CaAl ~-MBT LDH , J:-1E A HURHB A E R
g, 54k AR e, @8 2% CaAl ~MBT LDH fY
PR PT35I R W ek B 4P g

T T A A T S N R R 2 2 A
Al VR E SRR T R Ak JRURE AN A AT 5T
F, Lamaka 257 #F5E KW, & SRR T4 )8 1)
JE I BAT I EIE S i Sk w SR e S 2k
FAGE)Z 2] LDH v, A ml BB L TH IR 2 B B 5 i M BE
Hif , 38 A AHOC 7 T AT T 408

TR AT DASE o e 7 e R i  hn s
) IOy I B R A 5 Ak - 22 [R] (4 ORI A% 5T i



%24 i R B SRRMREZ I MgAl - LDH X 7K PR S IR U4 2 I e P B 4 2 T 63+

e, SEGERBEPE U N (STR) AR LE , B E ) 4%
AT DL 5 HOREAR B /DN A B A 1R B 73 B R R
TN T BRI E SRR Z 1) MgAl - LDH X}k
PRV JZ R T b R BE A 52 W), AR SCR R 7 B A il
U E SRR E R LDH R, AR5 i K ALk
530S DR ARIE 2 LDH A K H i n 20 K
MR ETRZ T 8 ¥ i e A 3 25 g i T
TR Z IR PR RE , LU D K MR 2 R B PR BE AL 5
L RETE TR

1 ERa

1.1 SEiedrst

K AR A AR R ST 120 mm x50 mm x
0. 3 mm, F ZEEHEA T FUBLAS ; 7S /K B W ERBE | L
IKGRHIRES F AL B SIREN, ¥ b ol Jb o
T KA AL T2 5] KPR E AR (MU-601A) |
L7 (CU-2350) , i BkH b R BRA A,

1.2 LDH 8% &

14 0. 02 mol 7S7KAREFREEF 0. 01 mol JLK A A
FRERTRAARAE S0 mL 25 85 F/K b BC RS W AL
HEEN 0.4 ¢ B DR IAE 50 mL 258K
AR EVA B, HIRSCHR] 14 1T IR T A S4L,
SR FH 8 5 ) e % S FE R (RPB) il % LDH 43
Ko HEIHE DRRRIEZ K LDH #Aid A LDH -
Fu, fEE B ARG SR an, AL 5
IR TTEEAAIE], 15 B SRR AR 2 9 LDH B A, ie ok
LDH-NO; ,

1.3 &5 LDH M2 EM#H &

Wil & LDH # AR 59 & (LDH &5 /K PE3R
AR By BT A AL, B[R] BB B A BE i
FF 5 min, fiff LDH 753555 20 8850, AT
PR AR T AR AR IR B BB ok 1:5) Bk S
min, f3EEARGRRL, SR 5 (0 P IR BRI R A R B R
AR CVBREEAR I 7R =0 N1k 72 b, 3R 2 TR
FEZ1M 40 pm,

1.4 FIESMR

FH X BT S (XRD) (XRD -6000 %, H
AR HEA R ) IR 5 ) SRR ZE A R A CuKa 585
(WEKN 0. 15418 nm) , FHFE] 5° ~70° , FHFHR
10 (°)/min, % HLE 40 kV, 85 HL I 40 mA ; SR F B
AR LT AMETEL (FT 1R ) (TENSOR27 # , 7= Ay
Bya o)) MR & Y 2w L A, HAEE 4 000 ~
400 em ™' 2R X SOt R FREIE (Y (XPS) ( Thermo

Scientific K- Alpha, 32 [EFEER KRB A F]) 43047
o i 2 T RS O 5 >R A 3 & B i o 7 S il B
(FESEM) ( HITACHI S—-4700 % H A H S7. 4 ) W
ZEHRE i W IOW R B SR R A A O Ot BE Ot
(UV1700PC &Y, v [5] I ¥3 BR Py Bp 22 A ZR AT BRA A
D & SRR AR AR 2 B 2 mg LDH - Fu #=207E
10 mL 0. 01 mol/L NaCl {1, 7 210 nm 9 4 A
T B 2S48 SN IS S VR O R A it 2
PRE S SRR MR B, 22t LRk i 2% s i 2ot B )
ALY (PosiTest AT —-M | 52 [F DeFelsko 23] ) il
HEIRJZ RN G 7 5 4 ok A D0 X ( OCA25 A, 1l
DatePhysics Instruments GmbH 72y 7)) Il & ¥4 2 By
Hef A
1.5 Rigii

P 40 mm 5 50 mm IR A 2K (PVC)
EEEAEEBAWRZN S O8RS 0WmA
3.5% (iR, FIA)) NaCl 3, B2 R —E
FE] S, R T HL A2 T AR 3 (Interface 1000 %Y, 35 [
Gamry 23 A]) X iR ZHEAT HL AL 2E I — i
R DV R A B F A A AT H R AL (SCE) h
S HHM, A R)Z NS 08 TR (A 85
b AUA 12,56 em®) , AR HLAL (OCP) iy 3k
7£ 1000 kHz ~0. 05 Hz (/5553 [l 9 54 7 H Ak 24 BH
itk (EI1S) Wi, {5 FH ZSimpWin £ A4EXT EIS %4 ik
TG IFTHA EIS 244,
1.6 EHEXIW

W2 PR 8 55 U I e R 55 4 (YWX/Q - 150
B [ R R R IR R A A IR A R hiEtT,
UL A 35 °C, U 5% NaCl i3, pH fi4F
FE6.5 ~7.2, K47 A R I 1R 2 FE AR A 5 55 4
HEATER SRR, 120 h JE HUHY O ER 3E R 36 1hd 14) J
(ERIERV RN S TRET N
2 #RHitE
2.1 LDH WIBRKEH

1 4 LDH-Fu #1 LDH-NO; ) XRD &,
F &5 ST A A e i B0 T B LDH RF i 1 4y
TEAT S 43 5565 1% (003 ) L (006) . (009) . (110) .
(113) Fhie ™' F Wl FH AR AR & T
LDH, HR¥E Brage’ s @, 115 45| LDH-NO, )
(003) FH I M) FE A 0. 88 nm, M HEFIIATS
BR4hJE , T SR AR A LDH 4502 a), S50
LDH-Fu 5 LDH-NO; #Lt, (003 ) & I A9 £7 5t 14



.64 - JERE TRA2AR (A RBFA )

2022 4F

M ZER 5] 9. 38°, (003 ) At I A (BT RE 3 i £ 0. 94 nm
T SRR AR TR AR HE NO, K, il 1 ) B A 34
KL & SR AR 2 it A LDH 2],

(003) (009)  LDH-Fu

(006 (110) | (113)

(003)

(006)

5770 1520 25 30 35 40 45 50 55 60 65 70
20/(%)
%1 LDH-Fu #l LDH-NO; 4 XRD 3%

Fig.1 XRD patterns of LDH-Fu and LDH-NO;
2.2 LDHWXREEMH

€ 2 & LDH-Fu #1 LDH-NO, fJ FT-IR 3%/,
P45 ST X PRl LDH A AR #0 5LA HiL R 1 X4 I
AW P LL AN RRAE WO | 43 B AE 3 477 em ™' Al
3469 cm A H IR TE R 1) FE L L ] 45 K Y S
RgEm "7 . LDH-NO; 7 1380 cm ™' BT i
L NO; Wil LDH-Fu 76 1583 em ' AbH 4L
SRAY C =0 45 4R S RRE 06 JIE A & TR AR A3 B
X NO, ,#f A LDH JZ[H],

LDH-NO;

LDH-Fu

3477 11381

L L 1 ' | L 1 L 1 ' | L | L 1 L 1 ' |
4000 3 600 3200 2 800 24002000 1 600 1200 800 400
W k/em™
2 LDH-Fu M LDH-NO; Y FT-IR i%/&
Fig.2 FT-IR spectra of LDH-Fu and LDH-NO;

2.3 LDH-Fu #J XPS R4 R

&3 24 LDH-Fu B 403 XPS iE &, IR
Hi,C 1s 76 289. 18 286. 48 285. 18 eV AbFl 3 M E
W B 350 1 i Tk Bk (€ =0) ,C—O0 # .C—C
B8 0 1s £ 533.48 ,532.78 .531.98 531.38 eV
AR 1) 4 AT BRHIEE 23S X5 R, Mg—O B F23E (—OH) |
BRI (C=0) Al—0 8" XU AEIEIE—4

IESE T LDH-Fu HE&A S SRR,
SRR

55N
— agt

C-C (285.18 eV)

C-0 (286.48 eV)

C=0 (289.18 &V)

L n 1 n 1 " 1 L L n 1 n 1 L 1
294 292 290 288 286 284 282 280
5 eV
(a)C 1s

Hb 5L
— HAa

— R

~OH (532.78 &V)

Mg-0 (53348 eV) AL-O (531.38 eV)

C=0 (531.98 V)

L 1 L 1 1 1 1 L 1 ]
537 536 535 534 533 532 531 530 529 528
iV

(b) O 1s
B3 LDH-Fu &5 5 XPS i%E
Fig.3 High resolution XPS spectra of LDH-Fu

2.4 LDH MM ASR

K4 LDH-Fu fil LDH-NO, fY FESEM [&,
AILVE 1, SEERARTEZ Y LDH ML, & & R AR 16
JZ LDH 2301 B i 73008 |, O H e otk
BT
2.5 EDERIRAITER ML

K5 k' SRR AE 0. 01 mol/L NaCl i& ¥ *H M
LDH ZEAR L, & SRRARTE 120 min ZHTM
LDH JZ [8] (R T30 B bR, R Ts it 38 38 e ROl
[ 90% ; £ 120 min J7 , & T FR AR A4 R 0 38 35 sk /N
PRI S SRR 212 ik, 45 %W LDH-Fu B
AR B TR, BB A X IS fol 2 A s R
S 7 [ S A AR A 7 B TR A R
2.6 KEREWERENMEHSEMA

W& I RESE AR TR 2 MERE L 25, B 25 T
KREBHNRIZ A48 AR 456 T i, % 4x g FE AR
AR I R >0 6 BSOS ] B LDH -
Fu WK ER IR LRZ B E 71, S5 RERW, BEE
LDH-Fu A0 a9, K15 2 BBt ) 1% i 14
K, B 7 BN EHE LDH - Fu 897K P 3R 8 5



52 W WK R W IRARIEZ B MgAl —LDH X 7K M FR G I 4% 2 it 7 il v e F 32 T4 - 65 -

(a) LDH—Fu, i AA7060 k (b) LDH-Fu, {4100 k

10ﬁ|m 51[11
(c) LDH-NO, k{460 k (d) LDH-NO; , Bt K A7 %100 k
K4 LDH-Fu il LDH-NO; f FESEM [
Fig.4 FESEM images of LDH-Fu and LDH-NO;

S, A W R AR R Z SRR

0.25
= r 1.0
= 020F
= r.—’.—"____”_..——l Q:S
g 020 = 0.8
£ 0.15% O S =
B Eors i,
E 0.10 %‘“0 =
§ Eoosf F 04
o 0.05 . ‘ ; w
i 0 D0 20 360 5
. ‘ i Elmin g 0.2
0 1000 2000 3000 4000 5000 N
o E) /mi 0
iR fmin dilE 1% 3% 5% 1%
BlS5 5 SEALTE 0. 01 mol/L NaCl i rh Mk LDH-Fulfs ik
LDH JZ [A] AR it 2k K6 #SMAEE: LDH - Fu BIZKTERR AR IRIRZ RIS /1
Fig.5 Release curve of fumarate from LDH inter- Fig.6  Adhesion of waterborne epoxy resin coatings with
layer in 0. 01 mol/L NaCl solution different amounts of LDH-Fu
RS, TR M LDH-Fu B KM, 2.7 BRiiRsR
WARMARBRZ Al BES R RIRZ B EAKE 5200 P 8 s R[] & LDH - Fu A9 7K 38 S8 B

RIERPT R rERE, 45 RERW, SO EMIRIRE  WI2TE 3. 5% NaCl i PROR R Y EIS, i
MIEG, LDH ~Fu BYIIA FUSIERORAR TR 2R R o % 0 T IR0 12 A i it Atk | R0% H 47t

77.93° 71.44°

\ \

(O (b) 1% (©)3% (d)5% ()7 %
El7 BINAFEE LDH-Fu B KM E M IR U2 10 42 fil £

Fig.7 Contact angles of waterborne epoxy resin coatings with different amounts of LDH-Fu



- 66 - JERE TRA2AR (A RBFA ) 2022 4F.
106 801
L5k LDH-Fu¥&hn 70F
T iy L I
o 10 o a ~ F
Z LDH-Kug i & 10k Y & 30p LDH-Fuiithiit
= et d opof  —=—zils
N ——3% = 10 oof :% Zg
——59% 10k or ——5%
——T7% _10F ——7%
1 L 1 100 _20- Covd vvvd vl vl vl vl el o
0 4 8 12 16 102 107 10° 10' 10* 10° 10* 10° 10° 102 107" 10° 10" 10* 10° 10* 10° 10°
Z'(10* QQ+ cm?) f/Hz f/Hz
(a) 32911 h, Nyquist & (b) i1 h, Bode—IZI[& (c) B311 h, Bode—(-P)[&
6 10°g - = 80
F E LDH-Fuifs il & 70F
5L n —=— 4B G L
s L 10 3 ——1% 601
g 41 — r ——3 9 . 501
é} L g 10°E —'—g Zv < 401
T = . F —— © - 3 oy
z 3 LDH“Z@?? S ol S 20 LoH-Fumnik
<) Bt N g 0F i
NI L 30, r 10+ —— 1%
1 ——5% 10%¢ of 3%
E r ——5%
——T7% F -10r ——7%
L " 1 L L 100 L L L L L L L -20 L L L L L L L
0 1 2 3 4 5 6 102 107" 10° 10' 10*> 10° 10* 10° 10° 102 107" 10° 10' 10*> 10° 10* 10° 10°
Z'/(10* Q2+ em?) f/Hz f/Hz
(d) 72124 h, Nyquist/#] (e) 727124 h, Bode—1ZI /%] (f) 12724 h, Bode—(-P)
6 10°¢ . — 80
r F LDH-Fu#shn g 700
5k s —=—liff g L
- | 10 3 19 601
g 4+ — r ——3 — 50,_
. L 3 = £ 10°: ——5% Ot’ 401
o LDH-FuZs & S E [ .
z 3 —iftls | & F 7% | 5 30r LDH-FuiE
= _[ ——1% = 1025— = 20+ +2¥fﬁ}xj‘ﬁb
== ) N E = L H
N I +§ Zp o F 10? ——1%
Iy ey 10'L of 3%
o E 3 ——5%
N -10r ——T7%
1 1 L 1 L L 10 L L 1 L 1 L L -20 L L L L 1 L i
0 1 2 3 4 5 6 102 107" 10° 10' 10* 10° 10* 10° 10° 1072 107" 10° 10' 10* 10° 10* 10° 10°
Z'(10* Q- cm?) fIHz Sz
(g) 127248 h, Nyquist[& (h) ¥23148 h, Bode—1 218 (i) 31148 h, Bode—(-P) [&]
7 10°¢ N 80
r E LDH-Fuifs it 70k
or 104;, +%@fﬂé 605
&.\ E —— (7l
g Sk — r ——13 9 . 50+
é} 4 g 10° ——5% & 40
b ~Fufshn &t - o T % L sy
;:, [ —O—i% 5 = 10 3 = 201 —=— gifitg
2 - F 10+ ——1%
NI ——3% r r <
I ——5% 10" ob  —3%
1 ——7 % E ins ——5%
I I I I ]00: 720’ L _._\7 % L L L L L
0 1 2 3 4 5 6 7 102 107 10° 10' 10> 10° 10* 10° 10° 102 107 10° 100 10* 108 10* 105 108
Z'1(10* Q2 em?) f/Hz fIHz
(3) 12896 h, Nyquist[#] (k) 3196 h, Bode—IZI[& (1) ¥2i9.96 h, Bode—(-P) [&]
10°¢ - 80
E LDH-Fu#s & 0L
]04; +?IE*X‘THIE 60-
— E ——1 % L
g — r ——3 9 . 50_
g 3L 59 <
& LDH-Fusihiig | § \OF o & O .
= —e & F 5 301 LDH-Fuishin &
:N ——3 9 N E 10 ——19
I ——5% 10tk O’ ——3%
——7% E r —~—59,
F -10f ——T7 %
1 1 1 1 I 100 L L ! L L L L -20 L L L - L L L
0 1 2 3 4 L} 6 102 107" 10° 10' 10*> 10° 10* 10° 10° 102 107" 10° 10' 10*> 10° 10* 105 10°

Z'[(10* QQ+ em?)
(m) 3291192 h, Nyquist/&]

& 8
Fig. 8

f/Hz
(n) 3273192 h, Bode-1Z1[]

fIHz
(0) 3271192 h, Bode—(-P) [

WA & LDH-Fu (/K PR EM JRIRZTE 3. 5% NaCl R I i A R [E] A9 EIS

EIS of waterborne epoxy resin coatings with different amounts of LDH—-Fu soaked in 3. 5% NaCl solution for different times



552 1 ik

RA & SRR A9 MgAl - LDH X /K PEFR IR U 2 68 Tk BE B B T 67 -

B A, W2 A kM A G AT DA IR
1 h J&,Bode — | Z I EF & i1 1% 3% LDH-Fu Ak
J2 WA BE AR HE 5 20 B U 2 A 5 W I 5% Al
7% LDH-Fu [ )2 0 KA B B B T S0 A5 ik
2 JEH R 2 LDH-Fu SRR BT EZ 1
BRfa, =M 24 h J5, B A AR Y Nyquist 8 A
Bode —( - P) & H 25 8 7 HH T A IRF ) 5 B0 RRAE 3%
&R 6 ol S -3 0 TR 2 R RPN B 5S4 B S 0
JZH L, 1296 h S5, B ok B T AR N
5, Bode -1 Z | Bl v BT A 1k J2 B AR A0 BH B 45 12 R A1K
[EA, Bode — ( = P) [l o (9 AH A7 £ A1 Nyquist Bl 5
RPN, 320 192 h J5, %1 7% LDH-
Fu FIRJZ A BT AL /N T 10° Q- em® 53X 7] BE
JEH TUR NS 5 LDH - Fu 5 ) Bl b (08 )2 2k 25
TARPER AR N 3% LDH - Fu (1935 2 1A%
SRBH BT AT SR R T HA VR 2, X UEBH T 380 3%
LDH-Fu A7k PR 2 RENS S 1 M4 4 Jg JE A

J T AT AR K A IR IR R AL 2R S
BRI v B 1) Y AR Ak, R ZSimpWin B0, 5
19 JIr7s 0 45 330 L i X AR AT B BT E AT P15, HE
H R VR RE, R, FBARE A TR 5 R B LB
HLBH , R, O AR 55 ¥ W05 T 1) L s 5 RS L RHL, CPE,
H1 CPE /3 31 R i 2 R R 2 - 4 @ SR 5t 1 A7
TERIUER 2 L 25, Z, ) Warburg 37 HEBH AT (F£R P
B RS A AR e T BH BT AE)

& 10 AAINA R LDH - Fu B 7K PRS2 IS
W2 MALB R BE R A A e 7 i BEL R B3R 6L I 1]
Mt 2k . RS2 VR )2 B 1k ot B 3 ek 1 H
BEL, S B 7 U 2 Rh VR g el 5 - btz i e 7
AT RAEGZ /B ERE™ . BB 10 (a) AT LA

10%

R P/ (Q+cm?)

A
E \./'
LDH-Fuifhn& .
10°F —n— A

——1%

—A—3

—v—=5%
r ——7%

10] n 1 L 1 n 1 n 1 n

0 40 80 120 160 200

B 7] /h
(a) FLBRHLBHR,

CPE CPE
P P

R " R, Z,

(a) HELER1 ' (b) EE%Z"

K9 EIS SR
Fig.9 Equivalent circuits of EIS

AR Th 5,800 3% LDH-Fu IWIR)Z1 R
R AR IEIRIZR) R B/ o 32 R 4l g TR 2
[k 3k 78 PO AL, 5 058 SR ek 55 TR
LDH-Fu $3 A& AT LS b 88 19 s AR K B,
FIRFLANZS 7T 8, ] B T ol 25 - W ff 3] v
(] 2 v, DT 035 0 2 O B S PR R, B 24 h ),
LDH-Fu R4 3% 5% 7% WIRIZ0 R YA A
[ A B () R AIRG 5 T AR iR 2 S22 1 LDH = Fu 8 i1 24
19% W20 R A T, X ] G2 i T i i 72
R il 3 FE AL B . R 192 h S TR
3% LDH-Fu B2 EA s K FLETHLBH
HLfr G R FELBEL R, 7 HL o7 30 3 4 Ja 2 T 119 W
FEo R BRI, FL i ) 4w SR A M SR K, & m
PR JE ot B /N R 10 (b) T RAFR Y, 4l i
UREFEIN 1% LDH-Fu MIRIZR) R A 12
HH ORI HE RN 1 10k B A e 2 DR A S okt
() 7= A= BT P BE LR T8 e B AR, DT R, 38K
SR B 2 L JE b 7 ) O Ak B 5 AR fil
R I8N, FEIRU 1 ~96 h Z[a], ¥ 3% LDH -
Fu MIRZH R, 2 E S X & LDH - Fu A

10°¢

LDH-FulR N

10k —a— S —v—5%
E ——1% ——7 %
— I -39,
5 10
3 L
s 5.
= 10°¢

10°F

3 [ 1 1 1
%% 50 100 150 200

] /h
(by FE AL RS HERHR,

10 #SIAFEE LDH-Fu B PR AR R TR R LB R R, AL e RS L RHL R, it 352 6 Pk T F) 22 £ £

Fig. 10 The pore resistance R, and charge transfer resistance R, of waterborne epoxy resin coatings with different amounts of

LDH-Fu as a function of immersion time



- 68 - JERE TRA2AR (A RBFA )

2022 4F

ARSI i 50 B 2% 0l 9 8 S R AR 3 3
192 h J& , H: R W§A TR, ILET R W 464. 4 kQ - em?,
LR FLEMIRIRZM R, (5. 66 kQ-cm®) .

DL EZEREH] FE LDH-Fu #AHEN 0 ~ 7% Y
JEFIN, %N 3% LDH - Fu (7K PE 2 B B 1k Bk
IO I LDH - Fu 85 R ZEAR AR Hh 5 50 73, T 78
WIZRRCL , R C1 4 B B SRR, 1
TR 2 - 48 St A, D 3k 21 545 1 B

T HE LDH-NO; 5 LDH-Fu X i J2 it
M RERY L 43 4 3% LDH-NO; #13% LDH-

Fu BRI KPE IR B U 2, B S % 9 410 )=
PEATIR RS 25 R0 11 s, R 1h 5, X
PRIA K U 2 AR B BB i A 22 A K, XTI
3% LDH-NO, M¥R)Z, =i 24 h J5 , HARSBH
Bk 2R T e 12 24 ~ 96 h I AR A5 B 47 45
TR E | R D N I R B AR R,
5 LDH-NO, #&fi, IF-#% B ¥ 2] 26, i3] 1
0450 85 el A R 12 192 h JE, T LDH-NO;
JZE] CL™ ISR B AT, 30 LDH-NO, AP
Cl™, AN 3% LDH-NO; 9943 J2 R A5 B R
PR,

10° 70
60
104 ,
Ng . _ 50_—
& s & Y[
= BT g eS| =0 N ]
= —=—1h Sl ——1h = 30 “a—1h
N ——24h = —e—24h o ——24h
! ——48h ——48h 20 ——48h
——96h 10't ——96h i —+—96h
——192h ——192h 107 ——192h
L L 1 1 1 100 O vl vl vl wvvvd vl vl vl
0 1 2 3 4 5 102 10 10° 10 102 10° 10* 10° 10° 1072 107 10° 10' 10% 10° 10* 10° 10°

Z'I(10* Q-+ cm?) fIHz fHz
(a) FA13% LDH-NO 938 2. Nyquist/&] (b) #NI3% LDH-NO 4k 22, Bode-I1ZI&] (c) BMN3% LDH-NOS ¥k 2. Bode-(-P) B
10°% 80
10 or
— 60
£ — 10% [
: 0 c sof
(@ bt 3[ 'EE I
B ] S 0% mat) 2 0T st
= ——1h S, ,f —=1lh = 30 ——1h
N —o—24h 10;‘ —o—24h b —e—24h
—— 48 h F —— 48 h 201 —a— 48 h
—+—96 h 10t ——9%h [ ——096h
——192h ——192h 107 ——192h
I I 10° 0 ! ! ! ! !
1072 107t 10° 10' 107 103

0 2 4 6 8 10 12 14
Z'1(10* Q-+ cm?)
(d) % I13% LDH-Fuffyi5: )2, Nyquist/&

& 11
Fig. 11

102 10" 10° 10" 10> 10° 10* 10° 10°
fIHz
(e) ¥shn3% LDH-FufJ i 2. Bode-IZI[#|

1l 1l

104 105 10°
fIHz

(f) ¥ in3% LDH-Fuff)i3: /2. Bode-(-P)&

N 3% LDH-NO; FIZRIN 3% LDH-Fu BY7K PR EM IRIRZTE 3. 5% NaCl ¥R H AR BRI EIS
EIS of waterborne epoxy coatings with 3% LDH-NO, and 3% LDH-Fu soaked in

3.5% NaCl solution for different times

ST 3% LDH-Fu B2, 12 24 h M 1
B 1 b, ARSI B B B AR s 75 2 )5 iR v i 72
H1(24 ~ 192 h) , HARMBH BT i R dpfa e, iX 2 A
i LDH-Fu BERZHG C1~ Wtk 22 a] , [A] B i
IR R T RAFMEMAEH ., h2.5 THED
i KRBT 26 AT 60, LDH — Fu B8 X7 8 il A 5 B
SRR, I HLARAFA B ] BRI, N A5 AE iR e
AR PP R BRI R . B 192 h ),
NI 3% LDH - Fu B9 ¥ 2 09 I 450 BH B 858 5 R

64. 74 kQ-cm® , K F M 3% LDH-NO; HIEER
AT B BT (11,69 kQ - em?) |, 45 KB 57
3% LDH-NO; AHLL, #H13% LDH-Fu AT LA R 7K
PR JZ T e P e 54
2.8 HERWER
KRS 5 I T WS A Rl i LDH - Fu il
W 3% LDH-NO; /KM E R B VR 2 i 8 il
PERE, 2R WIE 12 frs . WTUVE ) IrA IR 2 A
ARl Forb ) gl B U 2 00 IR ok



%24

i R B SRRMREZ I MgAl - LDH X 7K PR S IR U4 2 I e P B 4 2 T - 69 -

BRI E  RERIG G R E R 2T bR, 6
T B T2 B IS 4R LR i, 5 BUR hoPE &
A WEPEIN 1% 3% f15% LDH-Fu Al J8 420k
JZ T e AR B Sl A T ™ EE TR D 3 2 R R Y
W2 Z A, LDH - Fu AT LAWY inh 8 1 51 B ik 2%
P, TR Z2 JE k. 4 LDH - Fu B %5 fin &
3% I TR 2 IR PR B A %, R LT A T R
W, A, LDH-Fu FESINE R 7% B, U )2 8951

IR R I A DI R Y A5, it

N

(b) 1% LDH-Fu

[ |
i

(@) é@’rﬁﬁé - ‘(‘c‘)vé% LDH-Fu

N il

FUEIHE T 2 S B AW IE A e 27 LDH -
Fu, 8#F LDH-Fu A& A4 B (1 1R )2 &R Bk G
IR TIRIZ B Bk e e, BARKRE R LDH -Fu fig
bR Z2 1 g2 b B 8 -, {H R R B A A TR A5
A A 2 3 e AR )2 — 4 AR BT, R TR
JE AR, Sy Ah i LR 12 (e) R ()
A LI 1 B 3% LDH - Fu 9% 2 L ds N 3%
LDH-NO; WiRZEA IRtk DL %S
el g L —ak,

(f) 3% LDH-NO;

(d) 5% LDH-Fu

F 12 HhEE PRI RE LDH-Fu FIEAN1 3% LDH-NO, Bk MHEREM IR Z 1S F
Fig. 12 Actual images of waterborne epoxy resin coatings with different amounts of LDH-Fu and 3% LDH-NO; in salt spray test

3 #i

(1) RHMEE AR NI & T8 SRR E)Z
) LDH, 5 LDH-NO; #HLt, LDH-Fu &2 3L H 500
B 7SIDIE | o B T4

(2)LDH-Fu A5 B 409 & 7 Rtk e Xt
i e A PR e 7 (] R AR R A B[R]
R

(3)7E LDH-Fu #E R 0 ~ 7% B0 HE N, bl
& LDH-Fu BN ARG, KM 2 00 B 4 01 32
T A2y W TAAARR

(4) 125 5 56 55 100 3R W . AE AR SO IR
BRI, B8 3% LDH-Fu /K PEUR 2 A BdE by
PbEfE; SU N 3% LDH - NO; #H kb, ¥ 3%
LDH-Fu (7K PR 2 BA B AF A kv

SE k.

(1] Zsih, wJLRs, XA, % BR - b a B4R
HLER B A 45 KB T MR Re BRSO [ 1] v [ ik 5 iy
202021, 41(2) : 161 - 168.

LUAN H, MENG F D, LIU L, et al. Preparation and

anticorrosion performance of m-phenylenediamine-gra-

phene oxide/organic coating[ J]. Journal of Chinese Soci-
ety for Corrosion and Protection, 2021, 41(2). 161 -
168. (in Chinese)

(2] XUERK, fIAREL, AN, 46 AHLIRIZDrERERI R

fesrtitgs b (1], RimEeAR, 2021, 50(3) : 66 78,
115.
LIUY X, HED Y, SUN Z, et al. Research progress of
electrochemical for protective properties of organic coat-
ings[J]. Surface Technology, 2021, 50(3): 66 — 78,
115. (in Chinese)

[3] ZFfhte, XIS, SR, 4. DU IR N 1) 72 RpE

TRERUC R KR IR 2 1 o S 7 B i PEREBIE SR (] 3R
AR, 2017, 46(11); 1 -5.
LIW H, LIU X J, FAN W J, et al. Preparation and
anti-corrosion property of water-based coatings modified
with chitosan microspheres loaded with sodium phytate
[J]. Surface Technology, 2017, 46 (11): 1 -5. (in
Chinese)

[4] KR, Rib7h, BRR PROKTERZERRRZ1E 3
e b REXT L [T]. R AR, 2021,
50(10) : 330 -336.

ZHANG C, ZHU Z B, ZHAO J M. Property comparison

of two water-based polyurethane coatings in three acceler-



<70 -

AEEA TRAE2AR (A ARERR)

2022 4F

(5]

(6]

(7]

(8]

[9]

[10]

(11]

(12]

[13]

ated aging experiments[ J]. Surface Technology, 2021,
50(10) : 330 —336. (in Chinese)

LN, ZEPE, A, AR ALK RE B R
JER KPR SR Z M e PERE RS2 [T, RIMHR,
2020, 49(3) . 248 -254, 339.

AN CQ, LI Q L, HAO J J. Effect of grafting density of
nano-TiO, silane on corrosion resistance of waterborne ep-
oxy coatings [ J |. Surface Technology, 2020, 49 (3) .
248 —254, 339. (in Chinese)

e, XIRE, R, S s RI AR L A SRR
PARPE 3R AU 2 B ik AT 9 B 5E (7], SRR,
2018, 47(12) : 263 -269.

GAO Y, LIU C B, REN S M, et al. Corrosion resistance
of modified waterborne epoxy coating by tryptophan func-
tionalized graphene [ J]. Surface Technology, 2018, 47
(12): 263 -269. (in Chinese)

KUMARI P, PAL B, DAS R K. Superior adsorptive re-
moval of eco-toxic drug diclofenac sodium by Zn—-Al LDH-
xBi, 0, layer double hydroxide composites[ J]. Applied
Clay Science, 2021, 208(1) : 106119.

HU J L, GAN M Y, MA L, et al. Preparation and en-
hanced properties of polyaniline/grafted intercalated ZnAl —
LDH nanocomposites [ J ]. Applied Surface Science,
2015, 328 325 -334.

SU Y, QIUS H, YANG D P, et al. Active anti-corrosion
of epoxy coating by nitrite ions intercalated MgAl LDH
[J]. Journal of Hazardous Materials, 2020, 391 (21):
122215.

SERDECHNOVA M, SALAK A N, BARBOSA F S, et
al. Interlayer intercalation and arrangement of 2-mercap-
tobenzothiazolate and 1, 2, 3-benzotriazolate anions in
layered double hydroxides: in situ X-ray diffraction study
[J]. Journal of Solid State Chemistry, 2016, 233.
158 - 165.

MEI'Y J, XU J X, JIANG L H, et al. Enhancing corro-
sion resistance of epoxy coating on steel reinforcement by
aminobenzoate intercalated layered double hydroxides
[J]. Progress in Organic Coatings, 2019, 134 288 -
296.

TABISH M, ZHAO ] M, WANG ] B, et al. Improving
the corrosion protection ability of epoxy coating using
CaAl LDH intercalated with 2-mercaptobenzothiazole as a
pigment on steel substrate[ J]. Progress in Organic Coat-
ings, 2022, 165. 106765.

LAMAKA S V, VAGHEFINAZARI B, MEI D, et al.
Comprehensive screening of Mg corrosion inhibitors[ J ].

Corrosion Science, 2017, 128 224 —240.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

sRE2, K, kA, 4E HMEEHIE R LDH IR)2
XA G e B THE I L], st TR 24
(FASRBHERR) | 2021, 48(6) : 17 -24.

ZHANG J, ZHAO ] M, SHAO L, et al. Improvement
effect of LDH coating prepared by the high gravity method
on corrosion resistance of magnesium alloy[ J]. Journal of
Beijing University of Chemical Technology ( Natural Sci-
ence), 2021, 48(6): 17 —=24. (in Chinese)

SUBASRI R, RAJUK R CS, REDDY D S, et al. Envi-
ronmentally friendly Zn — Al layered double hydroxide
(LDH) -based sol — gel corrosion protection coatings on
AA 2024-T3[]J]. Journal of Coatings Technology and
Research, 2019, 16(5) . 1447 - 1463.

LI W H, LIU A, TIAN H W, et al. Controlled release of
nitrate and molybdate intercalated in Zn — Al — layered
double hydroxide nanocontainers towards marine anticor-
rosion applications [ J ]. Colloid and Interface Science
Communications, 2018, 24 . 18 —23.

LIDD, WANG F Y, YU X, et al. Anticorrosion organic
coating with layered double hydroxide loaded with corro-
sion inhibitor of tungstate[ J].
ings, 2011, 71 302 -309.
WU W, SUN X, ZHU C L, et al. Biocorrosion resistance
and biocompatibility of Mg—Al layered double hydroxide/

Progress in Organic Coat-

poly-L-glutamic acid hybrid coating on magnesium alloy
AZ31[J]. Progress in Organic Coatings, 2020, 147
105746.

ZONG P F, SHAO M, CAO D L, et al. Synthesis of po-
tential Ca — Mg — Al layered double hydroxides coated
graphene oxide composites for simultaneous uptake of
europium and fulvic acid from wastewater systems|[J].
Environmental Research, 2021, 196. 110375.

KK, BRSFNI, 25T, & ARSI ERIRE
PR B A ST I AR RERE ST ()], SRR,
2018, 47(1) . 100 - 108.

ZHANG Y X, CHEN S G, LI H, et al. Preparation of
silicon nitride doped epoxy-based composite coatings and
their corrosion resistance[ J]. Surface Technology, 2018,
47(1): 100 —108. (in Chinese)

BAHLAKEH G, RAMEZANZADEH B, RAMEZANZA-
DEH M, et al. Cerium oxide nanoparticles influences on
the binding and corrosion protection characteristics of a
melamine-cured polyester resin on mild steel: an experi-
mental, density functional theory and molecular dynamics
simulation study [ J]. Corrosion Science, 2017, 118;
69 - 83.

YUD Y, WEN S G, YANG J X, et al. RGO modified



%24 i R B SRRMREZ I MgAl - LDH X 7K PR S IR U4 2 I e P B 4 2 T =71 -

ZnAl -1LDH as epoxy nanostructure filler: a novel synthe- steel substrate [ J]. Journal of Alloys and Compounds,

tic approach to anticorrosive waterborne coating[ J]. Sur- 2017, 711 560 - 567.

face & Coatings Technology, 2017, 326. 207 —215. [24] TEDIM J, KUZNETSOVA A, SALAK A N, et al. Zn-Al
[23] HAYATDAVOUDI H, RAHSEPAR M. Smart inhibition layered double hydroxides as chloride nanotraps in active

action of layered double hydroxide nanocontainers in zinc- protective coatings [ J ]. Corrosion Science, 2012, 55;

rich epoxy coating for active corrosion protection of carbon 1-4.

Improvement of the anti-corrosion performance of waterborne epoxy
resin coatings by fumarate-intercalated MgAl —layered
double hydroxides

ZHANG Jun' ZHAO Jingl\/[aol * SHAO Lei?

(1. College of Materials Science and Engineering;2. Research Center of the Ministry of Education for High
Gravity Engineering and Technology, Beijing University of Chemical Technology, Beijing 100029, China)

Abstract ; Fumarate-intercalated Mg —Al layered double hydroxide (LDH-Fu) slurries have been prepared by high
gravity technology, and LDH - Fu powder was obtained after hydrothermal treatment. The LDH —Fu powder was
characterized by X-ray diffraction (XRD) , Fourier transform infrared spectroscopy (FT—-IR) , X-ray photoelectron
spectroscopy (XPS) and field emission scanning electron microscopy ( FESEM). The results showed that LDH-Fu
exhibited more regular hexagons and better dispersion compared to NO; -intercalated LDH (LDH-NO; ). The re-
lease rate of fumarate from the LDH interlayer galleries in 0. 01 mol/L NaCl solution was measured, and the results
showed that LDH —Fu could respond quickly to corrosive ions and maintain a long-term release. A certain amount of
LDH-Fu was added to the waterborne epoxy resin and coated on a tinplate sample. The corrosion resistance of the
waterborne coating was tested by immersion tests and salt spray tests. The results showed that in the range of
LDH-Fu addition of 0 —7% ( mass fraction) , the waterborne coating with 3% LDH-Fu has the best corrosion pro-
tection performance. Compared with the addition of 3% LDH-NO; , the waterborne coating with 3% LDH-Fu has
better corrosion resistance.

Key words: fumarate; layered double hydroxides; high gravity technology; waterborne epoxy resin coating; corro-

sion resistance
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