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Abstract

The inhibition effects of oxalate, tungstate, molybdate and phosphate on corrosion of 99.99 %, 99.999
% zinc and 99.95 % molybdenum metals were investigated in NaCl solutions by potential-time, AC-
impedance spectra and current-potential curves. The corrosion rates of metals are highly dependent on
the purity of its. The inhibition effect of these anions on 99.999 % purity zinc is less than the effect on
99.99 % purity zinc. This implies that alloying elements are effective on inhibiting efficiencies of these
anions. Inhibition effect of these anions decreases also with increasing NaCl concentration. None of the
studied anions behaved as inhibitors on 99.999 % purity zinc in 1 M NaCl solution. The corrosion
mechanism on the zinc metals is charge-transfer, but reaction on the molybdenium is diffusion controlled
in the studied solutions.
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1. Introduction

Zinc is most commonly used as an alloying element and for cathodic protection [1-3]. Its standard
electrode potential is -0.76 V (vs. SHE), for this reason, it is susceptible to the corrosion. Due to its high
reactivity, zinc metal and its alloys must be protected against corrosion [4]. The corrosiveness of the
media can be decreased by adding various inhibitors [5-8]. It is important that the inhibitors to be used
must not be toxic as chromate and nitrate [9]. In recent studies, the inhibition effect of inorganic onions
such as C;042, M00O42, WO42 and HPO42 have been investigated on the corrosion of zinc, zinc alloys
and some other metals [10-15, 19].

Oxalate ions were found to be an effective inhibitor in our previous studies on magnesium, zinc, copper
and brass especially in NaCl solutions [16-19]. This effect decreases with increasing concentration of
C,042 and the most effective concentration was observed to be 102 M [17]. In this study, the effects of
Mo00O42, WO4?2, HPO42 and C,0472 on the corrosion 99.99 % and 99.999 % pure zinc metals in neutral
solutions were investigated by using electrochemical methods. Inhibition effect of C,042 was decreased
with increasing C,04 concentration. ZnC,04 formed on the metal surface reacts with C,042 . At the
high C>04 concentration dissolves it, just as the dissolution of Zn(OH), on the metal surface at high
concentrations of OH".For this reason, inhibition effect of C,042 on zinc was decreased at the high C,04°
2 concentration[19,20]. The effect of minor impurities in zinc metals was also observed on the inhibition
effects of the anions used for corrosion protection of zinc. Furthermore, CI- ion concentration in the
studied medium was effective on the metal corrosion and inhibition effect of studied anions as inhibitor.
At the higher CI" concentration was not observed any inhibition effect of these inorganic anions on the
corrosion of 99.999 % purity zinc.
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2. Experimental

A cylinder pure zinc rod (Aldrich, 99.999 %, 2 mm diameter and 99.99 % purity, 5 mm diameter) and
molybdenum (Aldrich, 99.95 % purity, 5 mm diameter) were fixed in the teflon tube with adhesive. The
working electrode was polished with 1200 grid emery papers and washed with double distilled water
before each experiment. The potential-time (20 minutes), current-potential (1mV/s) and AC-impedance
curves were obtained by an electrochemical system of a CH-Instruments 660B Potentiostat, an
electrochemical work station of computer programme, a BAS disc electrode, and a Poly Science model
9106 thermostat. Saturated Ag/AgCl electrode and a platinum wire were used as reference and counter
electrodes, respectively. The impedance measurements were performed at the open circuit potential of
working electrode with voltage perturbation amplitude of 5 mV in a frequency range between 10%-0.1
Hz. Corrosion rates, polarization resistances and other corrosion characteristics of pure zinc and
molybdenum metals were obtained in 0.5 M and 1 M NaCl solutions containing Na;C,04, Na;WOs,
Na;MoO, and Na,HPO,4. All chemicals used are Merck grade. Corrosive media were prepared with
double distilled water. All measurements were carried out in aerated solution at 25°C. The working
electrodes were immersed 20 seconds in 0.15 M HCI solution and then washed with double distilled
water for obtaining better electrode surface before immersing in the corrosive solutions [22, 23].

3. Results and discussion
The potential-time and AC-impedance diagrams of 99.999 % and 99.99 % pure zinc metals obtained in
0.5 M NaCl solutions containing oxalate, molybdate, tungstate and phosphate are shown in Figures 1-2.
The corrosion characteristics of metals calculated using these and potential-current curves are given in
Tables 1-2. The potential-time and AC-impedance diagrams of 99.999 % and 99.99 % zinc metal
obtained in 1 M NaCl solutions are given in Figure 3-5 and the corrosion characteristics are given in
Table 3-4. The previous studies were showed that 10 M concentration of the inorganic compounds was
sufficient for high inhibition rates. For this reason, 10 M inhibitor concentration was used in this study
[17]. None of the studied anions behaved as inhibitors on 99.999 % purity zinc in 1 M NaCl solution.
As the purity of zinc metal increases, the inhibition decreases and is totally eliminated for oxalate as can
be seen in Tables 1 and 2. This shows that corrosion protection of zinc, zinc alloys and zinc coated metals
with oxalate does not originate from the zinc metal itself. Experiments in 1 M NaCl solutions containing
102 M and 10t M C,042 were performed in order to see the effect of increasing oxalate concentration
on the corrosion of 99.999 % zinc. If C,04? concentration is too low, solid ZnC,0, formed on the metal
surface and acts as a protective layer. As C>047 concentration increases, inhibition decreases. Inhibition
effect disappears for 99.99 % zinc in 0.5 M NaCl solution containing 10t M oxalate (Table 2) and for
99.999 % zinc in 1 M NaCl solution containing 102 M oxalate (Table 3). This strengthens idea that solid
ZnC,0, dissolves in the form of Zn(C,04), in the presence of excess C,04? ions according to the
reaction shown below.

ZnC,0 44 *+C;0%aq — ZN(C,0, )5
The corrosion rate of 99.999 % pure zinc accelerates with increasing NaCl concentration (Tables 1 and
3). Adsorption of CI- on the metal surface increased and this adsorbed layer CI- prevents adsorption of
C2042, M0oO42, WO4?2 and HPO42. For this reason, ZnC;04, ZnM00Q4, ZNWO, and ZnHPO4 are not
formed on the metals surface and protection against corrosion cannot be observed.
In general, potential-time curves show that corrosion rate increases when the open circuit potential of
metal shifts in the negative direction and corrosion decreased with the shift to the positive direction with
surface covering by corrosion products. According to the latest potential readings in Figure 1 (99.999 %
zinc), the open circuit potential of only C;04? containing medium is more negative than that of NaCl
medium and oxalate is not acted as inhibitor in this medium (Table 1).Corrosion potentials are more
positive than NaCl solution, if the solution containing molybdate, tungstate and phosphate.and under
these conditions, molybdate, tungstate and phosphate act as anodic inhibitors. Open circuit potentials of
99.99 % pure zinc in 0.5 M NaCl solutions containing oxalate, molybdate and tungstate shift positive
and they act as anodic inhibition The potential shifts in the negative direction in 0.5M NaCl solution
containing phosphate(Table 2).For this reason, phosphate acts as cathodic inhibitor. From AC-impedance
diagrams, it can be revealed that corrosion occurs by a charge transfer mechanism in all solutions other
than HPO42 containing solution. Nyquist diagrammes are semicircle. The impedance values increases
with the increasing inhibition efficiencies. These results are consistent with the corrosion rates
determined from current-potential curves (Table 1). The same situation is observed for 99.99 % zinc in
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0.5 M NaCl solution (Figures 2 and Table 2). These results show that corrosion under these conditions
occurs as a charge transfer controlled process.
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Figure 1. a) potential-time and b) impedance curves of 99.999 % purity zinc in 0.5 M NaCl + 10° M x
[x: 0 (m), C204% (0), WO4> (A), M0oO4? (®) and HPO4> (0)] and 0.5 M NaCl+ x M C,04% [x: 102
(X) , 10 (+)] solutions at 25°C
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Figure 2. a) potential-time and b) impedance curves of 99.99 % purity zinc in 0.5 M NaCl + 102 M x
[x: 0 (m), C204% (m), WO4> (A), MoO4> (e) and HPO4> (0)] and 0.5 M NaCl + x M C,04> [x: 10
(X), 107 (+)] solutions at 25°C
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Figure 3. a) potential-time and b) impedance curves of 99.999 % purity zinc in 1 M NaCl + 103 M x [x:
0 (m), C204% (m), WO4* (A), MoO4s* (®) and HPO4* (0)] solutions at 25°C
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Table 1. The corrosion characteristics of 99.999 % pure zinc obtained in 0.5 M NaCl solution

containing C,04%, WO4>, MoO4> and HPO,4? at 25°C

Solution Ecorr (V) -be ba Rp Cal icorr %
vs. Ag/AgCI (mV dec?) (mV dec?) (Qcm?) (F cm?) (pAcm?) | n
Blank -1.026 141 153 3926 2.1x107 6.0
+10° M C,04* -1.088 162 66 1880 3.7x107 10.2 -
+102 M C,04* -1.020 284 86 1669 2.7x10® 45 -
+10"t M C.04* -1.203 58.8 367 466 2.8x10® 7.7 -
+10° M WO.* -1.028 204 48 12495 2.2x108 1.1 82
+10° M MoO4* -1.053 260 62 9792 2.6x108 2.6 57
+10° M HPO4* -1.074 255 62 16341 4.3x107° 2.4 60
Table 2. The corrosion characteristics of 99.99 % purity zinc obtained in 0.5 M NaCl and C,04%,
WO4%, MoO,% and HPO4* containing 0.5 M NaCl solutions at 25°C.
Solution Ecor (V) -be ba Rp Cal icorr %
vs. Ag/AgCI (mV dec?) | (mV dech) | (Qcm?) | (Fem?) (uA cm?) n
Blank -1.06 334 70 736 8.95x10® 33.9
+10"1 M C,04% -1.233 173 175 913 4.27 x10°8 42.1 -
+102 M C204* -1.123 209 51 1231 1.53 x10* 145 57
+10% M C,04> -1.036 312 71 2082 | 5.01x107 15.0 56
+10° M WO.* -1.047 337 44 4003 1.89 x10° 4.4 87
+10% M MoO4* -1.021 200 43 3933 1.76 x10° 5.0 85
+10% M HPOs* -1.155 202 56 9904 4.93 x10° 34 90
Table 3. The corrosion characteristics of 99.999 % purity zinc obtained in 1 M NaCl solutions
containing C,04%", WO4?, M00O4> and HPO4? at 25°C
Solution Ecor (V) -be ba Rp Cal icorr %
vs. Ag/AgCI (mVdect) | (mV dec?) | (Qcm?) | (Fem?) | (nAcm?) n
Blank -1.023 2524 164.9 17063 1.3x108 3.68
+10° M C204% -1.045 190.1 142.2 19942 9.0x10"° 4.50 -
+102 M C204% -1.144 111.0 47.6 1494 1.5x10® 9.79 -
+101 M C204* -1.205 143.9 265.3 687 1.6x10® 61.1 -
+10° M WO+* -1.044 2448 45.0 1392 7.9x107 11.8 -
+10° M MoO4* -1.068 248.7 46.3 2153 4.0x107 7.76 -
+10° M HPOs* -1.129 133.0 66.5 2931 2.3x107 7.12 -
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The open-circuit potential of 99.999 % zinc metal measured in 1 M NaCl solution is more positive than
C2042, M00O42, WO42 and HPO42 containing conditions, and there is no inhibition observed in this case
(Figures 3a and 4a). The corrosion process is also charge transfer controlled in this condition (Figure 3b
and 4b). The polarization resistance (Rp) decreases by the addition of inorganic anions to the solution
(Table 3).The impedance diagrams obtained in 1 M NaCl solution appear in the form of two consecutive
semi-circles, implying the existence double layer. (Figures 3b).

The impedance diagrams obtained for %99.99 zinc in 1 M NaCl solution appear one semi-circle (Figure
5b). The layer at the high frequency region becomes thinner by addition of C;04? to the medium.
Corrosion characteristics obtained with %99.99 zinc in 1 M NaCl are given in Table 4. In recent studies,
it is stated that Zn(OH): dissolves in the form of Zn(OH)s" in high pH solutions where an excess of OH"
exists and CuCl dissolves in the form CuCl,” [19,20,23]. Two anodic current peaks was observed at the
current-potential curves .The first current peak potential related to the formation of zinc hydroxide is -
1.15 V and the second current peak indicate the conversion of Zn(OH), to Zn(OH)s" by the reaction at
the below is -1.00 V ( vs. Ag/AgCI).

Zn(OH), +30H — Zn(OHY);

Similar situation is observed for %99.999 purity zinc at the higher C,042 concentration (Figure 4c). A
second anodic current peak observed in current-potential curves can be shows dissolving ZnC,0;4 to the
Zn(C204)2? by the equation below (Figure 4c). First current peak was observed at -1.14 V and second
current peak was observed at -1.0V. Under these conditions, the corrosion rates determined are higher
and the inhibition efficiency is low (Table 3).

ZnC,0, (solid) +2e~ — ZnC,0;7

These anodic current peaks can be also show formation of Zn* and Zn*2 ions according to the reactions
below.

Zn+C,07 (ads.) — ZnC,0, (ads.)+e€
ZnC,0,(ads.) — ZnC,0O,(solid) +e
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Figure 4. a) potential-time and b) impedance and c) current-potential curves of 99.999 % purity zinc in
1 M NaCl + x M C204% [x: 102 M (x) and 101 M (+)] solutions at 25°C
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These results can be show that Zn* ion forms at the -1.14 V and Zn*? ion forms at the -1.0 V on the
%99.999 purity zinc in 1M NaCl + 10 M C,042 solution at 25° C. Impurity in zinc metal albeit a very
small amount affects the effectiveness of the inhibitor. The increasing in inhibition effect of C,0472 with
the increasing in impurities, indicate that the inhibition effect of oxalate on zinc metal also depends on
the alloying elements of the metal. The most abundant alloying element in the less pure metal is
molybdenum, and it is found that oxalate inhibits the corrosion of this metal in 0.5 M NaCl solution
(Tables 5). This shows that molybdenum has positive influence on the inhibition effect of C,04 2. The
conductivity of the layer formed on the molybdenum metal surface is very small and the corrosion occurs
by a diffusion controlled mechanism [24]. The magnitude of the observed impedance values confirmed
this (Table 5 and Figure 6). In order to observe the effect of pH on the inhibition effect of C,047 on the
corrosion of molybdenum, potential-time, current-potential and AC-impedance curves were obtained
also in 0.5M HCI and 0.49M NaCl + 0.01M NaCl solutions (Figures 7 and 8). The corrosion
characteristics determined from these curves are given in Tables 6. The inhibition effect of oxalate is
slightly increased in basic solution, while inhibition is not observed in acidic solution. This implies that
Mo2(C204)s3 is not formed, instead H>C,04 is formed in acidic medium as shown below.

C,0;7+2H" - H,C,0,

The formation of Mo(C,04)s both depends on the concentrations of Mo*® and C,042 where the reaction
may occur as given below.

Mo™ +C,0,> — MoC,0;
2Mo* +3C,0;2 — Mo, (C,0,),

If the concentrations both Mo*® ion and C,04 ion are low, the reaction leading to the formation of
MoC,04* will occur. Mo2(C,04)3 will be produced in the case of high concentrations of both reactants.
If there is no C,042 ions in the solution, MoO; (-0.070 V vs. SHE) or Mo*3 (-0.200 V vs. SHE) will form
on the metal surface [25]. The equilibrium potentials in Tables 5 and 6 indicate that MoO or Mo*3 may
be produced.
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Figure 5. a) potential-time and b) impedance curves of 99.99 % purity zinc in 1 M NaCl + 103 M x [x:
0 (m), C204% (0), WO4> (A), MoO4* (e) and HPOs* (0)] and 1 M NaCl + x M C204% [x: 102 (x) ,
10 (+)] solutions at 25°C

117 |Page
www.iiste.org


http://www.iiste.org/

International Journal of Scientific and Technological Research www.iiste.org
ISSN 2422-8702 (Online), DOI: 10.7176/JSTR/5-4-12 l's.i-'
Vol.5, No.4, 2019 IS'E

—H®— 0.5 M NacCl

-0,08 a) —O0—+10°MC,0,

2

—e—+10°MCoO,~
-0,10 5 -
—O0—+10"MC,0,

L P T
-......
L1 1)
-0,12 - ..lIII-IIIIIIIIIIII.....-.
L] |

6 -0,14 H
33 _
> ©0000000000000000000000000009000000000000
< 016 }0e0®®®
EE DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
w ot
018 45” 000000 00050
o) OO0000O0000 o
] 00~ 000000
@ooooOoOOOOOOOO
-0,20 -
-0,22 T T T T T T T T T T T
) 200 400 600 800 1000 1200
Time / sec.
b)
80000 - L
/ —m—0.5M NaCl /
-3 -2
| —0—+10"MC.O O
70000 o , 274 ,
= —e—+10°MCO,
60000 B .
—0—+10'MC,0,°
~ O | |
| o]
g 50000 / / ‘
= o m P /
S 40000 - \ _/ o ®
- O O/ /.
N | / O/ ad
' 30000 ] L 7 K
n /O ( ]
/ / O ./
g u o/O’ 'Y
20000 - 0 o °®
,./.'. L] : [ 29 ° (©) 0@
° o
o® 0 Yocssees®
10000 H ®~
0 T T T T T T T T T T T 1
0 10000 20000 30000 40000 50000 60000 70000 80000

Z/lohm.cm®

Figure 6. a) potential-time and b) impedance curves of 99.95 % purity molybdenum in 0.5 M NaCl + x
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118 | Page
www.iiste.org


http://www.iiste.org/

International Journal of Scientific and Technological Research

ISSN 2422-8702 (Online), DOI: 10.7176/JSTR/5-4-12
Vol.5, No.4, 2019

2

-Z"/ohm.cm

www.iiste.org
Ly

ns'E

—H®— 0.5 M HCI
0,06 —0—+10°McCcO,°
: ] a
—e—+10°MCO* )
0,047 —0—+10'MCO,°
OoooooOOOOooooooooooooooooooooooo
0000000000
0,02 4000
= "ug
< 0,00 conan
> pocce '””M--
< 4 DD Il Ay - 000 o
— . | ]
O~ LI [T
= -0,02 DDDD ......Illl.
Ll 0oy SNEEppgy
DDDDDDDD
DDDDDD
DDDDDDDDDDDDDDD
-0,04 I o o o )
_0106 T T T T T T
0 200 400 600 800 1000 1200
Time / sec.
50000 b)
| <
Ce
O L /
oo/
40000 //
| oe
O // ,‘é/
30000 | ul u /
e
| o)
a] A,/ ™
\ ¥ —E—0.5 M HCI
Q 8/ n -3 2
20000 | \ o ] —0—+10°McC O
O % . 274
| ’b | | 2 2
ool ] —e—+10"MC.O
A bl 274
ay |
o] u A -1 2
10000 ..BOOD ] O0—+10 MCO,

20000 30000 40000 50000

Z/ohm.cm’

Figure 7. a) potential-time and b) impedance curves of 99.95 % purity molybdenum in 0.5 M HCI + x
M C,0,% [x: 0 (m), 10° M (0), 102M (@) and 10*M (0)] solutions at 25°C

119 | Page
www.iiste.org


http://www.iiste.org/

International Journal of Scientific and Technological Research
ISSN 2422-8702 (Online), DOI: 10.7176/JSTR/5-4-12
Vol.5, No.4, 2019

www.iiste.org
Ly

ns'E

030 b)
—u—0.49 M NaCl
035 + 0.01 MNaCH
-3 2
S —0—+10°MC0,
o™
« —e—+10°MCO*
ey 2 4
[-"1] -1 2
- —o—+10"MCO
- 0,40 - 2 4
e}
e DDDDDD|:|[|DDDI:IDDDDDDDDDDDDDDDDDDDDDDDDDD
od
== DDDDDD
' EnENERNNEEEREgy ®
Hngmunas [ 00089
0,45 | .ouuonn’nﬂ“"’““‘““’"“'"ﬂillll-
' ®
050 T T T T T T
1] 200 400 600 800 1000 1200
Time / sec.
80000 b)
o)
70000 | /
o
60000 | —H®—0.49 M NaCl O/ /-
+0.01 NaOH / .
~ 3 -2 © //// .//
50000 | —0—+10 MCO / u
274 O // °
£ 2 2 O/ | e
S —e—+10° M C.O % Me u
IS 24 o T /
£ 40000 A 1 2 v e Ve
S —0—+10" M C.O o _mg O
= 2 4 o~ . - o
~
N 30000 4 o e o
O % 0
o g o
20000 | o° 4 0P
O [ ad DDD/D
1 QP’.D %MDDD@DD oo
10000 W
0 .

T T T T T T T T T
0 10000 20000 30000 40000

Z'/ohm.cm2

T
50000

T
60000

T
70000

1
80000

Figure 8. a) potential-time and b) impedance curves of 99.95 % purity molybdenum in 0.49 M NaCl +
0.01 M NaOH + x M C,04% [x: 0 (m), 103 M (o), 10°M (@) and 101 M (0)] solutions at 25°C.

From Tables 5 and 6, it is seen that the equilibrium potentials of neutral and basic solutions shift in the
negative direction upon addition of C,042. This is an indication for cathodic inhibition of oxalate on the
corrosion of molybdenum. Similar corrosion rates of molybdenum in neutral, acidic and basic solutions
indicate that the metal surface has the same composition at all pH. The structure of metal surface is

probably MoO:..
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Table 4. The corrosion characteristics of 99.99 % purity zinc obtained in 1 M NaCl solutions

containing C,04%, WO4%, M00O4> and HPO4? at 25°C

www.iiste.org

g

ns'E

Ecorr (V) -bk ba ikor Cal Rp %

Solution vs. Ag/AgCI (Mvdec?) | (mV dec?) | (uA/cm?) (Fcm?) (Q cm?) n

Blank -1.066 334 70 34 3.78%10° | 736

+10° M C,042 -1.068 205 52 15.2 332%10° | 1277 | 553
2 2

+10"M C:04 -1.080 271 46 16.4 1.07x10° | 1039 | °L7

+10TM C2042 1194 149 353 76 3.49%105 | 383 -
3 2

+10° M WO; -1.050 378 30 556 T a7x06 | 2183 | 835
-3 -2

+10° M MoOx 1.022 770 355 7.08 3lxi00 | 2118 79
-3 -2 _

+10~M HPO. 1.055 434 32 47 3.73x10% | 2975 86

Table 5. The corrosion characteristics of 99.95 % purity molybdenum obtained in 0.5 M NaCl + x M
C,04% solutions at 25°C.

-bc ba RPX 10+6 Cdl icorr
Ecorr (V)
X vs. Ag/AgCI (mV dec?) (mV dec?) (Q.cm?) (Flem?) | (WAlcm?) | %
Blank -0.281 164.7 276.7 3.78 6.72x10° 0.013
+10° M C204% -0.319 162.5 2825 2.90 2.00x10* 0.016 -
+102 M C204* -0.242 220.2 216.3 7.56 2.44x10°° 0.006 54
+10T M C204% -0.332 183.2 280.5 6.20 4.48x10° 0.008 38

Table 6. The corrosion characteristics of 99.95 % purity molybdenum obtained in 0.5 M HCI + x M

C,0,4% and 0.49 M NaCl + 0.01 M NaOH + xM C,04% solutions at 25°C.

+6 :
Ecor (V) -be ba Rpx10 Cal lcorr

X vs. Ag/AgCl | (mV dec!) | (mV dec?) | (Q.cm?) (Flcm?) (nA/cm?) | %mn
0.5 M HCI -0.118 176 328 5.15 6.72x10° 0.010
+10% M C,04* -0.150 190 267 4.25 1.97x10* 0.014 -
+102 M C,04* -0.140 193 250 411 1.34x10* 0.013 -
+10"1 M C,04* -0.110 196 262 4.46 1.12x10 0.011 -
0.49 M NaCl+
0.01 M NaOH -0.532 136 292 412 5.06x10 0.011 -
+10% M C,04* -0.567 191 270 10.0 2.65x10° 0.005 54
+102 M C204% -0.621 163 202 8.10 3.84x10% 0.008 27
+101 M C,04* -0.513 191 252 4.66 8.97x10° 0.014 -
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4. Conclusions
e  The inhibition effect of C,047 is dependent on both metal composition and C,04 concentration.

e Metal dissolves in the form of Zn(C,0,), in presence of excess C,042. Therefore, oxalate is
used in very few amounts or in mixed protection systems.

e Mo004? WO4? and HPO4?2 decrease the corrosion of zinc in neutral solutions. Inhibition rate
increases with increasing metal impurity increases.

e At the high C,04? concentration Zn* ion can be form.
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