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Wi, JFEEERA B AR 7KV RD K ZIF-8 BHAA 7
RIHAA ML -

1.1 #H@EE&E

1.1.1  ZIF-8 FHEFIIAR  ZIF-8 A I HI 4k
IR (25+1) TR0 120 g Zn(NOs),-6H,0
(Sigma-Aldrich, 73 #fr4fi)F1 2230 g 2- H¥ 5wk mg
(Sigma-Aldrich, Z3#r2i)¥# T 9.0 mL 1 80.0 mL %
EFKAER, DURERD 1 I AR I Sk A R B VA U
TN A 2-F BRI T SR AT R . [V 24 h
Jei s FIH R B O ALK FIRTEA WL 10 000 t/min
OB G, HEBTRKREGRE 3 K. i
1FIEME 65 CIM A TR T R0t B I 07 J5
R &A3 3 ZIF-8 [ .

112 AR sl A MNEY HPB23S
SO AN (RN LR G R A F], =8 mm),
HIOCERHARN: 0.16% (i =73, FF) C, 0.28% Si,

0.57% Mn, 0.03% P, 0.04% S, AN Fe. KA
A FERD AR 8 5575 (00 T 2R 4T IR e i 5(220~2 000 H ),
A5 FH TR O 0 S A 7 FEARGEA TS U, SRS RN
F3 T B 45 5 2 I FH A S T R AT 208, 430 P A
K FE R 9em, TAEMA K 22.62 cm?.

113 8 75 b 2% R 1 ) 4% i B K N
P.0.42.5 /KYe(HEIEK VeI LR IR A F]), L
PR 1 FR. BEEHIZKCON B RIK, KVERD I K
IR 0.5, IR FTE N 123, Wb 1F+
ZIF-8 FHEE I &5 B K el E Y 0.2% 0.4%
1 0.8% W10+ 52 5 1R J 8N AR o [ 52 89 757 1)
@50 mmx 100 mm [FFE LA E P15 2 55, s JE 1
WA E TAREFR AT IR 24 h JGIEL, FERNTR
PELREQ20£1) C, WBE=95%]7%4 28d J&, HI
A IR AN A D S A B R i T [ . FER IR 2
WS, KR AR R 3.5%( &5
H0) FAL BNV T [ 58 AH I BE (60+5)% , iR
(25+1)C], RIIFEEE 15d HHh—ik.

F1 P.0.42.5 HEERENCRBILER S

Table 1 Chemical composition of P.0.42.5 ordinary Portland cement W/%
SiO, ALOs CaO Fe,04 K,0 MgO SO; Na,O rest LOI
20.52 5.21 59.46 3.15 0.61 2.80 2.24 0.23 5.78 -1.20

W is mass fraction; Rest is the remaining part below the detection line; LOI is loss on ignition.

1.2 RIEF*

1.2.1  ZIF-8 FHBEHIZRIE KM Fourier ZLAMGIE
{X(FTIR, Nicolet IS50, America)*} 4% ZIF-8 BH
BN A BN B R AIEAT AL, ZLAM6 R I
S5 O KBr 725, 345 400~4000 cm '
SPHERON 1 em s A E - 22 R A B X
(TG-DSC, NETZSCH STA 449C, Germany)%i} ZIF-8
BELAS AR PEEAT RAE,  FA A A ) et P 5
N 25~800 C, FHEEFN 10 C/min; KA A
T 2 BE(FESEM, Zeiss Merlin, Germany)
KAE ZIF-8 FHBEFITESURHE, 4 b1 B e
PSR A — IR 1, I RN S kY, TR
KAEHCH 50 000 £ KA S BHTE(Micromeritics
ASAP 2460, America)4h & Brunauere-Emmette-Teller
(BET)H g% ZIF-8 BHEE I L R A7 RAE, BA
B B I PRt B2 A0 [ 7370 02 77 KR 100 kPa, B
JE P/Po i 5TE H A 0.06~0.30(FH P& S AR BT
WK1, Po & URLEMR PR BT LRI 25 <UE) -
122 WHbRK BN R s TR,
(Autolab PGSTAT 302 N, Switzerland)&5 & = HIA A
RN N LA, WAH R B AS R, A

EEAM I St H B ) AR AS [ 382 T8 6% H1 40 7 b 2% 1) FlL
PEE TR AT Ay o 0B AN 6 30 PR R A5 F I T B
HLAL(OCP) AR A s AL 2% BHLT 1S (BIS) B AT 22
JEEIN 100 kHz~10 MHz, #LshHEN 5 mV; 3)H
LA Ak 28 11 413 PR Y R DA R X 75 T i L
—0.2~1.0V, FAHERRAN 0.5mV/s, HALZMR IR
B E N(25+1) C,  AHXTEEE N(60+£5)%.

123 WEHEMmSHr KM FESEM ZiaReE
Byt A (EDS, Oxford INCA, Britain)#&/E/KJeibH
BRE N R IS A By . RIS,
XA RS SR AT B AR EE, 47 ) B A AR
HAETHATEIETE 24 h, £ BRI
HHE N 5 kV &M N RN R Y ZK SEM
M, SEM MR BITBCRFE 0N 250 £5F0 1000 £
KH X ST T REE{U(XPS, Axis Ultra, Japan)
I3 BT tib S AR B TR B R TR P IR R, D
TFHIBUR e & B EOE T 20 W DGHAT 2 i 7R AR
F 2x10°° Pa (LR FHHT LIS E, ANGHAEN
45°, WHLK/NN 200 um, FHAEH L5 EREN 284.6eV
f) C s W73 2 XPS KA BHT RS IE .

1.2.4 BN /R 2% ST FRAE KA AR BT 25U
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800 HPAUHHINER AR, PR A S0 ki
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Note: P is the equilibrium pressure for gas adsorption; Py is the saturated vapor pressure of the gas at the adsorption temperature; V is stretching vibration peak;

Jis bending vibration peak.
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2.1 ZIF-8 FAEFIRAEMR . F5R R FLEH

A ZIF-8 BB FTIR 45 R WP 1a Fios,
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ARWR KLU 53 )6} N T ZIF-8 43 ¥ 45 K s —=C—H A X}
gz, c—H. N—H. C=N. C—N {4
PRENFI C=N 25 fi#Ez1"%, 1350~1500 cm ™ ¥ FE P9 1)
MR B 1 5 KRR A e i sh A <), T 421 em ™! b
(IR AT U %o IS Zn—N AR i, X thilEsiz 7
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RSN 2 ANHERIXE: 100~450 C KK EXTR
ZIF-8 PHAS I A B 2- FR IR e 431 1) it B o A2,
450~800 ‘C 12 I 5 ZIF-8 BHAF 7770125 16 1 P figt
R YIARE), TGA 5540 ZIF-8 [HAEHIHA
BRI E . Ak, AR ZIF-8 PRSI A A s
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100 J?\ 7% 0.1
ZIF-8 1oo
90
c\o % & 70 1
g Derivative’of ZIF-8 N
o= >
g 80k 32.1% —02E
& Zz
2 1-03 8
< 70k a
=
-0.4
60+
1-0.5
50 . . . . . . . 0.6
100 200 300 400 500 600 700 800
Temperature/C
(b) TGA curve
900} < Adsorption 4
o Desorption
= 800} o
%0
& 700}
Q
< 600t
3 S
< 500t o
2 09
® 400F @oooooooooooooooooow@@
£ 300
=1
S 200
o
100
000 01 02 03 04 05 06 0.7 08 09 1.0
Relative pressure (P/P,)
(d) BET curve

K1 SR B R RR NS (ZIF-8) B AU 2L . T3 e AL A5

Fig. 1 Composition, morphology and pore structure of zeolite-like zinc-imidazolate (ZIF-8) corrosion inhibitors
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2.2 ZIF-8 FREEFIFHEMARRL IR L 21T A IR0

22,1 JFEHA B2 AWB ZIF-8 B RD
AR OCP AR K. 1E 3.5%(F =0 F) Ak
BRI 119 d N, BT IR N OCP
BJIET-0.270 V(i HLALAE /2 AN i 2 15 4k T4k
RS AR, BEBTEI 119 d PIARA &1 5
BT VR PBE G AIR B | LA 5 75 ek e T S IR
WATIAL T HAIRES « RIS INBRES 71 (1 2 Le b 2 A 1
TN OCP 1E 120 d J5 KA 3% iR (M-239 mV
2380 mV), it B LI AR E 48 R AR T AR i
Wo SRR, WNiB ZIF-8 7%
K TRV AR RN OCP fufgi e, JE HAbY
WA OCP RS [l ZIF-8 FH4% 5145 &1
WoRmE—SEK. Fla, NE 0.2%. 0.4%F
0.8%( it & 7 ) ZIF-8 L% 71 1t 15 S 4 2 o 4
OCP I [a] 43514 130, 165d Al 172d. LA &%
SV ZIF-8 B AW IR 1 0 J A A (0 40 755
BTN R ISETA], 4B 0.2%~0.8% (1) ZIF-8 FHAS
TR AT DASE AN 557 45 TR IR 5 N T] 8.3%~43.3% 0 1L
bb, 15 3.5%FAPNA R IR 180d )5, N5 ZIF-8
BHAS I e b S 95 OCP R E7E-780 mV /2
o, BTSN HD KA (580 mV £ 4), X
& T4 iU B R AR 5 A 3 T s ol X R R
PERRSE 5 K ZIF-8 L5 A2 o A 0 it BRI 1)
Zn® 4 SR FLEER K OH [ B AL B Zn(OH),
DURBRAERE Tl s L BRI X, T 93 A0 e 82 F 41 ) 2 5 30
X OCP B 6155 .
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Fig. 2 OCP of the steel reinforcement embedded in mortar
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with different amount (mass fraction) of ZIF-8 corrosion
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BELAF5 751 1) 2 LU D S A w6 5505 %) BELATE SR~ 428 HH R B
SRV, TFESHIRIE 120 d IS LRI AN T Ok
AR . BRI A RS, S Labd
AR BB AR WA, BB E IR I
WEHARIRES, 2 LD a4 o B A5 P 5 Tl R 2 A B
. 8 3.5%FAMIER IR 120d N, W
ZIF-8 BEEE 7 1AM i i 25 A BE PR 42 oK H L
SRS, Tt BH I B 2% AN AT A TR
MR 180d J&, W5 0.2%~0.8% ZIF-8 BHAS 7 14X
D AR A BRI AR 35 I B B FRAIG, T BRI
180 d J& _FiR b 3z il ik AN i L8 R AR U N - FH
TR T A AWOINGR, =i 210 d J5, ATAN
R 2R (0 BE TR 30N BB KF, ZIF-8 B
I BREE 1 FH A P A

RHBEA 2 AN 1A ER S5 R [R, (Re, CPEy)
(Ret» CPEq)X AL 2EBH BT Bt AT LA, Rys
Res Ro 2B NHP SRR BE . X S5 Rb 2% ST =)
i EURH L A R T P RS LR, kQ-cm®; CPEg.
CPEq 73 3R~ i 5 b 2% ST =W s J2 i AR A A o
P BRI AR R A A Ao, pQ ! em s"(4R
Hon RN A S AR A TIRERE, n BN
T HEMREHREE) . DE 3.5%FAANE R IR
120 d, ZHANRS IR ], 3 BIS WA (R
ROFLA kst R anE 4 For. WA 4 7T DA HE
M2 S MAEAE S A — 2, U EIR SRS &
AR TAE B AL A BEP TG A o

ANTEAN i b SR AT ) Ry (B S &5 R 5a fr
TRe BEERIR IR, F—HARFM Ry EA
W/, R 120 d A1 210 d IS HLb R 1 Ry
55N 5.66. 4.04kQ-cm®, TS T 145412
NBRAR TSR IR BH . R4, 7EAH FINR IS IR,
W15 ZIF-8 BHEE IS 2RI (1) Ry (IR 2K TS Lhib
Ak, AR IR0 R, EFEH ZIF-8 FHABFIK
BRRmMEA, WS ZIF-8 B Ea
W AR s sz, flin, =i 120 d i, S
WAE, B 0.2%F1 0.8% ZIF-8 BHAR IS SR A4 1
Ry 143 514 5.66+ 6.82 kQ-cm® Fl 7.22 kQ-cm®. H
T ZIF-8 I FH4ki42 /T 100 nm(& 1), Kb iZEHES
FIEA G REAIARFLIR B R AERH, FIRMER &%
IS IR FERFLIRR, JELE A T D SR R o 30 A%
HrER, R R AR A
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Note: Z' is real parts; Z" is imaginary parts.

3 3.5%EAENH S R B ZIF-8 ML AR iR 3 fi Ak 2 B
Fig. 3 Electrochemical impedance spectroscopy of the reinforced mortar with different amount of ZIF-8 corrosion inhibitor in 3.5%
NaCl solution
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R~ Ris CPEf Ry~ CPEg; is the bulk mortar resistance, resistance and capacitance of the formed product layer, charge transfer resistance and electric double-layer

capacitance; Z is the impedance value of the reinforced mortar specimens; f is the frequency of AC signals.

4 35%FAANHIRIE 120 d N2 HURDJ 0 HL AL A BT At SR S 5 T 26

Fig. 4 Experimental and fitted plots of the reference reinforced mortar after immersed in 3.5% NaCl solution for 120 d
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Fig. 5 Fitting parameters of impedance spectroscopy of the reinforced mortar with different amount of ZIF-8 corrosion inhibitors in

3.5% NacCl solution
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(c) Polarization curves at 180 d

i is corrosion current of the steel reinforcement.
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Fig. 6 Potentio-dynamic polarization curves of the reinforced mortar with different amount of ZIF-8 corrosion inhibitors in 3.5%

NacCl solution
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Table 2 Calculated inhibition efficiency of ZIF-8 corrosion
inhibitors based on i, of the reinforced mortar
in 3.5% NaCl solution

Immersion Inhibition efficiency of ZIF-8 corrosion inhibitors
time 0.2% 0.4% 0.8%
120d 58.6 79.3 62.0
180d 16.2 51.3 62.1
210d 31.7 45.1 48.7
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Fig. 8 SEM images and EDS results on the surface of the steel
reinforcement in blank reinforced mortar after 210 d
immersion in 3.5% NaCl solution
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(a) 0.2 % ZIF-8 corrosion inhibitors

(b) 0.4 % ZIF-8 corrosion inhibitors

(c) 0.8 % ZIF-8 corrosion inhibitors
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Fig. 9 SEM images and EDS results on the surface of the steel reinforcement in reinforced mortar with ZIF-8 corrosion inhibitor

after 210 d immersion in 3.5% NaCl solution

£3 35%KWMPIRE 210d FRABRR G NG RE
BIREIRLE R

Table 3 EDS analysis results of the reinforcement surface

in reinforced mortar after 210 d immersion in

3.5% NaCl solution w/%
Elements Blank 0.2 % ZIF-8 0.4 % ZIF-8 0.8 % ZIF-8
C 7.74 13.05 9.23 8.57
(0] 30.93 20.8 28.69 19.8
Si 1.38 3.18 1.54 0.52
Cl 2.86 1.22 0.70 0.49
Ca 4.79 7.53 5.73 2.52
Fe 52.31 54.23 54.11 67.93
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Fig. 10 XPS (full spectrum) energy spectra on the surface of

the steel reinforcement in reinforced mortar with
ZIF-8 corrosion inhibitor after 210 d immersion in
3.5% NaCl solution
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interface in reinforced mortar with ZIF-8 corrosion

inhibitor after 210 d immersion in 3.5% NaCl solution
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Extended Abstract

Introduction Chloride induced corrosion damage of the embedded reinforcement is one of primary reasons for the deterioration of
concrete structures in civil engineering. Admixing organic corrosion inhibitors are considered as an effective way to halt the corrosion
damage of the embedded reinforcement for its convenient use and high cost-efficiency. However, the corrosion inhibition efficiency
of conventional corrosion inhibitors exists due to the limited amount of adsorption functional groups in molecular structures. It is thus
essential to develop novel corrosion inhibitors with a great adsorption capacity to satisfy the efficient corrosion protection of
reinforcement concrete in harsh marine conditions. As typical crystalline hybrid materials, metal-organic frameworks (MOFs) are
self-assembled via coordination between metal nodes and organic ligands. Zeolitic imidazolate frameworks (ZIF-8, a representative
MOF material) exhibit many heteroatoms and m-electron system, thus enabling its interaction and high corrosion inhibition potential
for reinforced concrete. In this study, ZIF-8 corrosion inhibitors were synthesized and its inhibition effect for reinforced mortar was
investigated. In addition, the characteristics of the reinforcement/mortar interface were also evaluated by image analysis based on

scanning electron microspcopy (SEM) images and chloride titration.

Methods In the experiments, 0.60 g Zn(NO;),:6H,0 was dissolved in 4.5 mL deionized water. 11.50 g 2-methylimidazole was
dissolved in 40.0 mL deionized water. The zinc nitrate solution above was then added into 2-Melm solution in dropwise under stirring.
After stirring for 24 h, white ZIF-8 corrosion inhibitors were collected via centrifugation at 10 000 r/min and then cleaned with
deionized water for three times. The water to cement (w/c) ratio was 0.5 and the sand to cement (s/c) ratio was 3. The dosage of ZIF-8
corrosion inhibitors was 0% (blank), 0.2%, 0.4% and 0.8% per dry cement weight in mortar specimen, respectively. The
reinforcement electrode was centrally embedded in cylindrical mortar specimen (@50x100 mm). The reinforced mortar specimens
were then half-immersed in 3.5% (mass fraction) NaCl solution (i.e., 25+1 ‘C and 60+5% relative humidity). The chemical
composition, thermal stability, morphology, and specific surface area of ZIF-8 corrosion inhibitors were determined by Fourier
transform infrared spectroscopy, thermal gravimetric analysis (TG), field emission scanning electron microscopy (FE-SEM) and N,
physisorption, respectively. Electrochemical workstation was used to evaluate the electrochemical behavior of the reinforced mortar
during 210 d immersion with three electrode systems. The morphologies and chemical elements of the reinforcement were
characterized by FE-SEM combined with energy dispersive spectroscopy (EDS). The compositions of product film on the
reinforcement surface were evaluated by X-ray photoelectron spectroscopy. The total porosity at the reinforcement/mortar interface
was obtained by image analysis based on the FE-SEM images acquired in backscattered electrons (BSE) mode. Chloride content in
mortar matrix within 2 mm from the embedded reinforcement surface was measured by a potentiometric titrator.

Results and discussion ZIF-8 is prepared by a facile and eco-friendly solvent method. The negative OCP shift of the embedded
reinforcement is dramatically prolonged by the admixed ZIF-8 corrosion inhibitors. The more pronounced beneficial effect is relevant
to a higher dosage of ZIF-8 corrosion inhibitors. Corrosion initiation time for the embedded reinforcement in mortar specimens is
delayed by 8.3%43.3% at 0.2%-0.8% (mass fraction) ZIF-8 corrosion inhibitors. The corrosion damage of the reinforcement
embedded in mortar specimens with ZIF-8 corrosion inhibitors merely occurs after 180 d immersion. ZIF-8 corrosion inhibitors can
fill in the pore space in cement matrix due to small particle size (i.e., 75 nm), and the bulk mortar resistance of the reinforced mortar
are continuously reduced with immersion age. Compared to the blank specimen, a higher resistance of the formed product layer and a
lower capacitance of the formed product layer are relevant to the specimens with ZIF-8 corrosion inhibitors at the same immersion
stage. Meanwhile, a higher charge transfer resistance and a lower electric double-layer capacitance are also related to the specimens
with ZIF-8 corrosion inhibitors at the same immersion stage. Besides, a lower anodic current density appears for the embedded
reinforcement in a mortar with ZIF-8 corrosion inhibitors, and this beneficial effect is more pronounced for a higher dosage of ZIF-8
corrosion inhibitors. The inhibition efficiency is 62.1% in a reinforced mortar in the presence of 0.8% (mass fraction) ZIF-8 corrosion
inhibitors after 180 d immersion. The reduced dimensions and increased packing density of the corrosion products occur for the
specimen with a higher dosage of ZIF-8 corrosion inhibitors. The chemisorption of ZIF-8 corrosion inhibitors is confirmed by the
formation of coordination bond between nitrogen atoms in ZIF-8 corrosion inhibitors and iron atoms on the reinforcement surface.
Furthermore, the enhanced peak intensity of Fe,O; and FeOOH, together with the reduced peak intensity of FeO appear for the
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specimen with 0.8% ZIF-8 corrosion inhibitors. The porosity of cement matrix at the reinforcement/mortar interface is reduced by
9.8 % and the chloride content in the vicinity of the embedded reinforcement is efficiently reduced by 28.6% with the admixed ZIF-8

corrosion inhibitors in mortar specimen.

Conclusions The corrosion initiation time of the embedded reinforcement in mortar was efficiently prolonged by 8.3%-43.3% in
the presence of 0.2%—-0.8% ZIF-8 corrosion inhibitor. ZIF-8 corrosion inhibitors could reduce the corrosion current density and
increase the charge transfer resistance and polarization resistance of the embedded reinforcement after corrosion initiation. The
inhibition efficiency of 0.8% ZIF-8 corrosion inhibitors was maintained at 62.1% after 180 d immersion in 3.5% NaCl solutions.
ZIF-8 corrosion inhibitors exhibited an effective adsorption on the reinforcement surface, thus reducing chloride content on the
reinforcement surface. Also, more highly protective products (FeOOH and Fe,0s) could form on the reinforcement surface. ZIF-8
corrosion inhibitors refined the pore structure at the reinforcement/mortar interface and reduced chloride content at the vicinity of the
reinforcement. For specimen with 0.8% ZIF-8 corrosion inhibitors, the porosity of cement matrix at the reinforcement/mortar
interface was reduced by 9.8%, and the chloride content of cement matrix in the vicinity of reinforcement was declined by 28.6%.

Keywords reinforcement corrosion; zeolitic imidazolate framework corrosion inhibitors; electrochemical behavior; reinforcement-

mortar interface



