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Abstract In order to study synergistic effect, various

combinations of antiscalants 1-hydroxyethane-1,1-diphos-

phonic acid (HEDP), sodium hexametaphosphate (SHMP),

sodium tripolyphosphate (STPP), and trisodium phosphate

(TSP), were investigated as corrosion inhibitors for carbon

steel. Corrosion rate and percentage inhibition efficiency of

various combinations of antiscalants as corrosion inhibitors

(20/80, 40/60, 60/40, 50/50, 80/20, and 100 ppm of dif-

ferent combinations of HEDP, SHMP, STPP, and TSP) in

synthetic cooling water VI (692 ppm of Cl- ions) was

determined by weight loss, electrochemical polarization

technique, and metallurgical microscopy technique. It

was observed that a 50/50 ppm combination of HEDP and

SHMP gave 98% corrosion inhibition efficiency and

maximum synergistic effect. The percentage inhibition

efficiency of HEDP when mixed with other antiscalants as

corrosion inhibitors at 50/50 ppm concentration was found

in the following order HEDP/SHMP [ HEDP/STPP [
HEDP/TSP. The synergistic effect of HEDP/SHMP com-

bination is due to intermolecular hydrogen bonding

between the molecules of HEDP and SHMP, which results

in the adsorption of uniform multilayered two-dimensional

film of –HEDP–SHMP– molecules on carbon steel surface.

Keywords Corrosion inhibitors � Antiscalant �
Cooling water system � Carbon steel � HEDP � SHMP �
STPP � TSP

1 Introduction

There has been a substantial change in cooling water

chemistry over the past decade. Use of high-performance

antiscalants, corrosion inhibitors, polymers for better dis-

persion, total prevention of microbial deposits by using

powerful biocides and biodispersants, pH boosters, and

advanced hardness stabilizers is current practice for the

treatment of cooling water. However, addition of so many

different chemicals to the cooling water system (CWS)

makes the cooling water chemistry very complex. Many

problems such as high cost of operation, compatibility with

other chemicals, difficulty in understanding the cooling

water chemistry, mechanism of inhibition, dosage of inhib-

itor required, etc. arise in CWS. We have earlier reported that

antiscalant can also work as a corrosion inhibitor in cooling

water systems. Now we try to achieve complete protection

from corrosion using a combination of antiscalants.

In the present work, several combinations of antiscalants

have been investigated which may control scaling as well

as corrosion problem in CWS. Weight loss, electrochemi-

cal polarization technique, and metallurgical research

microscopy technique have been carried out using various

concentrations and combinations of the inhibitor. If it is

possible to find an antiscalant combination which can also

provide protection from corrosion in cooling water sys-

tems, it will not only make cooling water chemistry simple

but also reduce operational cost.

It has been reported [1] that a synergistic effect is

observed when two or more corrosion inhibitors are mixed
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in a definite proportion. The corrosion inhibition efficiency

of the mixed inhibitors is significantly increased compared

with that of individual inhibitors in a corroding system. In

order to study synergistic effect, various combinations of

antiscalants [2] were investigated as corrosion inhibitors,

and their percentage inhibition efficiency was determined

by weight loss and electrochemical polarization techniques.

Influence of combinations of sodium dodecyl sulfate–

Zn2?–HEDP system [3] towards corrosion inhibition of

carbon steel was studied by Rajendran et al., who found

that this combination gave synergistic effect and provided

complete protection in low chloride ion water. Venugo-

palan et al. [4] studied effects of HEDP, gluconate, and

zinc on corrosion inhibition of carbon steel. They devel-

oped this ternary inhibitor formulation for carbon steel,

which acts synergistically and gives maximum protection

towards corrosion for carbon steel. Similar synergistic

effects of HEDP with other combinations have also been

reported [5–7].

All the antiscalants investigated as corrosion inhibitors

were tried at different concentrations in order to find

synergistic effect, if any, present in various possible com-

binations of the inhibitors. The combinations were studied

at 20/80, 40/60, 50/50, 60/80, and 80/20 ppm concentra-

tions along with pure inhibitor at 100 ppm concentration.

All the experiments were carried out using a synthetic

cooling water having 692 ppm Cl-. Temperature of 40 �C

was chosen for experiments as the temperature of cooling

waters is usually in the 30–50 �C range.

2 Experimental procedure

All the chemicals used were of analytical reagent (AR)

grade and solutions were prepared using doubly distilled

water. pH of all the cooling waters was maintained at 6.5

by adding sodium hydroxide or glacial acetic acid solution

as per requirement. Duplicate or in some cases triplicate

experiments were performed to verify the reproducibility

and consistency of the experimental data.

The compositions of synthetic cooling water VI are

shown in Table 1.

For weight loss measurements, carbon steel specimens

of 3 9 1.5 cm2 size were cut from carbon steel sheet

whereas for electrochemical polarization investigations

specimens of size 5 9 1.5 cm2 were used. All the speci-

mens were mechanically polished successively with the

help of emery papers of grades 100, 200, 300, 400, and

600 micron, and then thoroughly cleaned with doubly

distilled water and then with acetone. The specimens were

dried and stored in a desiccator over silica gel.

After recording the initial weight of carbon steel spec-

imens, they were immersed in tilted position in 250 mL

beakers each having 200 mL of synthetic cooling waters as

corroding medium with or without the inhibitor. Experi-

ments were carried out in an electronically controlled air

thermostat at 40 �C with an accuracy of ±1 �C. After

exposing the specimens for 30 days, the specimens were

taken out from the beaker and washed initially under run-

ning tap water. Loosely adhering corrosion products were

removed with the help of rubber cork and the specimen was

again washed thoroughly with distilled water and dried and

then weighed again. Corrosion rate in mils per year (mpy)

and percentage inhibition efficiency were calculated.

Electrochemical polarization studies were carried out in

500 mL glass cell with three-electrode system assembly.

Potentiostatic polarization of the working electrode was

carried out by using a potentiostat/galvanostat PGS 201

T (Tacussel, France).

The working electrode was carbon steel under study;

platinum electrode was used as counterelectrode or an

auxiliary electrode. All potentials were measured against a

pencil-type saturated calomel electrode as reference elec-

trode. A Luggin capillary filled with test solution was used

to connect the reference electrode with the cell. The tip of

the Luggin capillary was kept very close to the working

area of the electrode but without touching in order to

minimize the IR drop and this distance was kept constant

during the whole study. Only 1 cm2 area of specimen was

used as working area and the rest of the area of the spec-

imen was covered with a lacquer except the other tip of

specimen which was used for making electrical connection.

The specimen was left in the test solution until a constant

open-circuit potential (OCP) was attained.

Linear polarization resistance (LPR) measurements

were carried out potentiostatically by scanning through a

potential range of 14 mV above and below the OCP value

in steps of 2 mV. Experiments were carried out in absence

and presence of inhibitors at their 20/80, 40/60, 60/40,

50/50, 80/20, and 100 ppm concentrations at 40 �C. The

resulting current was plotted against the potential and slope

of the line was measured.

The corrosion current, Icorr, is related to the slope of the

line by Stern-Geary equation [8–10]. The corrosion current

density, Icorr., is related to the corrosion rate by the equation,

Table 1 Composition of

synthetic cooling water VI (CW

VI)

Composition

conc. (ppm)

CW VI

Ca2? 300

Mg2? 24

HCO3
- 305

CO3
2- 30

Cl- 692

SO4
2- 120

Na? 253
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Corrosion rate ðCRÞðmpyÞ ¼ 0:1288� Icorr � Eq.Wt.=D

where Eq. Wt. is the gram equivalent weight of metal/

alloy, D is the density of the metal (g/cm3), and Icorr is the

corrosion current density (lA/cm2).

The anodic and cathodic Tafel slopes were measured

after recording anodic and cathodic polarization curves of

the specimen up to a maximum shift of ±240 mV from

OCP value in steps of 10 mV. Experiments were carried

out in absence and presence of the inhibitor at their 20/80,

40/60, 60/40, 50/50, 80/20, and 100 ppm concentrations at

40 �C.

To study the morphology of corroded sample of carbon

steel in CW VI, 200 ml synthetic cooling water VI with

constant pH of 6.5 (maintained by dipping a pH electrode

into the synthetic cooling water and adding dilute glacial

acetic acid or NaOH solution), at 40 �C temperature was

taken in 250 mL glass beaker placed in an electronically

controlled air thermostat with ±0.1 �C accuracy. Six

samples of carbon steels having dimension 1.5 cm 9 3 cm

were cut from carbon steel sheet and then specimens were

mechanically polished successively with the help of emery

papers of grades 100, 200, 300, 400, and 600 and then

thoroughly cleaned with doubly distilled water and finally

with acetone. The specimens were dried and stored in a

desiccator over silica gel until they were exposed to

synthetic cooling water VI with and without various

combinations of inhibitor. The samples were removed after

30 days of exposure to cooing water VI and morphology of

corroded specimens was studied under a metallurgical

microscope (Lobamed Make, New Delhi) attached to a

computer, and the micrographs were recorded.

This technique was used to study the morphology of the

corroded specimens of the carbon steel exposed to the

synthetic cooling water maintained at pH 6.5 (by adding

acetic acid solution) for 30 days at 40 �C with and with-

out corrosion inhibitors. These experiments were carried

out in synthetic cooling water VI only. The comparison of

micrographs of the corroded specimens with and with-

out corrosion inhibitors clearly gave an idea about the

effectiveness of the various combinations of corrosion

inhibitors.

3 Results

pH, conductance, total dissolved solids (TDS), P and M

alkalinity, total hardness, calcium hardness, Langelier sat-

uration index (LSI) [11] DG [11], and saturation index (SI)

[12] were measured for each synthetic cooling water and

are shown in Table 2.

Weight loss experiments were carried out for different

combination of inhibitors in CW VI at pH 6.5 and tem-

perature of 40 �C for 30 days, in electronically controlled

air thermostat; results are presented in Table 3. Percentage

inhibition efficiency of various combinations of HEDP,

SHMP, STPP, and TSP antiscalants as corrosion inhibitors

against 20/80, 40/60, 60/40, 50/50, 80/20, and 100 ppm of

different combinations of HEDP, SHMP, STPP, and TSP at

40 �C in synthetic cooling water VI are plotted in Figs. 1,

2, and 3 respectively.

Various corrosion parameters such as open-circuit

potential (OCP), Icorr, ba, bc, Rp, corrosion rate, etc. were

recorded from electrochemical experiments for carbon

steel in CW VI in presence of different combinations of

HEDP with SHMP, STPP, and TSP at 40 �C (Table 4).

Figure 4 shows anodic and cathodic polarization curve

with and without HEDP/SHMP combination at different

concentrations in synthetic cooling water VI at 40 �C and

pH 6.5.

Table 2 Various parameters of

six different synthetic cooling

waters

Parameters CW VI

pH 8.08

Conductance 2.70

TDS 1,800

P alkalinity 0

M alkalinity 320

Ca hardness 480

Total hardness 750

LSI from activity

coefficient

1.47

DG 1.63

SI 0.98

Table 3 Percentage inhibition

efficiency of various

combinations of antiscalants in

cooling water VI by weight loss

method at pH 6.5 and

temperature 40 �C

Composition (mg/L) Conc. I/II (ppm) HEDP/SHMP HEDP/STPP HEDP/TSP

Ca2? 300 20/80 47.9 47.9 45.6

Mg2? 24 40/60 39.2 43.5 51.9

CO3
2- 30 60/40 30.5 69.7 32.7

HCO3
- 305 80/20 43.5 74.0 36.9

Na? 253 50/50 97.6 91.4 59.8

Cl- 692 100 I 49.5 49.5 49.5

SO4
2- 120 100 II 86.7 65.6 48.7
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Figure 5 shows micrographs of carbon steel samples

when exposed to cooling water VI for 30 days at pH 6.5

and temperature of 40 �C with and without various com-

bination of inhibitors.

Percentage antiscaling efficiency of all the investigated

antiscalants [2] is shown in Table 5, only to show that these

antiscalants show good antiscaling efficiency even in hard

water such as synthetic cooling water VI.

4 Discussion

For HEDP/SHMP combinations, percentage inhibition

efficiency decreases with increasing HEDP concentration

up to 60 ppm. This combination gives complete protection

against corrosion at 50/50 ppm combinations. When HEDP/

STPP combination was tried, percentage inhibition effi-

ciency decreased with increasing HEDP concentration up to

40 ppm and then increased to 80 ppm. This combination

also gives maximum protection against corrosion at 50/50

combination. No significant increase in corrosion inhibition

efficiency was observed in the HEDP/TSP combination.

Only a small increase in corrosion inhibition efficiency was

observed at 50/50 ppm combination of HEDP/TSP.

It was observed that combination of HEDP with

other inhibitors gives best protection against corrosion in

comparison with other combinations. HEDP/SHMP com-

bination gives almost 98% inhibition efficiency at 50/

50 ppm combination of inhibitors. It is clear from Figs. 1,

2, and 3 that the 50/50 ppm combination provides much

better protection than individual 100 ppm inhibitor, i.e.,

these combination show synergistic behavior at 50/50 ppm

concentration.

Other combinations of HEDP with other antiscalants

were also tried, such as 45/55, 48/52, 52/48, and 55/45 ppm

of HEDP/SHMP by weight loss method. It was observed

that these combination do not provide significant increase

or decrease in percentage corrosion inhibition efficiency.

Hence, results of these combinations are not presented to

save space.

From the electrochemical polarization studies, it was

observed that both anodes and cathodes are polarized to
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Fig. 1 Percentage inhibition efficiency of HEDP/SHMP at different

combinations at 40 �C in synthetic cooling water VI
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Fig. 2 Percentage inhibition efficiency of HEDP/STPP at different

combinations at 40 �C in synthetic cooling water VI

0

10

20

30

40

50

60

70

20/80  40/60  50/50  60/40  80/20  100 I  100 II

Conc. of HEDP/TSP

%
 a

g
e 

in
h

ib
it

io
n

 e
ff

ic
ie

n
cy

Series1

Fig. 3 Percentage inhibition efficiency of HEDP/TSP at different

combinations at 40 �C in synthetic cooling water VI
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considerable extent in presence of various combinations

of the inhibitors. The 50/50 ppm combination of HEDP/

SHMP shows maximum anodic and cathodic polarization

and zero Icorr value. The OCP value shifts in the anodic

direction with addition of various combination of HEDP.

Anodic and cathodic Tafel slopes do not show a regular

Table 4 Various corrosion parameters calculated from electrochemical experiments for carbon steel in CW VI in presence of different

combinations of HEDP with SHMP, STPP, and TSP at 40 �C

Concentration

of inhibitor

(ppm)

Inhibitor

combinations

(I/II)

OCP

(-mV)

ba (mV/

decade)

bc (mV/

decade)

Rp (Ohm/

cm2 9 103)

Icorr

(lA/cm2)

Corrosion

rate (mpy)

Inhibition efficiency

by polarization

expt. (%)

Inhibition

efficiency by

weight loss (%)

Blank – 690 92 206 1.01 27.4 12.5 – –

20/80 HEDP/SHMP 665 110 240 2.3 14.2 6.5 48.0 47.9

40/60 do 670 115 230 2.0 16.4 7.6 39.2 39.2

60/80 do 676 107 225 1.7 18.6 8.6 31.2 30.5

80/20 do 670 110 230 2.1 15.1 7.0 44.0 43.5

50/50 do 650 150 280 18.5 01.8 0.9 93.8 97.6

100 I HEDP 662 110 238 2.4 13.6 6.3 49.6 49.5

100 II SHMP 655 130 250 10.0 3.7 1.7 86.2 86.7

20/80 HEDP/STPP 660 115 240 2.4 14.1 6.5 48.0 47.9

40/60 do 668 115 230 2.2 15.1 7.0 44.0 43.5

60/80 do 658 125 245 4.4 8.2 3.7 70.4 69.6

80/20 do 658 125 240 5.2 6.9 3.2 74.0 74.0

50/50 do 655 132 250 14.4 2.6 1.0 92.0 91.4

100 II STPP 662 110 235 3.5 9.3 4.3 65.6 65.6

20/80 HEDP/TSP 665 105 240 2.1 14.7 6.8 45.6 45.6

40/60 do 663 107 240 2.4 13.0 6.0 52.0 51.8

60/80 do 678 102 225 1.7 18.2 8.4 32.8 32.7

80/20 do 670 103 230 1.8 16.9 7.8 37.6 36.8

50/50 do 660 110 240 3.0 10.8 5.0 60.0 59.8

100 II TSP 665 105 242 2.3 13.8 6.4 48.8 48.7

Fig. 4 Polarization curves of

carbon steel in CW VI in

absence and presence of

different combination of HEDP/

SHMP at 40 �C and pH 6.5
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Fig. 5 Carbon steel samples

when exposed to CW VI for

30 days, pH 6.5, and

temperature 40 �C under 4009

resolution by metallurgical

research microscope

Table 5 Percentage antiscaling efficiency of various antiscalants at various concentrations in synthetic cooling water VI

Water type Composition of

CW (mg/L)

Conc. of

antiscalant (ppm)

Inhibi. effici.

HEDP (%)

Inhibi. effici.

STPP (%)

Inhibi. effici.

SHMP (%)

Inhibi. effici.

TSP (%)

CW VI Ca2? 300 2 20.0 27.2 20.0 01.0

Mg2? 24 5 30.3 33.3 27.2 11.1

CO3
2- 30 10 33.3 38.4 33.3 18.0

HCO3
- 305 15 38.3 38.4 33.5 18.1

Na? 253 20 43.3 38.4 33.9 18.7

Cl- 692 – – – – –

SO4
2- 120 – – – – –
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increasing or decreasing trend with increasing HEDP

concentration in different combinations. Linear polariza-

tion resistance value increases with increasing percentage

inhibition value. Electrochemical polarization results

confirm the results obtained from weight loss study. It

can be clearly seen from the polarization results (Table 5)

that the HEDP/SHMP combination gives maximum

synergistic effect among all the investigated antiscalants

combinations as corrosion inhibitors at 50/50 ppm

concentration.

Similar results were obtained from microscopy tech-

nique, as shown in Fig. 5. Very clear smooth surface of

carbon steel can be seen in presence of 50/50 ppm HEDP/

SHMP combination. Carbon steel surface is not very

smooth in presence of 100 ppm HEDP or SHMP alone. It

is clear from the figure that 50/50 ppm HEDP/SHMP

combination provides synergistic effect. It is also clear

from the figure that, out of the HEDP/STPP and HEDP/

TSP combinations, the HEDP/STPP combination provides

much better protection from corrosion.

Mechanism of inhibition of all the investigated anti-

scalants is given below;

Sodium tripolyphosphate (STPP) having molecular

formula, Na5P3O10, has the following molecular structure.

  O               O               O 

NaO          P       O P O P          ONa 

ONa           ONa            ONa

In this molecule P–O–P linkage is present and, when

this is added to cooling water, it becomes dissociated as

      O     O                 O 

 – O     P     O     P     O     P    O –    and Na+ ions.

O –     O –     O –

Here pentavalent phosphorous is tetrahedrally sur-

rounded by four oxygen atoms. Any of the two adjacent

phosphoryl oxygen anions can adsorb on the ferrous atom

of carbon steel, thus making a continuous protective

adsorbed layer of phosphate molecules across the whole

carbon steel surface. Phosphate ions may incorporate into

electrical double layer at the metal surface. It is also pos-

sible that PO4
3- ions may be filled in the voids present in

adsorbed film and accelerate protective film growth and,

due to these plugs, any further diffusion of Fe2? ions from

the metal surface may be stopped.

The above figure shows film of sodium tripolyphosphate

molecules adsorbed on the surface of carbon steel. The

adsorbed film starts growing on the surface of carbon steel

in the form of continuous film through terminal oxygen

atom in the form of strong covalent –P–O–P– linkage,

thereby reducing the chance of HEDP molecule being

adsorbed on the carbon steel surface. Hence, the HEDP/

STPP combination does not provide a synergistic effect.

The molecular formula of SHMP is Na6P6O18. It is a cyclic

polyphosphate and has the following molecular structure:

J Appl Electrochem (2009) 39:1339–1347 1345
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In SHMP, pentavalent phosphorous is tetrahedrally

surrounded by four phosphoryl oxygen. This polyphos-

phate is water soluble, existing as anion in aqueous solution

with 12 equivalent negatively charged oxygen atoms after

dissociation. In SHMP, due to resonance, negative charge

is dispersed over two oxygen atoms of phosphate group,

hence the two oxygens on phosphate group in SHMP are

equivalent. SHMP forms a cage complex with Fe2? ions

from any two adjacent negatively charged phosphoryl

oxygen anions, as the cage complex is more stable than the

simple SHMP-Fe2? complex.

Trisodium phosphate (TSP), with molecular formula

Na3PO4, has the following molecular structure.

O

NaO P ONa

ONa

In TSP, phosphorous is tetrahedrally surrounded by four

phosphoryl oxygen anions because the four oxygen anions

are equal due to resonance. TSP may get adsorbed with any

of the two phosphoryl oxygen anions onto ferrous atom of

carbon steel. Here a continuous protective film cannot be

formed due to the presence of one phosphate group. The

monosubstituted phosphate (MH2PO4), where M is Fe2?),

is the least protective, but trisubstituted phosphate (M3PO4)

is the most protective. The dissolved oxygen produces a

defective thin film of c-Fe2O3. The PO4
3- ions fill in the

voids and accelerate film growth. These plugs prevent

further diffusion of Fe2? ions from the metal surface. The

primary reactant responsible for steel inhibition is oxygen,

which forms the thin oxide film. Hydrolysis of these

complexes produces acid domains, which leads to localized

attack. Film breakdown is a function of the aggressive ion

concentration, but repair will depend on PO4
3- level and

oxygen concentration.

TSP does not form a continuous film on carbon steel

surface. Moreover, it is not polymeric in nature. For these

reasons HEDP/TSP combinations do not provide signifi-

cant synergistic effect.

1-Hydroxyethane-1,1-diphosphonic acid (HEDP), with

molecular formula C2P2O7H8, has the following molecular

structure.

   O     CH3  O

HO    P     C      P     OH 

OH  OH   OH 

H. E. D. P. 

In HEDP, hydroxyl oxygen cannot extend its valency

beyond two because of the absence of vacant d orbitals. As

hydroxyl oxygen is already coordinated to carbon and

oxygen, HEDP cannot adsorb through any oxygen atoms of

the hydroxyl group. So, the only possibility of adsorption

of HEDP is through two phosphoryl oxygen atoms, which

exists as oxygen anions due to the large difference in

electronegativity of phosphorous and oxygen. HEDP forms

Fe2?-HEDP complex with iron atom of carbon steel with

its two phosphoryl oxygens.

HEDP when present alone does not form intermolecular

hydrogen bonding because of the presence of two terminal

hydroxyl groups. Hence, when present alone as a corrosion

inhibitor it fails to form a continuous adsorbed film on the

metal surface. However, when mixed with SHMP, it forms

stable continuous multilayered film and shows synergistic

effect.

The almost 98% corrosion protection shown by 50/50 ppm

HEDP/SHMP combination may be due to intermolecular

hydrogen bonding possible between terminal hydrogen atom

of two terminal hydroxyl groups present on HEDP and two

oxygen atoms from two adjacent SHMP molecules, giving rise

to a uniform layer on the surface of carbon steel. This type of

intermolecular hydrogen bonding is not possible in the case of

STPP and TSP molecules because of uniform adsorption of the

tetrahedral phosphate molecule onto the carbon steel surface.

STPP uniformly adsorbs on the surface of carbon steel and

hence does not allow HEDP molecule between tetrahedral

polymeric phosphate molecule.

Moreover, multilayered film can be formed on carbon

steel surface due to the presence of two free oxygen atoms

of SHMP on the outer surface of the film, where more

SHMP and HEDP molecules can attached through –P–O–

P– linkage, thus giving rise to a two-dimensional multi-

layered film on the metal surface, which increase the

stability and mechanical strength of the film.

5 Conclusions

(1) About 50/50 ppm combination of HEDP/SHMP pro-

vides almost 98% inhibition efficiency for carbon

1346 J Appl Electrochem (2009) 39:1339–1347
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steel in synthetic cooling water VI. This may be due

to intermolecular hydrogen bonding possible between

terminal hydrogen atom of two terminal hydroxyl

groups present on HEDP and two oxygen atoms from

two adjacent SHMP molecules giving rise to uniform

two-dimensional multilayered film on the surface of

carbon steel.

(2) The percentage inhibition efficiency of HEDP when

mixed with other antiscalants as corrosion inhibitors at

50/50 ppm concentration was found in the following

order HEDP/SHMP [ HEDP/STPP [ HEDP/TSP.

(3) All investigated 50/50 ppm combinations provide

much better protection from corrosion than individual

100 ppm inhibitor.

(4) Results obtained from weight loss study and electro-

chemical polarization experiments were also con-

firmed by microscopy technique carried out for the

surface study of corroded specimens.
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