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Effect of Sodium D-Gluconate-Based Inhibitor in Preventing Corrosion
of Reinforcing Steel in Simulated Concrete Pore Solutions

YANG Rong-Jie GUO Ya TANG Fang-Miao WANG Xiao-Ping
DU Rong-Gui LIN Chang-Jian

(State Key Laboratory of Physical Chemistry of Solid Surfaces, Department of Chemistry, College of Chemistry and Chemical
Engineering, Xiamen University, Xiamen 361005, Fujian Province, P. R. China)

Abstract: The corrosion behavior of reinforcing steel in simulated concrete pore solutions with and
without corrosion inhibitors was studied by electrochemical techniques and scanning electron microscopy
(SEM). A combined inhibitive effect of sodium D-gluconate, NaMoQO, and thiourea on restraining the
corrosion of reinforcing steel immersed in the solution was observed. This result showed that there was a
synergetic effect among the three agents in corrosion prevention. After adding the compound inhibitor (750
mg-L™" sodium D-gluconate, 250 mg-L™" Na;MoO,, 500 mg-L"" thiourea) into the simulated concrete pore
solution containing 3.5% (w) NaCl, the inhibition efficiency of the compound inhibitor was 94.5%. According
to the Hard and soft acids and bases (HSAB) theory, the compound inhibitor worked by forming a
protective film on the steel surface.

Key Words: Reinforcing steel; Simulated concrete pore solution; Compound corrosion inhibitor;
Electrochemical technique; Hard and soft acids and bases theory

1 31 5 EEEZ LGy N R VS ANy & o R R ]
THE ARG O0 T R B A, AT TREE A, SRR SR, SR e g 2 N, A

e N R T A SR B B AN R AR S . R TSR, T AR R R A R, s 22 )

e PP A AR R SO 7 U R AL, AR I B R AR TR BN T, ok B AL A8

JEI T RESZ BRI IS S0 Pt ) . AL 2 b 551 X0 7 3 A5 PR BELAS R R AT AT AN 5 AR

Received: April 28, 2012; Revised: May 29, 2012; Published on Web: May 29, 2012.

“Corresponding author. Email: rgdu@xmu.edu.cn; Tel: +86-592-2189192.

The project was supported by the National Natural Science Foundation of China (21073151, 21173177, 50731004, 21021002).
F %X @R R 54221073151, 21173177, 50731004, 21021002) % B35 H

© Editorial office of Acta Physico-Chimica Sinica



https://core.ac.uk/display/41442495?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1924 Acta Phys. -Chim. Sin. 2012

Vol.28

BUAFAE T YA BE 48 o) 7, A FH HAT G2 it ] 250 1 1)
A MR L R (1R FE. R, 22 1) ) 52 g
R FH s kg AR 4 R g b BN B T A T A
1961 4F Hackerman %5 " 7F & — Jii tH 7 43 J i3 i 25 1L
b, B ST N Lewis B2 B FR 1R I 5T 5% ki 71 1) 44
WO R, F5 4@ R 1 A 22 ph R oy 1 n] o IAE A
Lewis [ Al Lewis B, 10 il i W7 (R 82 2 F 45 T
AL A2, 5ok, Aramaki''"?\ Pcarson®\ Walters' &5 X}
B IR B (HS AB) BER 71 5% 1k 1) v (1) 3 Al 1 52 h
R AR, SR B8 () R SR T
DTHR. H T, o % T A 2% DR IR I 5T A AR
G ) ) P R 20, g AR AR | BH A 2R AT AN )
W2 Pt 255 AT P 4 0 52 T 28—, T R 90 4 il R i B
RIS TR R D

D- 4] 25}l % 1 (SD) PR FL A A6 48 B L BR PR 2,
]z F T R A 1R ik B . FRATT R A 4 A
0 IR 50 A 2 BH 3 P 5 b 7] m A AN 555 2 10 TR J
I, %o J5 ot sz 12 P 19 S B et it 30 A BELARE A T, %
B A5 A7 A e 1 L 25 TR A R A1 7 9% T
R, AH T A e Mo Y T T K 3 5
oL B IR (TU) A b <8 J R 9 b 0] 45 380 325 ke 37 H
VI 2 SCERIRIE T e 0 2 M4 e 1 22 AT o S AR
BILEL A0 FEAE A A J5ie o0 <8 e 22 b A H (R BT
FULAR D WARTE.

A CAEMYE LLAT 0T 984056, I H] HSAB J5 2,
BB FH D=1 2 5 R B  BH I B A IR — P 4 7> 4L ke
A TG, N AL S BOR, W FPEY 2 &
G TR 2 GRS 1 R ABEAUL TR 5t 1 FL BV 4 57 1)
BELASAF H, JF AR His HSAB J5 R X 2% T 570 (1) 4 F LR
HATITE.

2 X B

DA R235 S [N 77 A SE 30 A4 ), B i 4k B2
J&i, N L i@11.3 mmx4 mm 1 [3 AE JE R, PLH A
— ANy I R AR T, N 55— T PR 4% 5 | H A0 1)
] 5, R A T A0 G A 2R T BRSO 6 A
BT AR H b, HA RO AL M 1 emx 1 em. IR 2 AT
A 5137 FEL R ARG Yk ] 400#— 12008 7K B A7 10 2532 2 4T B,
P28 7K bk, PRI TC /K 20N A5 5 10 min,
TP 5 % . T 3 7 AT (SEM) WL 4% 114
FEICAURIAE LA, I [RIRE 754 T B (L & 15004#/K
PERD AR ANE S R AT

DA R Ca(OH), ¥ A A RS ADLTE 466 - FL B,

TR AR AR PL I (SPS), & il F H pH A Z10 12.50. 724
RN I NaCl 229 B2 R 3.5% (w)AE R AR, 43 )
VN TN D~ 25 W P 1 B 1R B R IR 2 AN ) ) K
675 5% B — 1) DRI A B IR AN, 11525 58 52 45 % T k)
935 P BELAS A . A8 TR Ak s ) 5 A 1 Al PR
PE, A TR0 2 22 391 D=1 4 6 TR B RN JOR W
RN 2 1T A AR RS BT AR ¥ ko A ki,
I R 2 BT KL . F A2 R ) 2 R A A
DA ¥ 0 30 min, A5 FF ok AT R AR AR S i gk
17.

B 05 1) B A 1 2 A R A 27 BHL Bt ) X34 4
Autolab Potentiostat Galvanostat FL 4t 5 T /E 5k, S
=R R, AR A R235 407, 2 LE yl i AN 4
By E A% 3 5310 kg b A0 H SR F AR (SCE) R AT . 2k 1
AR A T 288 003K 1) H AV 3 [ Ay AR et FEL A 15 mV
FRE R 0.167 mV s, Bl HL A7 316 BH AR AR Ak il
28 1197000 3K DA JES ol R AT Ty 1 ) PR IR R R )
150 pA-cm™ 4y ik, FHHIEZE X 0.8 mV -7 LY
BHAT G (EIS) I 5 (BRI A5 5 24 1IE 5%, 91 10 mV,
TE JE5 il H A EAT 0 6, A0 E [ 2 10°-107 Hz.
MRS % N AT,

95 2 THT T 308 110 I 2% b R T i R iR i
30 min J5 #E47, 4l 152 HITACHI S-4800 %437 5 5
TR LR

3 #R5iHe

3.1 D-EEFEER XN B9 PR S5 1E
NIRRT LU I B4 G2 i A7), L D- 25 i 1R

B A, S AN TR B () B — S A AR X 5 1

BHABAE . 3 e PER AL VLI, 159 30 W2 1 R

1655 3.5% (w) NaCl BB 7 InAS R ¥R B2 SD Ji5

DUAS FFE 5557 65 e 2 B (AL B oo FH Z 53 530 19 50 5

£1 WEES 3.5% (w) NaCIFIAR[E R E SD B SPS fH A
BsH
Table 1 Corrosion parameters of reinforcing steel in SPS
with 3.5% (w) NaCl and different SD concentrations

csp/(mg-L™") Ee/V icon/ (LA +cm™) Z1%
0 -0.467 1.663 -

200 -0.551 1.419 14.7

400 -0.541 1.284 22.8

600 -0.527 1.106 33.5

1000 -0.501 0.778 53.2

4000 -0.530 0.441 73.5

SPS: simulated concrete pore solution; SD: sodium D-gluconate;
Z: inhibition efficiency
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R SR VAN R s oA A Pl [ ES S 1y S Wl
DL H, I SD 2 J, 40 777 1 65 Tl %6 [ IS, 9 HL
% b ) 1 2 ol 50 i G R ) 39 o £ v, 4 SD
(1) 94 JiZ 35 3] £5% 75 149 4000 mg - LI, 2% il 2k 51 ¢
fE, G0l 3R N 73.5%. SD W EE M 200 mg - L'
4000 mg- L', A WLEE BIR FE A (L4, 31X 1T REER
O b AT A 4 S 2R T AR BH AR G B A7 5.2 m]
T LA bS50 25 A1 A B 1) SD 4 17 1 2% 1l 2k
FOEAGE R UT.
3.2 D-EEHEER TNANEEER X EM AR LR (R 1 B 88U

22 WoR T AR AE & 3.5% (w) NaCl [ B 29
S AN )94 FE L8 1) SD AT Na,Mo O, 11 J 1 1 2
£ T LU, 78 PR il ) 4 S R FE R 1000 mg -
L R AR 55 5L K, SD Al Na,MoO, & it in A
B BRI N — P 82 Tl ) NF 1 22 b R0 %6 o, U BH 2
2 845 W IR AE FH. H b SD AT Na,MoO, 9<% 43
k750 11250 mg - L' W), S0l % 5 i, 1531 77.9%,
WIS 7 3 1 W ) P e d 2. LR a4 SR ]
AR I, 33X PR A 2 Tl ) Sk 5 8 1000 mg - L', L rht
SD fyk 8 L35 3] 750 mg- L', HmhdeR B o
BAE ] SD ¥ IA #1 4000 mg - L' i 5 1.
3.3 =L ESEMTIXNABIFESIER

FR A DA E ik 25 2R, LA D- % % B 1R A Ok it
it 395 ¢ TR 00 R0 R 20 ol 2 A 28 b 1), AN [ 9
JE1f) TU 5 750 mg- L™ SD A1250 mg- L™ Na,MoO,
HEAT /. A6 3.5% (w) NaCl (BRI, 146 1
2R M B A 2 IR A 2 0 3R 3 B s TR RN A S ok 2 4L
Al LA H, 5 H A SD AT Na,MoO. % Ff 21 43 Jim Wil
IR L, N TU J5 223 &4 0] 42
i, YIAE 80% LA _E. 24 SD.Na,MoO, 1 TU [ & &7
51 A 750250 F1 500 mg - L™ I, X 4N 47 (149 BELA% 1 11
Ak, SEHRIE R 94.5%, FUR BAT. Paitk, Tl 1k
FRIX (19 B L IS Y T 1) D- 4 2650 B R A 2

£R2 MEFES 3.5% (w) NaCIFN AR EKE LAY SD F0

Na;MoO. i SPS H K i S 45
Table 2 Corrosion parameters of reinforcing steel in SPS

with 3.5% (w) NaCl and different ratios of SD and

Na,MoO,
cso/(mg+-L™")  camoo/(mgeL™)  Ear Vi (QA-cm™)  ZI%
0 0 -0.467 1.663 -
0 1000 -0.477 0.881 47.0
250 750 -0.501 0.648 61.0
500 500 -0.506 0.591 64.5
750 250 -0.524 0.367 77.9
1000 0 -0.527 0.778 53.2

&3 WMAES 3.5% (w) NaCIFAA[E R E SD.Na,MoO,Fn
TU B SPS HBIfF IS4
Table 3 Corrosion parameters of reinforcing steel in SPS
with 3.5% (w) NaCl and different concentrations of SD,

Na,MoO, and TU
s “NayMo > R eore
e L (gL g0 dem) oV Gaeem 2%
0 0 0 8.87 -0.467 1.663 -
750 250 250 23.59 -0.535 0.313 81.2
750 250 500 70.01 —-0.490 0.091 94.5
750 250 750 28.03 —-0.498 0.207 87.6

TU: thiourea; R,: the polarization resistance

SRR, I FHAE LAR JE— 25 DU BURT VA OO0 40 515 1
BEAEAE I .

i1 EIS T i B Ll E = A
2 T 75 o 60 5 1) BEL BB A . 11 1 TS A 5 3.5%
(w) NaCl (RIASEL b 43 730 -5 AN 0 5265 22 1k 70 £
HL AL 2 B BT % Nyquist 18] (FG Hp i AR 2 S 56 Hodl, o
LRARER A i £8). JW I EIS B AT, 45 21 Hxt

50
40t
€ 30l
S A
g
< 20t
N
10F
o C 1 1 1 1 1
0 10 20 30 40 50
Z'1 (kQ-cm?)
1 WEFEMSTMEESEMTIAE 3.5% NaCl (w)iY
SPS F Y HL 1L F PRI IE

Fig.1 Electrochemical impedance spectra for reinforcing
steel in SPS with 3.5% (w) NaCl, and with or without
corrosion inhibitors
» Without inhibitor, a with compound inhibitor;

750 mg-L™' SD, 250 mg-L™' Na,MoO; and 500 mg-L™' TU

R, |

= —

2 WEHEMSTMEESEHBFIEIE 3.5% (w) NaCIH)
SPS H B E A R B
Fig.2 Equivalent circuit of reinforcing steel in SPS with
3.5% (w) NaCl, and with or without corrosion inhibitors
R.: solution resistance; R.: interfacial charge transfer resistance;
CPE: constant phase element
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4 Pl 2 T s 5 25 L i e rp RISV LR, R
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AH A JCAT CPE B BT AT %R Ay
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em™ s, FHORE AN 17 R THORRE A2 . & A7 S e
PAEFN T4, Hrp s AR o Yol n RAE.

AR A A, B BB AN FL A ) 5 3 3
BEL 470 3 5 A AR A0 BEL 7 52 3508 52 IO W S Pk W 4 IR %2 el
1 AT LA, ARG b i, A0 A5 0 X R Bk
PO, KA DX W] S Wi 4, 6T G I AN A T e Ak
T Rinlof G, AR A AT E . EAESEIAN
FL et A e 341 P AR B e 135 AR A i 2 T AT A I )
AR A PUIR. B 1R, N G2 kR IR, K 1 BE
PUis HE — NP, AL S I — AN B[R] 2, 1
TEA S J AN IRV A B R AR W i) i SR
4 (12538 L T ARG B 0] DU, AH B TG 22 1k )
(R L, 245 22 i AR TR T A0 79 1 R A B0 2 %
BRI A7 PR ok DR OB R, G R R
X5 2 MR A IR 25 R — 3 kA, IR &
EGR S, Yore /N, n AELBE 3G R, 1 I BN 30 3 1T v e
JS A i LTI AR A B RSP

7527 3.5% (w) NaCl A LI % i A [ 22 ok
T i 0 355 110 2l H A7 B B AR A 2 a1 3 i . mp LA
R G R I AN A AL TS AR A AR
Hin AN 1000 mg - L™ 8 — 22 1l 5] SD, 2 in A 750
mg- L™ SD 1250 mg+ L' Na,MoO, ¥ Ff 8% i 7] J5
YA 57 14D B R AR A P T S R B, B R AR A n K, 6
B 22 b 75 0 A0 A5 R B 1 . AL L SR B 5
N, AN AR ik A R I B AT A s A AR A,
S BRI P A 750 mg- L™ SD, 250 mg - L™
Na,MoO, 1500 mg-L™' TU [ — 415 & & L&l 5,

Vol.28
150 —
il
i
120+ it
_ e
S 90} §
\3 60 b
iy a
30+
ol —/
—Ol.5 —0|.4 —OI.3 —0|.2 -0.1
E/V (vs SCE)
3 SRARTER 3.5% (w) NaClFN AR [E 7 49 SPS Y 3N
A3 PHAR AR 14 Bh 2%

Fig.3 Potentiodynamic anodic polarization curves of steel
in SPS with 3.5% (w) NaCl with different inhibitors
(a) without inhibitor; (b) with 1000 mg-L™~" SD inhibitor; (c) with
compound inhibitor (750 mg-L™"' SD and 250 mg-L"' Na,MoQ.);
(d) with compound inhibitor (750 mg-L"' SD, 250 mg-L"'
Na;MoO; and 500 mg-L™' TU)

B33 0 BH B AR A T e A A~ AR I B IX, 4R PR
LA 0.1 pA - B 2, AW AT AR S ik AL T Ak T
BUALARZS, TR T2 2] 7 4], R =410 B & 2l
FR T A 2 EL L A5 ) S e,

SGBURIN IRV iOE TPI72 T Bl ATl =REy
2 o 700 Xk AN AT 0 BELR A . 20 900 A5 5 AT 3.5% (w)
NaCl {155 A1 =21 73 52 5 G2 vl ) R RO
W AN T OO RS B 4 Bl zs. T RLF H, RN
0 PR I, D A T A A A R B, S 0 22 Tt )
Joi, AR AR Tk~ 3, e R AR JE b, WD RS 4%
TR 2T A £ S Ak
3.4 ZHHHD-AEHERING SE T NATRY

ZimtE

M 1 20 5 e T A [R] SR 1) 2 ol 2 1R
U BCAE 2 7 A U [R) RN, A AR I = &2
O, Na:MoO, J& T A L2 1, fE & ek
T S 7 PSR A I A S SR RBEA5% PR B A JBE A BB R
1117 -1 25 R A RV R e W R 28 22 ot 51, 4
WA T A ZE BB, T AR AP R RIS B BE, DRI, B2
2 b 7R R AT RS £ B A 5 TR B AR e, BELLE

F4 MEAHEMSTMESEMFIAIE 3.5% NaCl 8 SPS F RIS B T4 IlEE
Table 4 Values of the elements in the equivalent circuit for reinforcing steel in SPS with 3.5% NaCl, and with or
without corrosion inhibitors

cso/(mg-L7™") Crapioo,/(mg-L™) cro/(mg-L™) RJ(Q-cm’) R/(kQ-cm?) 10°Yo/(Q ' -cm™-5") n
0 0 0 7.11 9.03 13.163 0.7987
750 250 500 6.34 80.00 11.030 0.8020

Yo is a parameter with dimensions, which is directly proportional to the double layer capacitance of pure capacitive electrodes;

n represents the deviated degree of the capacitance of the solid electrode double-layer from the ideal condition.
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(@) without.inhibitor
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Fig.4 SEM images of reinforcing steel in SPS with 3.5% (w) NaCl, and with or without corrosion inhibitors
750 mg-L™' SD, 250 mg-L™' Na,MoO, and 500 mg-L™' TU

BT R JEE . B AR, LA B H HSAB J B m) 1 — 25 0
B X P A2 G R (R S LB, SR AR A R £
B2 R 20 43 1) B AR

15 Ik =20 53 53 5 22 i 7] vh, Na,MoO. 714 i
F A AE BN B S SR A0 ) A B R /R . A
et B TP RSV 4k L L B, B 2 T T 1 P A
JIb% 3 2 HH FesO4-p-Fe,O: 41 . ¥ In A\ MoO:~ 1]
DU FesO, 7 1) Fe* 484k h Fe**, 3t A& A Bl 10 s o
[Fy-Fe, O, ¥ s 48 0, A BE Ak B sEAs . thah, AR5 4K
TR O 18, Fe*'J&d T A IR, Fe'' J& Tl IR, 1K I
SEDE S B R S5 U], N N MoO3 I s 1 4 5 i 1 i (1)
TR 1, S A R T 6k 28 % Tl ) WA o G b, XA
A TAR IR IABLZE BG4 7 it T R K.

SD ' & 4 R R (— COO) Ml K = 1 2 3
(—OH), TU H & 3 3 3 (— SH) FIMA I (— NH.) 5 [4].
RCOO™ . ROH F1 RNH, J& T- i, 78 vk A A= 1, 4M
7775 2% 1T E Bl Ak I (LA y-Fe,05 2 3, B A) A0 dt £L 4
B EE R 5 AN A (Fe, BH AR A 355 20 41 B> p-Fe,0s 1)
Fe''J& T2, Fe J& T-#M%. AR omAscR kiR, s
BRI Js ), SD Hh IR FR AR R, TU I i 5 2y e
BRLEE R BB (BRI L, 110 TU H K356 2 W B £
VE N BHAR ) Fe L. DRI AE AN 757 7 A= 55 B (1) 9 39,
% = A 53 56 2 A7) e 4% (7] PR B I AR RN BH AR
b, AR T R A OR A B DABEL Lk b i R

R4 R 8, G 3 Na.MoO, 55 4M 771y S v A=
JSC PR B AR T AN A8 BUAF, A7 A — L84 fL, W) SD AT TU
() Bk 2 ok 2 [ W] AR B B AR ik Ak AL, TR — )22
= YE W 2% S5 R I TE N LS A B, BE L S0 1 )
B L AR VB 32, M A 2303 S A3 AU ) R AR RN R
Ji&. X A& Na,MoOu A 4 5 & G2 bl 1) 11 41 43, Howk

JE LG BT IR AS 22, (R R 75 22 (VL A,

4 & it

D=1 4 B R EN SR B RO BT IR — 219> 5 & 22 ok
TR 3.5% (w) NaCl (¥ A5 401 Vi 4% -+ FL B v 4K s
HA R 028 oty [R1 2808, ] A7 255 BEL 1 £ 455 1) )65
T FEARSEIG AT, W WD X =l g3 R R
23512k 750,250 F1 500 mg - LI, 54N 7555 0 BH 4% 2%k
AR, SR AIE B 94.5%. I FH BRI B B
52 TRC A 7777 2 o 7R 2 —— Tl 5 32 % ol ) R A R % L
AT SR 5 vk A G2 ) T K Na,MoO, 1] 7
A 77 2 T A2 S B A B A 52 B A REE, 1T D 26 K PR
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