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ABSTRACT

CORROSION OF MILD STEEL
IN ALKALINE SEQUESTERING AGENT SOLUTIONS

By Thomas Richard Mulvaney

The problem under investigation was the determination of the corro-
sion inhibiting or accelerating effects of organic sequestering agents,
one of the hydroxycarboxylic acid type and one of the aminopolycarboxylic
acid type, relative to the effects of the more traditionally used inor-
ganic phosphates and the other components of the system (water, alkali,
and ha:dnessQforming salts in water), under conditions similar to those
commonly encountered in mechanical washers cleaning reusable glass con-
tainers. Review of the literature has indicated a marked deficiency of
information on this specific problem and in this general area.

This presentation is divided into two sections. The first deals
with the development of experimental procedures and the second with the
corrosion invéstigations. Literature on corrosion testing procedures is
reviewed and the results of preliminary tests and tests to obtain suit-
able procedures for preparing mild steel specimens before exposure and
for removal of corrosion produéts after exposure are included in the
first section. The general method employed was that of laboratory total
immersion corrosion tests, with the amount and intensity of corrosion
determined by weight loss measurement and visual examinations. The sec-
ond section dealing with the corrosion investigations is divided into
five phases of study: (1) Materials and methods, (2) Distilled water-
sequestering agent systems, (3) Distilled water-sodium hydroxide-
sequestering agent systems, (4) Hard water-sodium hydroxide-sequestering
agent systems, and (5) Distilled water and hard water studies combined
and compared. Also included in some of these studies are the effects of
sequestering agent concentration, temperature, surface-active agent,

length of exposure, and successive exposures.
Studies on materials and methods: Corrosion rates of cold rolled and
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hot rolled AISI No. C 1008 steel specimens immersed in alkaline sequester-
ing agent solutions did not differ significantly. The experimental pro-
cedure developed for these investigations was found satisfactory for use
by laboratory personnel having considerable differences in previous train-
ing and experience, since results obtained with such personnel did not
differ significantly.

Studies on distilled water-sequestering agent systems: Distilled
water corrosivity was reduced 97.6 percent with either trisodium phos-
phate or tetrasodium pyrophosphate and about 75 percent with sodium gluc-
onate (hydroxycarboxylate). Tetrasodium ethylenediaminetetraacetate
(aminopolycarboxylate) caused.a 12 percent increase .in corrosion.

Studies on distilled water-sodium hydroxide-sequestering agent sys-
tems: Alkaline solutions of ethylenediaminetetraacetate, gluconate, and
pyrophosphate listed in order of decreasing corrosivity were each found
significantly more corrosive than the sodium hydroxide control. More
corrosion was found at 170°F than at 130°F with the control, gluconate,
and ethylenediaminetetraacetate solutions. The addition of a surface-
active agent to gluconate solutions did not significantly alter the
solutions’ corrosivity. The amount of corrosion found with one, three,
five, and seven day exposures did not differ significantly except with
ethylenediaminetetraacetate.

Studies on hard water-sodium hydroxide-sequestering agent systems:
The gluconate solutions were markedly more corrosive than the control,
which was itself significantly more corrosive than pyrophosphate, ethyl-
enediaminetetraacetate and orthophosphate, which themselves did not
differ significantly in corrosivity,

Distilled water and hard water studies combined and compared: Dis-
tilled water plus ethylenediaminetetraacetate was significantly more
corrosive than distilled water, which was itself significantly more corro-
sive than 12 grain per gallon hard water. Corrosion rates of alkaline
hard water solutions of gluconate and of the control were significantly
greater than their distilled water counterparts. Corrosion weight loss
was found to increase slightly as the concentration of ethylenediamine-
tetraacetate was increased from one-to-two-to-four moles of sequestrant

per mole of alkaline earth metal cations in alkaline distilled water
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solutions, but not in alkaline hard water solutions. The corrosion
weight loss of mild steel specimens was found to increase linearly with
gluconate concentration over the same range in alkaline distilled water
solutions according to the following calculated predicting equation:

Y = 3.065 + 2.601x

Corrosion weight loss with gluconate in alkaline hard water solutions
over the same concentration range was found to decrease linearly as a
function of concentration when the logarithm of weight loss was plotted
versus the reciprocal of concentration, thus giving the following calcul-
ated predicting equation:

log ¥ = 0.7782 + %%2.
The apparent discrepancy between the effects of sodium gluconate concen-
tration on corrosion in these distilled water and hard water solutions
may be explained as follows: In the first case gluconate anions are. free
to sequester ferrous ions of the ferrous hydroxide protective film of
corrosion products, and as the concentration of gluconate is increased
more ferrous ions can be sequestered. As the film is diminished in such
a manner, less resistance is afforded to the diffusion of oxygen to the
cathodes, and corrosion is thereby promoted. In the second case alka-
line earth metal cations are present in solution and the gluconate
anions would normally be expected to sequester them, thus forming a
stable water soluble complex. However it is proposed that possibly the
complex so formed is not adequately solubilized at the lower concen-
tration and that intermingling of this complex with the corrosion prod-
ucts could decrease their protectivity and result in increased corrosion.
Addition of more gluconate could enhance the solubility of the complex
leaving less to alter the corrosion products protectivity., As a result

less corrosion might be found with increasing gluconate concentration.
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INTRODUCTION

Scale in beverage bottle washers results in interference with normal
bottle pickup and release, increased carry over of washing solutions into
the rinse sections of the washer, increased wear and drag of wmoving parts,
decreased speed of machine operation, and impedance of heat transfer due
to layers of scale on the heat transfer surfaces. To obtain clean bever-

age bottles, and for efficient and effective bottle washer operation,
| scale formation and accumulation in the washer and on its moviung parts
must be preveated.

The beverage industry usually softens the water used for cleaning
reusable containers by chemical treatment. ‘Sequestering agents of both
the inorganic and organic types are utilized for this purpose. The most
widely used sequestering agents are the inorganic phosphates because of
their relatively low cost. More recently the organic complexing agents
such as the alkali metal salts of the hydroxycarboxylic acids (e. g.,
sodium gluconate) and the aminopolycarboxylic acids (e. g., tetrasodium
ethylenediaminetetraacetate) have become increasingly more important in
beverage bottle washing. With the increased use of sequestering agents,
conceru relative to‘the effect of these agents on the washing machine has
developed.

A difference of opinion exists in the beverage industries as to the
effect of these agents on bottle washing equipment. Information on the
corrosiveness of these agents is needed and would be of value to the
various beverage industries and their suppliers. This investigation was
designed to examine the corrosion charactéeristics of basic chemical in-
gredients that are used either singly or in formulated compounds so as
to better understand the behavior of ‘these compounds under bottle wash-
ing conditions. No formulated bottle washing detergent compounds or
mixes were examined since the effect of individual ingredients could
not be determined. This investigation is a part of a project sponsored
by the American Bottlers of Carbonated Beverages Association to evaluate
the effect of basic bottle washing components on washing equipment and
their effectiveness in cleaning soiled bottles, to ultimately ascertain
if present standards for cleaning carbonated beverage bottles are satis-
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factory or if they should be revised.

| This thesis describes the results of .an: .investigation.of the corro-
sion of mild steel in alkaline sequesteiing agent solutions. The first
part of this thesis describes the development of the experimental proced-
ure employed in the investigation. Literature on corrosion testing-pro-
cedures is reviewed and the results of preliminary tests..to obtain suit-
able procedures for preparing ;pecimena before. exposure and removing- - .-
corrosion products after exposure are included. The second part of this
thesis describes the results of the investigation to determine the effect
of organic and inorganic sequestering agents on the corrosion of mild
steel in distilled water, distilled water plus sodium hydroxide, and hard

water plus sodium hydroxide solutions under a variety of test conditionms.



REVIEW OF LITERATURE

Corrosion Costs

Estimates have been made of the economic cost of corrosion. Uhlig
(1949) made a careful survey of only the direct losses by corrosion in
the United States and reported a rate in excess of $5.5 billion annually.
Jelinek (1958) states that in the nine year interval since Uhlig's study
was published, corrosion control methods have improved considerably, but
material and labor costs have generally risen and thus the order of mag-
nitude of the direct costs of corrosion remains about the same.. Schmitt
(1960) states that corrosion problems cost near $8 billion annually,
while mining metals cost about $1 billion annually. Gegner (1960) says
that the cost of corrosion to this country has been estimated by various
experts to be upwards of $7.5 billion per year of which industry's share
is about $6 billion. Included in these estimates are the direct costs
due to corrosion alone; such as replacement and maintenance of corroded
equipment, costs of painting, electroplating, and other protective meas-
ures including application and labor costs. Among the indirect costs
not included are such things as safety hazards, product contamination,
shutdown time and loss of products when equipment fails. Equipment over-
design is often required where uncertainty relative to corrosion effects
exists. Thus, it is readily apparent that strong incentives exist for
improvement in decreasing corrosion. Improvement of only one percent in
decreased corrosion would mean an annual savings of at least $55 million.
Another example of the tremendous cost of corrosion, which in this case
should be of particular interest to the American automobile owner follows:
It has been reported in a staff feature of Corrosion (1961) that corro-
sion damage to automobile exhaust systems cost American car owners over
$500 million in 1960. According to this report, 30 million mufflers
sold in 1960 at an average retail price of $12.50 for a total of $375
million. About 35 million tailpipes were also sold the same year at an
average retail price of $5 for a total of $175 million, giving a grand
total of over $500 million. It was pointed out that the loss to corro-

k}
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sion of auto mufflers alone ($375 million) equaled the total cost to the
United States for construction of the Panama Canal.

Gegner (1960) states in his paper on alkaline environment corrosion.
that industry has long been experiencing a steady erosion of its profits.
Further, that competition,public opinion and more recently a genuine fear
of inflation has prevented most of them from raising prices to maintain
their margin of profit and thus industry has been forced to search out
every possible means for reducing its manufacturing costs. He goes on
to point out that because of its size, maintenance cost is one of the
obvious targets and within this area are the sizeable costs attributable
to corrosion.

It is this same concern relative to maintenance and replacement
costs within the carbonated beverage industry which is the primary reason
for this study. The specific problem pertains to the corrosive effect of
relatively recently introduced sequestering agents on the bottle washer,
relative to the corrosive effects of the more traditionally used agents
and components of the cleaning systems.

Corrosion of Iron and Steel
Nieland, Maguire, George and Kahler (19503) have reported that sol-

uble salts of hydroxypolycarboxylic acids having less than 7 carbon
atoms, such as sodium citrate, tartrate, malate, and mucate form a vis-
ibly thick, black, tenacious film over iron surfaces. Concentrations from
0.1 to about 100 ppm reportedly gave maximum protection; higher concen-
trations decreased protection and caused pitting. Above 1000 ppm the
total weight loss of the exposed specimens exceeded that of the control.
Sodium citrate was reported to have penetrated existing tuberculation
products and to have formed a film on the base metal underneath, grad-
ually restoring the carrying capacity of pipe. They found 2 ppm of sod-
ium citrate to give 60% protection in Philadelphia tap water at 160°F,
which was noted as being triple the protection of 2 ppm of sodium hexa-
metaphosphate, or 100 ppm of sodium silicate solution (28% 3102). The
film was reported as seeming to be established in all cases in about 5
days. It was pointed out that the film with sodium citrate formed fast-
est in low hardness water. The greatest corrosivity was found in inter-

mediate hardness waters.
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Nieland, Maguire, George and Kahler (1950b) have also reported that
solutions of 0.1 to 100 ppm of sodium gluconate and gluconic acid act
similarly to other hydroxycarboxylates and form a hard, dark,corrosion re-
sistant protective film over iron surfaces. Above 100 ppm the over-all
protection was found to continue without appreciable reduction in weight
loss, but the attack localized in pits, and perforations were found in a
flow system using Philadelphia tap water of 42 ppm total hardness as
CaCO3 at 120°F. The percent protection given for a concentration of 840
ppm of sodium gluconate was about 847. It was stated that sodium gluc---
onate penetrates existing corrosion products, forming a film on the metal
underneath and allows for their gradual removal. It was found that the
dosage could be reduced once the film was formed.

Dvorkovitz and Hawley (19523) have stated that hard adherent scale
or etchings formed on glassware from the constituents of water in which
it is washed, is inhibited by the use of a mixture of about 90 parts by
weight of caustic alkali, such as sodium hydroxide, and 10 parts of sod-
ium or potassium gluconate. They noted that this mixture also serves as
a better inhibitor of rust, and iron and steel corrosion, than sodium
hydroxide solutions alone.

Dvorkovitz and Hawley (1952b) have also stated that the hard water
used for rinsing glass, metal, rubber, and porcelain articles coming from
alkaline washing solutions can be treated with caustic alkali and alkali
metal gluconates in the amounts of 0.25 - 20% and 0.025 - 2.0%, respect-
ively. This treatment is advocated in order to prevent or reduce scale
precipitation of calcium and magnesium salts which interferes with the
clearing operation on the surface of the objects. It was pointed out
that such solutions have the advantage of better inhibition of rust and
corrosion of iron and steel, and are relatively non-foaming.

An extract of a 1955 letter from Glyco Products Company forwarded to
us by Cooper (1960) of the George J. Meyer Manufacturing Company, states,
"it is reported that corrosion of washing equipment occurs with sodium
gluconate compositions. 1In addition, this type of compound does not
sequester iron or aluminum. Aluminum is deposited in washing from alum-
inum labels frequently used on milk bottles.'

Shaw and McCallion (1959) have reported results on corrosion by
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gluconate-caustic systems and other considerations. They stated that,
"some time ago corrosion of bottle washing equipment using gluconate-
caustic solutions was reported. Actually the complaints were not wide-
spread but the fact that they existed at all, was sufficient reason to
begin an investigation." The experimental procedure employed will be
described in detail in the development of experimental procedure section-
of this dissertation. The type of metal (carburized and hardened steel),
pre-cleaning procedures and procedures for the removal of corrosion prod-
ucts differed from those employed in the subsequent studies to be reported
here. Duplicate tests were conducted with rotating specimens. Test sol-
utions éf 3% caustic plus additives (based on total solution weight) were
prepared using water of 12 grains per gallon hardness. Each test was
conducted for 7 days in a constant temperature bath at 140°F. The re-
sults as reported in mils penetration per year (MPY) and recalculated
(metal density assumed = 7.87 gm/cm3) to give the results in terms of
weight loss (mg/dmz-week) are given in Table 1. They noted that test
solutions containing phosphates were generally not as corrosive as the
gluconate-caustic system, and in fact reduced corrosion to a point much
less than the caustic control. When the level of gluconate was reduced
from 0.15% (which is three times as much as is theoretically required for
12 grain hardness water) to 0.045% (mole to mole with calcium) the corro-
sion rate was reduced 607 to a point essentially the same as that of the
caustic control. They stated that, 'the corrosion results certainly in-
dicate that the higher the level of gluconate, the more corrosion. The -
primary lesson, therefore, is that large excesses of gluconate should be
avoided. Large excesses are quantities far over and above the levels
actually required to do a satisfactory job." Shaw and McCallion present
recommendations as to amounts of gluconate to be used, based on the fact
that 1 mole of gluconate sequesters 1 mole of calcium or magnesium. The
gluconate levels recommended in practice are twice these amounts, It
was also pointed out that the gluconate level may need to be still high-
er if rusty necks, aluminum labels, bottles containing cement, etc., are
common occurrences,

Cooper (1960) states that as a result of non-biased laboratory and

field investigations on sodium gluconate and other sugar acid materials,
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Table 1. Corrosiveness of some gluconate-caustic systems (Shaw and
McCallion (1959)).

Test solutions : Corrosion rate
Mils Weigh§ loss,
penetration nmg/dm“-week
per year, MPY .
3% Sodium hydroxide 0.40 15.38
3% Sodium hydroxide 1.11 42,67
+ 0.15% sodium gluconate
3% Sodium hydroxide 0.47 18.07
+ 0.0457% sodium gluconate
3% Sodium hydroxide 0.21 8.07

+ 0.10% sodium gluconate
+ 0.10% trisodium phosphate

3% Sodium hydroxide 0.24 9.23
+ 0.15% sodium gluconate
+ 0.05% trisodium phosphate

3% Sodium hydroxide 0.05 1.92
+ 0.10% sodium gluconate
+ 0.10%2 sodium tripolyphosphate

3% Sodium hydroxide 0.54 20.76
+ 0.15% sodium gluconate
+0.0075% sodium tripolyphosphate

3% Sodium hydroxide 0.09 3.46
+ 0.10% sodium gluconate
+ 0.10% sodium hexametaphosphate

3% Sodium hydroxide 1.45 55.74
+ 0.10% sodium gluconate
+ 0.10% tetrasodium pyrophosphate

3% Sodium hydroxide 0.72 27.68
+ 0.15% sodium gluconate
+ 0.05% Renex (surface-active agent)

that they do not recommend the use of these materials in Meyer Dumore
washers. He points out that it is true that these compounds, if properly
used, will inhibit scale formation in the strongly alkaline compartments
of the washing machine; however, he also points out that if the materials
are used they must be carefully tailored to fit the conditions in each
bottling plant, He states that too much of the gluconate will favor
rusting and too little will not give the proper amount of protection.

He goes on to point out that even if the proper amount of material is

added to the freshly prepared solution, there is no method known for the
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rapid evaluation of the residual gluconate, in order to bring up the per-
cent of material to the original working strength. Cooper states that
they have information from a manufacturer of gluconates stating that as
the caustic strength decreases in the various washer compartments, .the .
efficiency of gluconate drops rapidly to the point where it gives no pro-
tection. They advocate the use of some material such as tetrasodium pyro-
phosphate in the rinsing compartment of the washer in order to prevent
scale build up.

White (1962) points out that it is undesirable to go significantly
beyond the minimum concentrations and temperatures recommended for wash-
ing bottles because hot caustic solutions are very corrosive to the
machine and to the glass itself.

Putilova, Balezin, Barannik (1960), and Levina (1956) state that the
solution of iron in alkalies has received relatively little study. They
note that various substances have been used as inhibitors of the solution
of iron in acids. Among these are the substituted aliphatic and aromatic
amines, sulfonated naphthalene and anthraquinone derivatives. These in-
hibitors are reported to be quite ineffective in alkaline solutions,
since they are not adsorbed on the iron under these conditions. This has
been attributed by Levina to the fact that some are practically insol-
uble in alkaline solutions, and also to the fact that iron in alkaline
solution is coated by oxides that have very pronounced hydrophilic prop-
erties, For these reasons the author stated that the choice of inhib-
itors of iron corrosion in alkaline media should differ from those used
for acid solution. Levina states further that the addition of substances
capable of forming surface compounds with iron and its oxides should
prove to be inhibitors of the solution of iron in alkaline solutions.

To determine if such was the case, silicic acid, sodium phosphate, and
tannin were chosen to be evaluated. These substances were noted as being
easily soluble in alkalies and also to form stable chemical compounds
with iron and its oxides. Levina states that it was not possible to pre-
dict their influence on the solution of iron. The data obtained in the
studies showed that silica gel, phosphate, and tannin form surface com-
pounds with the iron. It was reported that these compounds retard sol-

ution of iron by raising the hydrogen overvoltage and that this is not
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accompanied by a decrease of the electrochemical activity of the iron
surface. Electrodes treated in this manner were shown to have consider=~
able electrochemical capacity. It was further noted that when large quan-
tities of these inhibitors were added, gas evolution at the iron ceases
and the iron loses its electrochemical activity.
Corrosion of Some Other Metals

McCune (1958) investigated and reported on corrosion of aluminum by
alkaline sequestering solutions. Corrosion of aluminum by solutions of
sodium triphosphate and sodium ethylenediaminetetraacetate (sodium ((ethyl-
enedinitrilo)) tetraacetate) is treated in detail. Weight loss data were
determined with an analytical balance on specimens exposed in stagnant
total immersion tests. The ratio of area of metal to volume of solution
used was 29 cmzper 200 ml. Aeration was shown not to affect the results
appreciably., Distilled water and reagent grade chemicals were used in
preparing the test solutions. Solutions of sequestering agent (sodium
ethylenediaminetetraacetate, pyrophosphate, triphosphate) corroded alum-
inum much more rapidly at 60°c than solutions of non-sequestering salts
(sodium trimetaphosphate, sodium sulphate, tetramethylammonium sulphate)
at alkaline pH values up to about 10.5. Above this pH, alkaline corrosion
reportedly overwhelmed sequestering corrosion. The data were obtained
at constant pH. With sodium triphosphate corrosion was general over the
surface of the metal and conditions of 60°C, 3 hours, and 200 ml of 0.18%
sodium triphosphate solution resulted in etching and a decrease of spec-
ular reflectivity of the metal with little or no discoloration. Lower
sodium triphosphate concentration, smaller volumes, and longer times
caused a brown discoloration. Pitting was not observed at the pH of sod-
ium triphosphate solutions. In the presence of sufficient sodium tri-
phosphate, aluminum perchlorate-perchloric acid solutions were found to
form no precipitate when sodium hydroxide was added between pH 3 and 11.
The over-all reaction was reported to be that of metallic aluminum with
triphosphate solution to give an aluminum-triphosphate complex and hy-
drogen, and in the pH range 7 to 10, hydroxide ion. The following over-
all reactions were indicated as illustrative: At about pH 8;

-4 -3 -
Al + 3H20 + HP3010 = (AI(OH)2HP3010) + OH + I.SHZ
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At about pH 10;

-5 -5
Al + P3010 + 3H2 10 . + 1.5 Hz

It was reported also that aluminum immersed in 0.18% phosphorus -32- tag-

0= Al(OH)3P3O

ged (PBg),sodium triphosphate solution for 3 hours at 60°c sorbed phos-
phate equivalent to 0.019 mg sodium triphosphate per cmz, according to
radioactive count. McCune stated that the action was apparently in the
hydrous oxide surface film, since the radioactive triphosphate was removed
by the nitric acid rinse which dissolves corrosion products, but very
little of the metal itself. The surface film isolated from an aluminum
foil exposed to 0.18% of sodium ethylenediaminetetraacetate solution under
the same conditions contained nitrogen and carbon indicating the presence
of the sequestrant in the film. The over-all corrosion reaction at

about pH 8.5 was given as

Al + 2H,0 + HEDTA" ~ = (AL(OH)EDTA)  + OH + 1.5 H,

It was further pointed out, that this demonstration of the presence of
the corrosive agent at the solid surface is pertinent to recent discuss-
ion of chelating agents as corrosion inhibitors or as corrosion acceler-
ators in cases where the surface complex of the chelating agent and metal
ion is sufficiently stable to disrupt the metal or oxide lattice. Add-
itions of metal cations to triphosphate solutions were found to reduce
corrosion; the order of increasing effectiveness was found to be the same
as the order of increasing complexing strength of these cations by the
polyphosphate. Lithium, calcium and magnesium, and aluminum and nickel
sulfates reduced the corrosiveness of sodium triphosphate, with effect-
iveness increasing in that order.

Sundararajan and Char (1961) studied the corrosion rates of commer-
cial aluminum, containing 4 percent manganese and 3 percent iron, in
sodium hydroxide solutions under different conditions. Inhibitor effi-
ciencies were calculated for the following substances, the efficiency
decreased from 90 to 60 percent in the order: agar-agar, gum-acaciae,
dextrin, gelatin, and glue. Corrosion potentials were measured with and
without dextrin inhibitor, and cathodic and anodic polarization studies
were also made. They reported that the results obtained showed that the

dissolution of the metal was electrochemical in character. The corrosion
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process was described as appearing to be under mixed control,. with the-
predominance of action of dextrin inhibitor on the anodic areas of the
metal surface.

Moore and Smith (1942) conducted laboratory studies to determine the
influence of metaphosphate on the quantity of lead picked up by water
passing through lead wool and through lead pipe previously exposed to cor-
rosive water. They reported that in water having a pH value of 7.0 or .
less, the addition of metaphosphate materially reduced the amount of lead
taken up by the water. It was reported that under cértain conditions,
the addition of metaphosphate to a water having a pH value of 8.8 result-
ed in an increased amount of lead taken up by the water. (The authors
pointed out that it seemed to them that the gravest question (with re-
gard to danger to public.health) with respect to the introduction of
metaphosphate into water systems containing léad pipe was'the;gffect of
this chemical on the deposits of lead salts previously formed in the
pipe.) They stated that most recent work indicates that metaphosphate
treatment is most effective at low pH values.

Jensen and Claybaugh (1951) reported on the corrosive effects of
sodium tripolyphosphate and tetrasodium ethylenediaminetetraacetate on
tinned steel when used as 90% of detergent in 0.3% distilled water sol-
ution and in presence of 0, 4, 8, 12, 16, 20, 24, and 36% sodium meta-
silicate with a five day exposure period. Weight losses of 0.1462 g and
0.2884 g were reported for sodium tripolyphosphate and tetrasodium ethyl-
enediaminetetraacetate respectively, when no sodium metasilicate was add-
ed to the solutions. Addition of 0.4% metasilicate to the tripolyphos-
phate solution reduced the weight loss to 0.0084 g. Additional corrosion
inhibition was not particularly apparent above this level of metasilicate.
The addition of metasilicate in amounts up to 24% did not prevent tetra-
sodium ethylenediaminetetraacetate’s heavy corrosion. v

Lewandowski (1952) presents comparative data on some acids used in dairy
cleaning. The study included corrosion of tin plate (hot-dip and electro-
plated tinned steel atrips were both used) and stainless steel (18-8
sheet) strips in sodium bisulfate and in phosphoric, gluconic, levulinic,
glycolic, citric, acetic and sulfamic acids. All acidic solutions were
prepared in distilled water with a final concentration of 0.25 percent
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by weight. The strips (about 3 x 1 in.) were precleaned before partial
immersion in essentially static test solutions (70 ml). After immersion
the cleaning procedure consisted of rinsing the strips three times in
distilled water, with light brushing during the second rinse.. The strips
were then dried and wgighed. Lewandowski concluded that factors contribut-
ing to corrosion of tinned steel by mild acidic solutions were temper-
ature, pH, apparent volatility of organic acids, structure of acidic com-
pounds and type of tinplate. Weight loss of tinned steel changed or re-
mained constant with change in temperature depending on the acid compound
and type of tinplate. Under all test conditions, phosphoric acid caused
only very slight weight losses as compared to the various organic acids,
and sodium bisulfate and sulfamic acid. Lewandowski noted that the corro-
sion weight loss figures obtained were all below the so called *serious"
weight losses represented by 100 mg/dmz-day, which he points out is an
indication of the essentially mild nature of all the tested acidic sol-
utions. An apparent relationship between pH of acidic solutions and
formation of colored deposits, as well as spangling (seemingly etched
patterns) of treated tinned steel strips was observed. Pitting of tinned
steel was observed only with volatile organic acids, and was also related
to the presence of sulfur in molecules of the inorganic acidic compounds
used. Corrosion was noted as more intense on thinly electroplated than
on heavily plated hot-dip steel. Stainless steel was not appreciably
corroded by any of the acidic solutions tested.

Solutions of four polyphosphates (tetrasodium pyrophosphate, sodium
tetraphosphate, sodium hexametaphosphate, and sodium tripolyphosphate)
were shown by Bacon and Nutting (1952) to dissolve copper, zinc, or brass.
Corrosion rate data were presented for several metal-polyphosphate combin-
nations at 80°C and for several commercial and experimental dishwashing
detergents. The inclusion of sodium metasilicate was shown to afford a
practical means of retarding the corrosive action of polyphosphates on
dishwashing machine parts. Of the several polyphosphates investigated,
pPyrophosphate was the most difficult to inhibit. It was pointed out that
corrosion of copper, brass, or bronze pumps, valves, and spray nozzles
by polyphosphated detergents may seriously reduce the efficiency of dish-

washing machines and that many complete failures of machine parts have
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occurred within 6 months. A brassy tarnishing af silverware washed in
certain dishwashing machines was attributed to copper solubilized.from
machine parts by poorly inhibited polyphosphated detergents that then
plated on the silverware by electrolytic action.

Getty, McCready, and Stericker (1955), have determined the degree of
corrosion with some synthetic detergent solutions (wetting agent plus
polyphosphate), and the degree of protection obtained by the addition of -
various amounts of various silicates. The tests were made with aluminum,
zinc, copper, brass, nickel silver, and several enamels. The addition
of certain sodium silicates reduced corrosion or tarnishing of the metals
in household detergent mixtures containing polyphosphates. It was point-
ed out that the silicate content of the most popular heavy-duty household
detergents now on the market is sufficient to prevent the corrosion of
aluminum, but an increase would be desirable to reduce corrosion of zinc
and its alloys. It was shown that silicated detergents lessen any at-
tack and loss of gloss of enamels, and especially with less resistant
enamels.

Wright (1956) has also reported that silicates are .effective
corrosion inhibitors for cleansers of aluminum dairy equipment
(particularly aluminum milk cans).

Hunziker, Cordes, and Nissen (1929) studied the resistance to corro-
sion of 19 different metals, plated metals, and metallic alloys in sol-
utions of washing powders, chemical sterilizers, and refrigerating brines.
The metals included in the tests were: manganese-aluminum alloys, alum-
inum plated alloy, copper, nickel, monel metal, nickel silver, tin, tin-
ned copper, tinned iron, iron, zinc, galvanized iron, ordinary chromium
steels in the form of Ascoloy and Enduro, and a chromium-nickel steel in
the form of Allegheny Metal. The alkalies tested were a special alkali
(35% NaOH, 62% NaZCO3), gsodium carbonate, Wyandotte (49% Na2C03, 36%
NaHCO3), sodium hydroxide, trisodium phosphate, and commercially form-
ulated tin cleaner, and Diversol. Chemical sterilizers were sodium hy*
pochlorite, Diversol, and Chloramine-T. The test ¢omprised’ partial immer-
sion of the métal strips in solutiéns in closed Mason jars for 5 hours at
150°F for alkalies and 5 days at 70°F for chemical sterilizers. Hunziker,
Cordes and Nissen used 0.5 percent solutigns of alkalies. Aluminum prod-
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ucts suffered by far the most intense corrosion in all washing solutions
used. The tinned copper and tinned iron products ranked next in intensity
of corrosion, but showed much greater resistance than the aluminum prod-
ucts., Of the remaining metals, the corrosion of copper, iron, galvanized
iron, and zinc was decidedly greater, but not as severe as that of the tin-
plated products. They found that the addition of 0.025 percent sodium
chromate to 0.5 percent solution of trisodium phosphate in water Jery
greatly reduced corroéion. ‘With 0.5 percent solutions of alkalies, the
addition of sodium silicate in 0.05 percent quantities did not reduce the
attack of NaOH and trisodium phosphate, but completely eliminated corro-
sion byAsoda ash. The use of trisodium phosphate solution (0.16 to 0.5
percent) combined with 0.025 perceﬁt sodium chromate was described as
best from the corrosion standpoint for tin-coated equipment.

Parker (1942) reported a laboratory study of the corrosive action of
an acid cleansing product known as Mikro-San (described as being a non-
toxic mixture of certain organic acids, specific wetting agents, corro-
sion inhibitor, and a microstatic agent), and acid sterilizing product
known as Mikro-Puer (content not given), and Chicago tap water on nine
different metals normally used in the construction of can washers and
dairy processing equipment, as well as that used in the construction of
milk cans. The results obtained were compared with those of Hunziker,
Cordes, and Nissen (1929) described above. Parker concluded that the
corrosive effects of Mikro-San, Mikro-Puer and Chicago tap water were
relatively mild compared to the various mineral and organic acids, and
particularly to the action of the various washing powder solutions used
by Hunziker, Cordes and Nissen:

deVleeschauwer, Hendrickx, and Moulaert (1951) investigated the in-
fluence of several detergents on aluminum, tinned iron, tinned copper,
yellow and red copper, galvanized iron, and chromium-plated red copper.
Cleaned metal plates were weighed and immersed for three consecutive 24
hour periods in 70%¢ detergent or immersed for three consecutive 5 day
Periods in 20°C disinfectant. The plates were rinsed, visually examined,
dried, weighed and placed in new solution after each immersion. The
Weight loss data were used to determine the resistance to corrosion of

the metals. They stated that aluminum was generally the most affected.
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Corrosion of the tinned iron and tinned copper were noted as not parti-.
cularly important, but corrosion was observed with each solution tested.
Weight losses from the yellow and red copper specimens were noted as
being small, but they were stained and made dark by most of the deter-
gents., It was observed that some products did not affect galvanized iron
while others affected it strongly. Chromium-plated red copper was only
affected by Trosilin, and stainless steel was not.;ffected at all by any
of the detergents. A 0,.5% solution of & quaternary ammonium compound was
reported to have affected only the tinned metals, yellow and red copper,
and galvanized iron. Sodium hypochlorite solution of 120 ppm affected
aluminum; a higher concentration affected tinned metals, but to a lesser
extent. Solutions of only 15 ppm were said to have stained copper and
galvanized iron. The disinfectant solutions were found not to affect
chromium-plated red copper and stainless steel.

deVleeschauwer, Hendrickx, and Wallez (1953) studied the corrosive
effect of detergents on milk-can metals. Aluminum and tinned iron were
tested in solutions containing sodium hydroxide, sodium carbonate, sodium
phosphate, sodium silicate and sodium hexametaphosphate. In the immer-
sion test method used, each test panel was given 180 immersions of 1 min-
ute each, rinsed, dried, and weighed. They noted that weight losses of
light metals in milk-can cleaners should not exceed 20 g/mz-day and
60 g/mz-day for heavy metals.

Haller, Grant, and Babcock (1941) studied the corrosive action of
what they described as typical chlorine disinfectants for use on dairy
equipment under various conditions. It was determined that sodium
hypochlorite and Chloramine-f solutions containing approximately 200 ppm
of available chlorine would corrode most metals used in the dairy industry.

.Other studies on the effects of washing media on metals other than
iron and steel, are those of Bablik and Belohlavy (1957), Stupel and Kock
(1959), and Bukowiecki (1958). Bablik and Belohlavy investigated and
determined that certain detergents containing polyphosphates will attack
hot galvanized surfaces. Stupel and Kock determined the corrosive ef-
fects of some soaps and washing compounds on stainless steel, copper,
brass, bronz, tin, zinc and aluminum. Bukowiecki investigated the effects

of various detergents on metals used in the construction of washing ma-
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chines. The materials tested included galvanized steel, copper with and
without a solder or tin deposit, and aluminum alloy, and brass. Sheet
metal samples were suspended in solution at 90°C and the weight loss
determined every three hours. The effects of agitation, water hardness,
and contact between dissimilar metals were investigated. The most inten-
sive attack was found to be produced by the simultaneous action of poly-
merized phosphates and sodium perborate. Soap had little effect and it
was stated that it may even act as an inhibitor. Galvanized steel and
the aluminum alloy were found most susceptible to corrosion by detergents.
Stainless steel and nickel-plated copped alloys were described as virtually
corrosion resistant. It was also observed in some instances that inter-
action of two metals led to anodic inhibition.

It is apparent from the literature that many investigations have
been conducted in the general area of detergent corrosion of metals and
alloys. However the effect of alkaline sequestering agents on the corro-
sion of mild steel have not been determined. Further there is a need for
a comprehensive evaluation of the corrosive effects of organic sequest-
ering agents, relative to the effects of the more traditionally used in-
organic phosphates and other components of the systems, under conditions
similar to and varied in accordance with what is commonly encountered in
their practical use. General aspects pertaining to sequestering agents

and their chemical behavior are elaborated in the next section.



SEQUESTERING AGENTS AND THEIR CHEMICAL BEHAVIOR

.Sequestering agents are used to chemically soften hard water used in
cleaning reusable glass containers. The basic bottle washing recommend-
ation of'the "American Bottlers of Carbonated Beverage Association” (1958)
is: "unclean bottles shall be exposed to a 3 percent alkali solution of
which not less than 60 percent is caustic (sodium hydroxide), for a
period of not less than 5 minutes at a temperature of not less than 130°P,
or to an equivalent cleansing and sterilizing process.™ The bottles are
then rinsed free of washing solution. Of the 43 states having require-
ments governing type and strength of solution, 26 of them follow this
recommendation very closely, allowing only one solution concentration, a
minimum temperature, and a minimum contact time. In addition to the al-
kali used, other agents may be added to either improve solution deter-
géncy or for chemical water-softening purposes, since the sodium hydrox-
ide bottle-washing solutions are adversely affected by hard water salts.
The high hydroxyl ion concentration tends to precipitate metal ions as
slightly soluble hydroxides. Chaberek and Martell (1959) demonstrate the
low solubilities of the calcium and magnesium salts of the anions present

in these washing solutions by the following table:

VTable 2, Solubilities of some calcium and magnesium salts in water.

T

Anion ' Solubility, g/1
Calcium Magnesium
Carbonate 0.014 0.1
Hydroxide 1.85 0.009
Phosphate 0.02 0.2

Silicate 0.09 ---

They point out that this leads to serious precipitation problems, which
result in both improper cleaning of the glass containers and acceleration
of scale formation on the washing machine. Skaggs and Miller (1958)
concur with this as pointed out in their studies of the influence of hard
water on dairy detergents.
Chemical water treatment is most commonly followed in dealing with
17
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the water-hardness problem in bottle washing solutions. The softening
agent, hereafter referred to as a sequestering agent, is added when un-.
formulated mixes are used at the time of making up the solutions or when
they are added to the washer. It is appropriate at this point to define
sequestration and other terms in this area.

Smith (1959) summarizes what is meant by sequestration and defines
what function a material must perform to be regarded as a sequestering
agent. He states,''sequestration consists in the suppression of a partic-
ular property or properties of a metal in solution, without the removal
of that metal either into another phase nor its concentration into a
particular portion of the original phase, while at the same time the
agent used for the purpose of this sequestration must not introduce any
new factor, reaction, or characteristic which makes the system unsuit-
able for the original purpose."

Chaberek and Martell (1959) state that a metal complex or metal co-
ordination compound is the resulting substance when water molecules sur-
rounding a metal ion are replaced by other molecules or ions. The group
which combines with the metal ion is called a ligand. A metal chelate
compound (or metal chelate) is defined simply as a complex in which the
donor atoms (the atoms directly attached to the metal) are attached to
each other as well as to the metal and the metal becomes part of a heter-
ocylic ring. When a ligand forms a stable, water-soluble metal chelate
or metal complex, the ligand is said to be a sequestering agent and the
metal is said to be sequestered. The ligand (donor molecule or ion) of
a stable, non-water-soluble metal chelate or metal complex may be refer-
red to as a precipitating agent and the metal is said to be precipitated.

Agents used for chemical water treatment may be classed as inorganic
and organic agents, examples of which follow: Trisodium phosphate is an
inorganic water-softening agent, softening by precipitation. Tetrasodium
pyrophosphate is also an inorganic water-softening agent, softening by
sequesteration. Two groups of organic sequestering agents of iﬁportance
are the hydroxycarboxylic acids such as gluconic acid and the?éminopoly-
carboxylic acids such as ethylenediaminetetraacetic acid. Chaberek and
Martell (1959) point out that the most widely used sequestering agents
are the inorganic polyphosphates (pyrophosphates, tripolyphosphates, and
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polymetaphosphates), because of their relatively low cost. In recent
years the organic sequestering agents have become increasingly important.
The organic sequestering agents and their compounds have higher thermal
stabilities and tend to resist the effects of prolonged exposure to high
temperature and alkalinity, while the polyphosphates tend to hydrolyze
back to trisodium phosphate under these conditions.

The sequestering agents to be used in this study are trisodium phos-
phate (not technically a sequestering agent), tetrasodium pyrophosphate, -
sodium gluconate, and tetrasodium ethylenediaminetetraacetate. Trisodium
phosphate is an inorganic water-softening agent, functioning by precip-
itation of metal cations, and is the end product of hydrolysis often
called reversion of pyrophosphates, tripolyphosphates, and the polymeta-
phosphates in aqueous solution. The reversion rate increases with temp-
erature, is lower in alkaline solutions than in acid solutions, and metal-
lic cations in the system (such as calcium and magnesium ions which are
sequestered as complex anions) tend to decrease the stability, particular-
ly at high pH levels (Schwartz, Perry, and Berch (1958)). Of the three
condensed phosphates (pyro-, tripoly- and polymeta-), pyrophosphate hy-
drolyzes more slowly than tripolyphosphate, which in turn hydrolyzes
more slowly than tripolyphosphate, which in turn hydrolyzes more slowly
than polymetaphosphates (glassy phosphates). The reversion rates of
these three classes of phosphates are each separated by an order of mag-
nitude. For this reason pyrophosphate is often recommended rather than
tripolyphosphate or the polymetaphosphates for use in chemical water
softening of solutions used in cleaning reusable glass containers, des-
pite the fact that it is not the most effective sequestering agent of the
three for calcium ions and the initially soluble complex which is formed
may break down, particularly at higher temperatures, and form an insol-
uble calcium pyrophosphate. Pyrophosphate, tripolyphosphate, and the
polymetaphosphates (glassy phosphates) can sequester iron and other heavy
metals in addition to calcium and magnesium (Schwartz, Perry, and Berch
((1958)). The sequestering power of all condensed phosphates is influ-
enced by pH, temperature, and the presence of other anions in the solution.

Mehltretter, Alexander, and Rist (1953) have investigated the sequest-

ering action of various hydroxycarboxylic acid salts toward calcium, iron,
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and copper. They found the calcium sequestering ability to be relatively
low over the pH range 4 to 10 at 25°C. A marked increase in sequestering
capacity was noted with the 6-carbon acids and tartaric acid when the
solutions were made strongly alkaline (2 to 5% sodium hydroxide). In the
case of gluconic and mucic acids, maximum sequestration of calcium was
not obtained in caustic up to 5% concentration. On the other hand, the
sequestering capacity of saccharic acid was markedly reduced in concen-
trations of alkali higher than 44. The optimum sequestration with sac-
charic acid was found in 2 to 4% sodium hydroxide. It was pointed out
that when the concentrations of saccharic and gluconic acids were in-
creased in 3% sodium hydroxide, their sequestering power toward calcium
increased in direct proportion to their concentration. Of the hydroxy-
carboxylic acids tested they found that potassium sodium saccharate and
sodium mucate gave the best sequestration of caIcium and sodium lactate
the poorest. With the exception of sodium citrate, it was found that
the hydroxycarboxylic acid salts failed to sequester iron or copper to
any great extent at pH 7. In acid solution (pH 4) the hydroxycarboxylic
acids were found relatively ineffective as sequestrants for these metal®
ions. However the longer chained hydroxycarboxylic acids sequestered
large amounts of iron and copper in the presence of alkali compared with
the shorter chained acf{ds. The authors point out that of the hydroxyc-
boxylic acid salts tested only gluconic is used in considerable quantity
in acid and alkaline cleaning compositions. It was also noted, that in
general the hydroxycarboxylic acids examined exhibited maximum sequest-
ration in 2 to 5% sodium hydroxide solutions. They state that on the
basis of their results, saccharic acid is the best general acid sequest-
rant in alkaline solution.

Mehltretter and Watson (1959) state that the sodium salts of gluconic,
glucoheptonic, and saccharic acids are being used in increasing quantities
as sequestering agents. When dissolved in caustic solutions they prevent
the deposition of lime scale on bottles and bottle washing equipment.
They point out that caustic solutions of these sugar acids are also of
considerable importance for removing rust stains and alhminum foil labels
from bottles. They state that mixtures of organic acids produced by

oxidizing dextrose hydrate and corn starch with nitric acid are rich in
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gluconic and saccharic acids and may contain other chelating substances.
The oxidation liquors from various mole ratios of these reactants were
evaluated for their sequestering action toward calcium, aluminum, and
ferric ions in alkaline saolutions. They reported good sequestration of
calcium and noted that liquors produced by oxidation of one mole of the ..
carbohydrates with two to four moles of nitric acid gave the best results.
This was attributed to a higher proportion of saccharic acid formed under
these conditions. The sequestration of aluminum and of iron was also
reported as quite satisfactory with alkaline solutions, but was noted to
be somewhat lower than that found with sodium gluconate. They point out
that such oxidation liquors have the advantage of lower cost and on this
basis might be the more economical sequestrant to use.

Chaberek and Martell (1959) have discussed the use of aminopolycar-
boxylic acids in metal ion deactivation. They stated that these compounds
form exceedingly stable alkaline earth chelates, as well as stable che-
lates with many transition and heavy-metal ions. They pointed out that,
"these chelating agents have a number of advantages over the inorganic
sequestering agents: (1) The compounds are thermally stable in aqueous
solution, (2) The alkaline earth sequestering capacity remains constant
over a wide pH range, in contrast to the behavior of the polyphosphates
and the hydroxycarboxylic acids.(3) The stabilities of the metal chelates
of the aminopolycarboxylic acids are considerably higher than those of
the inorganic chelating agents, and greater reduction in the free metal
ion concentration occurs. (4) The organic sequestering agents are po-
tentially more compatible with organic systems than inorganic sequester-
ing agents." They stated that it is evident that these compounds are at
least as efficient as, and generally more efficient than, the inorganic
reagents represented by the condensed phosphates. Their primary limit-
ation at present was noted to be their relatively higher price.

An attempt is made in the following paragraphs to summarize some of
the available information on the theoretical and practicgl behavior of
the sequestering agents to be studied or of similar sequéstering agents
under conditions like or similar to those to be used in these investi-
gations, in order to gather information to be used to pfedict or explain

results:



22

Clements and Kennedy (1952) have presented the following comparison
of the theoretical and practical sequestering power of the polyphosphates:

Table 3. Sequestering power of polyphosphates.

Sequestering agent Total amount of polyphosphate to soft-
en 100 ppm of calcium carbonate water
Theoretical, ppm Practical, ppm
Tetrasodium pyrophosphate, 133 800
Na4P207
Sodium tripolyphosphate, 148 417
NaSP3010
Sodium tetraphosphate, 154 384
Na6P4013
Sodium hexametaphosphate, 204 306
Na6l’6018 :
Sodium heptaphosphate, 174 293
N39P7022

The theoretical quantity of sequestering agent was calculated assuming
all the sodium was replaced by calcium. However it was noted that all
the sodium is not so replaced and that there may be quite a big discrep-
ancy between the theoretical and practical figures obtained, as shown
above. They also observed that the sequestering power increases as the
number of phosphates in the complex increases.

Chaberek and Martell (1959) have reviewed, summarized, and discussed
the literature on the behavior of the polyphosphates, and the hydroxycar-
boxylic and aminopolycarboxylic acids. The effects of a number of fac-
tors on the sequestering properties of these agents as summarized by
Chaberek and Martell are presented in the following figures: The effect
of pH on alkaline earth metalion sequestration by sodium pyrophosphate,
sodium tripolyphosphate and sodium hexametaphosphate is illustrated graph-
ically in Fig. 1. They noted that increasing chain length increases the
effectiveness of these polyphosphates and that the shapes of the curves
were similar. In the pH range of about 7 to 9, and above 1l an increase
in pH produced relatively little change in sequestration. In the inter-
mediate pH range from about 9 to 11 the efficiency of all three phosphates
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decreases rapidly. The relative effectiveness of the polyphosphates is
also dependent on water hardness as illustrated in Figure 2. Chaberek
and Martell pointed out that the amount of a particular polyphosphate
required to soften water of varying hardness at 72 to 70°C is not a
linear function of water hardness. An increase in water hardness from
10 to 15 grains per gallon required doubling the amount of tripoly-.
phosphate, while an increase from 10 to 20 grain hardness required about
three times the amount according to the authors. A serious disadvantage
of the polyphosphates, namely their tendency to hydrolyze to the
orthophosphate anion (mentioned previously) is illustrated in Figure 3
for polyphosphates of different chain lengths. This "reversion" is dis-
advantageous since it results in loss of sequestration ability, and in
the formation of an anion having a strong tendency to precipitate metal
ions. It was pointed out that reversion rates are dependent on solution
pH, temperature, degree of dehydration of the polyphosphates, poly-
phosphate chain length; metallic cations themselves tend to increase
reversion. The relative chelating capacities of citrate, gluconate,
tetraphosphate, and EDTA for calcium ions has been calculated from
titration data obtained with an oxalate indicator. Chaberek and

Martell have reviewed, summarized and discussed these data. The re-
sults are shown in Figures 4 and 5. They noted in the pH range of 2

to 11 & low affinity of gluconic acid for the metal, which is shown

by the relatively high ratio of sequestering agent to calcium required
to maintain the metal in soluble form. Citric acid was considerably
more efficient in the pH range 7 to 11, requiring on the average two
moles of reagent per mole of metal. Tetraphosphate was described as

the most effective ligand in the pH range of about 4 to 6, and between

6 and 7.5 it was comparable to EDTA which exhibited a relatively constant
ligand:metal ratio of unity in the pH range 6 to 11, It was pointed out
from Figure 5 by the authors that contrary to sodium gluconate's behavior
in the normal pH range,it is the most effective sequestering agent in
the presence of free sodium hydroxide over a wide range of concentration.
It was also noted that the citrate ion is considerably better than the
inorganic polyphosphate anion.

Organic sequestering agents are becoming more important and being
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.used in ever increasing quantities as water-softening agents. Such is
indeed the case in the carbonated beverage industry where these agents
are used in cleaning bottles. Concern has existed for some time as to
what effect these agents might have on the washer itself. It is chiefly
this concern, which has prompted this comparative study of the corrosive-
ness of these organic sequestering agents relative to that of the more
commonly used inorganic phosphates and other components of the system
(water, alkali, and hardness-forming salts in water).

An indication of the influence sequestering agents might have on
washing equipment, in addition to their effective alkaline earth metal
sequestration, is apparent from discussions of their use in metal clean-

ing. Chaberek and Martell (1959) have noted that alkali metal salts of

aminopolycarboxylic acids such as EDTA, used with effective ferric-
sequestering agents such as gluconate, citrate, and triethanolamine,

should be effective in formulations for scale removal in alkaline sol-
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utions. They also pointed out that in neutral or alkaline solutionms,

rust may be removed by the use of an iron-sequestering agent in conjunc-
tion with a suitable reducing agent. They stated that EDTA is especially
suitable for this purpose since it forms stable chelates with ferrous ion
as well as with ferric and other metal ions. Aiken and Garnett (1957)
have also noted that one of the outstanding properties of the EDTA group
of chelating agents is their ability to "dissolve" water-insoluble metal
oxides and hydroxides, carbonates, sulphates and phosphates which are
formed when metals corrode. It was stated that EDTA is valuable in
special-purpose cleaning compositions for metals and also as an additive
to conventional alkaline cleapers. An effective industrial process using
EDTA was described.

Smith (1959) has pointed out that the use of sequestering agents
can be extremely valuable in obtaining a clean metal surface which is it-
self a primary requisite for any successful metal finishing process. He
noted that both meta-silicate and polyphosphates have traditionally been
used in metal cleaning processes and thaﬁ EDTA can be used to advantage
along with them. Further, it was noted that EDTA may be effective as a
sole agent, particularly in conjunction with caustic soda. He also noted
that there are hydroxycarboxylic acids which.sequester iron in strongly
alkaline solution and in acid conditions, and that the commercially import-
ant acid has been gluconic which is used in industrial processes in
strongly alkaline media. Gluconic and tartaric acid are also used in
aluminum etching solutions to prevent the formation of hard and adherent
scale. Smith stated that the uses of citric, gluconic, oxalic and tar-
taric acids are well established for cleaning, polishing and plating of
metals, and a high proportion of these uses are based on the sequester-
ing properties of these acids and their salts.

The fact that sequestering agents are used in metal cleaning to pre-
vent and/or remove scale would suggest that they might accelerate corro-
sion, since corrosion products often function as an important corrosion
controlling (inhibiting) factor. The predominate cell reaction in
oxygen-type corrosion of iron is

2Fe + 0 + 2Hy0 = 2Fe(OH)pl

The ferrous hydroxide formed on the surface of the metal is insoluble
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and functions as the main corrosion rate controlling factor, since it
limits the amount of oxidizing agent available at the cathodes for reduc-
tion (the oxygen diffusion rate is controlled by the ferrous hydroxide
film). Sequestration (solubilization) of the ferrous hydroxide film
could be expected to increase corrosion. This sequestration of corrosion
products can be expressed by the following general reaction (used by .
Chaberek and Martell (1959) in their disucssions) which for purposes of

simplicity and convenience does not show the valances involved, and
PIBJr-t»Aé'MA-rB

where B is a precipitating agent and A is a sequestering agent, which
combine with the metal to give the precipitate MB and soluble chelate MA
respectively. Chaberek and Martell note that the exchange constant Kx
is related to Ky,, the metal chelate formation constant, and Ky, the

1
= KMA X - .
that the tendency toward precipitation of the insoluble metal salt,

solubility product of MB, by the equation Kx It is seen

measured by Kx is a function of both the solubility product and the
metal chelate formation constant, and if lt.x is sufficiently small, the
precipitation of MB may be prevented. It was also pointed out that the
equilibrium constant, Kx" measures the tendency of the chelating igent
to solubilize slightly soluble MB and is equal to the reciprocal of Kx.
Aiken and Garnett (1957) point out that this is a simplified picture of
the actual situation and ignores not only the effect of conditions such
as pH and concentration, but also the particle size and crystal form of
the insoluble compounds. They note that it is generally easier to pre-
vent precipitation than to dissolve a precipitate that has had time to
consolidate and crystallize. Nevertheless it was noted that these re-
lationships may sometimes be used to predict the possible usefulness of
a sequestering agent on the basis of the magnitudes of the solubility
product and the metal chelate formation constant.

In general, for the systems and conditions used in this investiga-
tion the relationship for predicting solubilization of MB (predominately
Pe(OH)Z) can not be used since quantitative information on the solubility
product and chelate formation constant is either not available or that

which is available can not generally be adjusted to take into account
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the deviations the systems and conditions impose. This problem has been
expressed another way in a bulletin entitled "Keys to Chelation™ (1959) .
in which it was stated that, "most industrial chemical systems which bene-
fit by the addition of metal-control agents are not simple systems of
water and the metal ions. If they were, the selection of the. proper
agent and the most efficient use concentration would be a clear-cut de-
cision based on the stability constants. It would then be possible to
state definitely that so much of an‘agent would do a particular job. Un-
fortunately, complicating factors due to other materials in the system
profoundly affect the metal-chelation reaction.” The following .environ-
mental factors were noted to disturb the simple metal-chelate equilibrium:
(1) Temperature, (2) Other metal ions, (3) Other anions, (4) Ionic
strength effect, and (5) pH. It was pointed out that of all these fac-
tors, and aside from the stability constant, the most important factor
to be considered is the pH of the system.
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