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Abstract
The second Egyptian research reactor (ETRR-2) is a Jighl water type

of 22 MW termal power. Proper cooling water treatment is necessary to set
the wate cemical caracteristics within a specified window to avoid or
minimize corrosion problems, scale formation, fouling, and rnicrobiological
contamination. Selection of a proper and econornic corrosion inhibitor is of
great importance. This selection depends, among other factors, on te
availability as well as cost. The corrosion behaviour of water of ETRR-2 site
and its inhibition by different inhibitors was studied in a special test rig
designt.j ';,r this purpose, Sodium salts of polyphosphate, phosphate,
molybdate, and tungstate were used to treat and qualify the cooling water.
Results showed that the corrosion resistance of the test material depends on
both type and concentration of the applied inhibitor. Using 30-ppm
tungstate, molybdate, and phosphate (as anodic inhibitors) reduced the
corrosion rate, and inhibitor efficiencies of about 97%, 86%, and 68% were
achieved respectively. Accordingly, sodium tungstate could be ranked as the
best anodic inhibitor used followed by molybdate. Sodium phosphate could
be ranked as the least efficient one. Adding the same concentration of
sodium polyphosphate (as a cathodic inhibitor) yields almost the same
inhibition efficiency as tungstate type. However, at higher concentration 40
ppm), an inhibition efficiency of 100% was obtained, which corresponds to
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almost zero- corrosion rate. Part of the corrosion experiments was devoted to
study the effect of aggressive ions (i.e. chlorides and sulphates) on the
performance of the used inhibitors. Chlorides and sulphates, among other
salts, ay be concentrated in cooling water during reactor operation due to
evaporation and other losses. Water containing 120-ppm chlorides and 150-
pprn sulphates shall be termed aggressive water. Upon adding 30 ppm of
tungstate, molybdate, phosphate, and polyphosphate a reduction in the
corrosion rate of the tested coupons was clear. The highest corrosion
resistance was offered by tungstate 78% inhibitor efficiency) followed by
the rest of the used inhibitors with almost the same efficiency.
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Introduction

Water chemistry efforts are basically aimed at producing and

maintaining coolant water quality suitable to prevent material

corrosion and its detrimental consequences. ne water characteristics

are plant specific; i.e. they depend on the particular design of the plant

and on the materials used i its construction.

ETRR-2 is a multi-purpose, pool-type reactor with an open-

water surface and variable core arrangement. The core power is 22

MWh, cooled and moderated by light water and with beryllium

reflectors. It contains plate-type fuel elements (MTR type, 19.7%

enriched uranium) cladded with 6061 auminum alloy [1].

The secondary cooling system of ETRR-2 is responsible for the

final dissipation of the energy produced in the reactor. This energy is

transferred as heat from the primary Circuit of the reactor to the

secondary system through heat exchangers. The energy is rejected to

the environment through a cooling tower consisting of six separate

cells, each equipped with its own blower and water supply 2] To

control corrosion, scale, microbial growth, and make-up water

consumption, a chemical treatment program is applied in the

secondary system 2]_

Corrosion ihibitors are an effective means of corrosion control

and they are required in highly corrosive environments, in which

carbon steel is used 3 Corrosion inhibitors may be classified as

inorganic and organic substances. Inorganic inhibitors may be further
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divided into anodic, cathodic, and precipitating-type inhibitors 34].

Chrornates [5] have been accepted for many years as anodic inhibitors

for ferrous metals in many commercial applications because of their

excellent performance in both aerated and de-aerated environments.

'Me toxicity of chromates, however, has restricted its use in recent

years�. Interest has therefore been directed towards the search for new

anodic inhibitors with no such adverse effects. Based on similarity in

chemical structure and expected behaviour between the chromate ions

and the ions of other group VI elements of the periodic table, attention

was focused on molybdate and tungstate ions 6].

The aim of the present work is to investigate the protection of

mild steel against corrosion by using different types of inhibitors. The

effect of concentration variation of each type was also considered.

Experimental

The material used in this study is low-carbon steel AISI 1010.

Chemical composition of the tested material is given in table 

Surface preparation of rectangular specimens involved successive

polishing down to grit 600, rinsing with distilled water, and

ultrasonically cleaning in acetone.

Table 1: Chemical composition of AISI 101 0 low carbon steel (wt.%)

Elements C Si Mn P s CT MO

wt. 0.132 1 0138 [U24 0.0014 0.006 <0.005
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A corrosion test rig is constructed to simulate the condition of the

secondary cooling system. Test rig specification is given in Figurel It

consists of two stainless steel pumps (each of one-horsepower), one of

them operates while the second is standby. The output of each pump is

6 m3/hr with a corresponding water velocity of 329 m/s. 'Ibis flowing

condition simulates the dynamic condition of
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Fig. 1: Corrosion test ig

the cooling tower of ETRR-2. All piping and fittings are made of PVC

to prevent corrosion. The pump sucks water from an open 200-liter

plastic container and discharges it through the corrosion test rack. Test

specimens are fully subjected to the flowing test environment for 7- 8

days duration. After the test was completed, test specimens are
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withdrawn from the test enviromnent, cleaned from any possible

corrosion products, rinsed, dried and weighed. From the weight

difference between the initial and final values the corrosion rate is

calculated. Water losses due to pump leakage and eventual

evaporation are compensated by fresh water with the corresponding

additive concentration. The amount of these losses is about 60- 100

liter per test.

T'he inhibitors used in this investigation are the sodium salts of

tungstate, molybdate, phosphate (as anodic inhibitors), and

polyphosphate (as cathodic inhibitor). These salts are of analytical

grade.

Two types of water are investigated. Normal tap water of
2-ETRR-2 site (Cl = 20- 40, S04 = 20- 45, Ca hardness = 70- 90, and

Mg hardness = 70- 100, all in ppm, hardness expressed as ppm

CaCO3) and aggressive water (i.e. tap water, to which 100 ppm NaCl

and 125 ppm Na2SO4 were added). This aggressive water simulates

the composition of that which may be formed due to evaporation and

other losses expected when the reactor is set in operation.

Results and Discussion

Most corrosion inhibitors have a certain amount of toxicity;

hence care must be taken to ensure that their application conforms to

prevailing environmental and health regulations, which are

progressively becoming more stringent. In general, the inhibitor

should be compatible with the metal and its environment.
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Figure 2 shows the relation between corrosion rate in mm/y and

concentration of the four tested corrosion inhibitors. As it is clear,

corrosion rate depends on both inhibitor type and its concentration.

Results of each type and its applied concentrations will be discussed

individually in the coming sections.
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Figure 2 Corrosion rate against concentration of inhibitor in tp
water

Sodium tungstate

Figure 2 reveals that the tungstate ion enhances the corrosion

resistance of the tested mild steel alloy at all concentrations. The

corrosion rate decreases as the concentration of the inhibitive species

increases from 20 to 40 ppm. This indicates increased tungstate

adsorption onto the metal surface. Ile corrosion rate of untreated
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water is 0105 mm/y. By the addition of 20 ppm sodium tungstate, this

corrosion rate decreases drastically to 0021 mm/y, which corresponds

to an inhibitor efficiency of 80%. Upon increasing the inhibitor

concentration to 30 ppm a further decrease in corrosion rate is

attained to reach 0003 mm/y. Increasing the inhibitor concentration to

40-ppm results in a slight increase in the corrosion rate with a value of

0.008 mm/y (93%IE). This may indicate that 30 ppm is the optimum

concentration of tungstate ion that enhances the corrosion resistance

of the tested alloy. This optimum concentration corresponds to an

inhibitor efficiency of about 97%, which is an acceptable one. Fig. 3

Very little basic work has been devoted to the understanding of

the exact mechanism of inhibition by tungstate, but even so the

available data are not always in agreement. Ile first published

information on corrosion inhibition by tungstate appeared as a patent

in 1939 describing its use in organic anti-freeze solution. The first

reported experiments on corrosion inhibition by tungstate were in

1951 which lead to the conclusion that tungstate lacked the oxidizing

properties of chromate and nitrite 6 Sodium tungstate is a non-

oxidizing passivator and inhibition by tungstate requires the presence

of oxygen. It seems that oxygen and tungstate are physically adsorbed

with an ordered arrangement on the surface 6].

Some published results contradicted those found in the present

study regarding the efficiency of tungstate as a corrosion inhibitor 7].

it was found that tungstate had o positive effect o the pitting

resistance of iron sheet of 99.9% purity tested in a solution of AM

potassium phosphate 005M sodium tetraborate + 0.1 M chloride

with and without the addition of different tungstate concentrations.
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Sodium molybdate

Figure 2 points out that the increase of the added molybdate

leads to pronounced corrosion resistance. As the case of tungstate

inhibitor, a drastic decrease in corrosion rate is achieved pon adding

20-ppm molybdate salt. Increasing molybdate to 30 ppm then to 40

ppm resulted in a further decrease in corrosion rate. Corrosion

efficiencies corresponding to the three used concentrations 20, 30, and

40 ppm are about 78, 87, and 96% respectively Fig. 3 The higher

inhibition efficiency 96%) corresponding to 40 ppm points out that

this concentration might be the acceptable inhibitor concentration.

Corrosion-inhibiting behaviour was first attributed to the

molybdate anion in 1939. That year, two patents were issued

describing the utilization of soluble molybdates as corrosion inhibitors

in alcohol-water antifreezes of automobile cooling systems. While still

used in antifreezes, molybdate corrosion inhibition has been extended

to a diverse variety of other practical applications [8]. As with

tungstate, molybdate is a non-oxidizing passivator and the effect of

molybdate on steel corrosion would be negligible in totally de-aerated

media and steel would exhibit active dissolution 3,5]. The enhanced

corrosion resistance of the tested alloy by using molybdate ion, as a

corrosion inhibitor, was further confirmed by Kodama et al and others

[9, 5, 71. They attributed the effect of molybdate on enhancing the

corrosion resistance to the formation of an insoluble molybdate

compound (eMO04)- 'Me increase in efficiency with increased

molybdate concentration indicates the formation of an increasingly

protective film. The increased protective nature of the passive film

may be the result of film strengthening through increased

incorporation of adsorbed molybdate into the iron oxide film or to the

increased availability of adsorbed molybdate capable of repairing
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defects in the passive film5. In aqueous solution, however,

molybdenum chemistry is not so simple, because Mo(VI) can give a

variety of complexes with solvent species or polymerize on

acidification giving rise to a very complicated series of iso-polyanions

[5,7,8, 10].
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Figure 3 Inhibitor efficiency against concentration of inhibitors

in tap water
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Sodium phosphate

Results depicted in Figs 2 and 3 show that the addition of 20-

ppm sodium bi-phosphate decreased the corrosion rate to about 17%

its initial value of the untreated water. The inhibition efficiency

corresponding to this concentration is about 75%, which is almost as

the same efficiency of the two other inhibitors discussed before. On

the other hand, when the inhibitor concentration increases from 20 to

30 and to 40 ppm, the corrosion rate begins to increase Fig. 2 and

accordingly the inhibition efficiency decreases from 75 at 20 ppm

to 68 and 62% respectively Fig. 3 According to these results, it is

clear that the corrosion performance of the tested alloy cannot be

improved at concentrations higher than 20-ppm sodium biphosphate.

These findings are in accordance with previous results

concerning the effect of phosphate concentration on the corrosion

resistance of carbon steel 3]. It was pointed out that for cooling water
3systems, phosphate is added in a concentration range of 15- 20 ppm .

It is cited in the literature 3] that phosphates are anodic inhibitors that

are effective in the presence of dissolved oxygen. Oxygen is the

primary reactant responsible for steel inhibition. Oxygen forms a

defective thin oxide film of yFe2O3- Phosphate ions block the voids

(film defect points) and accelerate film growth. As a result, ftirther

diffusion of Fe 2, ions from te metal surface is restricted 3]. It is

worth mentioning that the tri-substituted phosphate is the most

effective, whereas the mono-substituted is the least effective one 3].
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Sodium polyphosphate

Polyphosphates are widely used as cathodic inhibitors and they

are among the most economical of all inhibitor treatments. They are

also effective and commonly used. Sodium salts of polyphosphates are

normally used for corrosion control. Normal concentration in

recirculating waters is 15- 20 ppm 3, 41.

As a result of adding 20-ppm sodium polyphosphate to the test

solution, the corrosion rate and its corresponding inhibitor efficiency

are almost the same as that of the above used anodic inhibitors Figs 2
and 3 At 30-ppm concentration, the corrosion rate equals the value

obtained in tungstate-inhibited solution. However, increasing the

inhibitor concentration to 40-pprn results in zero-corrosion rate, which

corresponds to 100% inhibitor efficiency. After the test was

completed, a protective white layer was uniformly distributed along

the specimen surface. According to these findings, it is clear that

although polyphosphate is a cathodic inhibitor, which is considered to

be less effective than anodic one 3,41, it inhibits corrosion much more

effectively than phosphate corrosion inhibitors.

The protective film develops through the formation of positively

charged colloidal complexes that migrate to the cathode forming a

protective barrier. These complexes knit to each other through alcium

ions (divalent ions) forming colloidal particles 3,4]. Therefore a ratio

of Ca 2+ : polyphosphate of at least 02 and preferably 0.5 should be

maintained. A surplus of Ca 2+ causes the formation of a sparingly

soluble compound Ca5 (P3010) 213,4]-
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Corrosion Inhibitor Performance in Aggressive Water

In near-neutral aqueous systems, the presence of certain ions

tends to oppose the action of inhibitors. Chlorides and sulphates are

the most common examples of those aggressive ions. These ions tend

to accelerate dissolution and breakdown of the oxide film 4 Both

chloride and sulphate ions compete for active sites on the metal

surface 4, 11]. Therefore, inhibition of steel corrosion becomes more

difficult as the concentration of aggressive ions is increased 4].

Corrosion rate of carbon steel in aggressive water was found to

be 0154 mm/Y. his value is higher than the corresponding one

obtained in tap water free of additional chloride and sulphate ions

(0.105 mm/y). This demonstrates that the air formed oxide film on the

metal surface is not stable towards the aggressive action of the

solution'). After test duration, many corrosion areas were observed

over the specimen surface.

Corrosion tests were carried out at a pre-selected inhibitor

concentration of 30 ppm. Addition of 30-ppm sodium tungstate to the

aggressive water resulted in a sensible decrease in corrosion rate from

0.154 mm/y to 0034 mm/y. This corrosion rate corresponds to 78%

inhibitor efficiency Fig. 4 After test duration, most of the specimen

surface area was intact. In case of molybdate type, the corrosion rate

and inhibitor efficiency are 0.058 mm/y and 63% respectively. Ibis

efficiency is lower than that obtained in tungstate- inhibited

aggressive water. These findings confirm with those obtained in tap

water, which suggest that tungstate inhibitor is more effective than

molybdate. Almost the same results were obtained in case of addition

of 30-ppm sodium phosphate. Although the specimen surface was

covered with a white layer (after 7 days), some black corrosion
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products were found and seemed to be adherent to the specimen

surface. Addition of 30-ppm sodium polyphosphate (cathodic type

inhibitor) gave the same results as sodium phosphate inhibitor.

These findings are in agreement with those observed in previous

literature 3-5, 11-12). Abd El Kader et al.[111 demonstrated that in

the presence of aggressive ions higher amounts of tungstate is

necessary to provide complete inhibition. Sakashita and Sato 12] on

the other hand, have shown that the presence of an iron

oxide/molybdate film on steel will inhibit corrosion by preventing the

transport of aggressive anions to the metal surface as well as by

preventing metal cations from escaping into solution.

It is also cited in the literature 31 that inhibition by phosphate is

sensitive to chloride ions. This is because the protective oxide m

contains voids and other inclusions, so C- ions may be easily

adsorbed to sensible complexes. Film breakdown is thus a function of

aggressive ion concentration, wereas film repair depends on

phosphate level and oxygen concentration. The polyphosphates are

relatively insensitive to aggressive ion concentration, but do require an

increase in dosage level with an increase in water corrosivity 3].
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Fig 4 Efficiency of used inhibitors in aggressive water

Conclusions:

According to the TeSUHS of the present investigation, the following

conclusions could be withdrawn:

1. The addition of corrosion inhibitors (anodic and cathodic)

resulted in decreasing the corrosion rate.

2. The reduction in corrosion rate depends upon both the

inhibitor type and concentration.

3. In t'ap water of ETRR-2 site, tungstate inhibitor gives the

least corrosion rates among the two other anodic inhibitors.

4. The addition of 30 ppm of all inhibitor types to aggressive

water containing 120 ppm chloride 150 ppm sulphate

reduces the corrosion rate.

5. The efficiencies of all the used inhibitors reduced markedly

in aggressive water.
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