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Incorporation of Organic Complexing Agents
in Electromotive Force-pH Diagrams™

D. C. Silverman*

ABSTRACT

One of the limitations to using thermodynamic electromotive force
(EMF)- or potential-pH diagrams is the inability to include organic
ions and the products of their interaction with metals in the data
base. Formation of such products may affect corrosion. This pa-
per provides a method for deriving the free energies of formation
of such species in the standard state of 1 molal (m) concentra-
tion, unit activity coefficient, 298 K. The methodology is used to
derive the thermodynamic EMF-pH diagram for iron in the pres-
ence of iminodiacetic acid, a compound known to form dissolved
complexes with iron.

INTRODUCTION

Thermodynamic electromotive force (EMF)-pH diagrams, as origi-
nally developed by Pourbaix,' have been shown to be practical
tools for corrosion prediction. The EMF (potential) and pH coordi-
nates in which these diagrams are plotted are useful to the corro-
sion engineer because pH, a measure of acidity, and EMF (poten-
tial), a measure of oxidizing power, are important determinants of
corrosion in electrolyte solutions. The species shown on the dia-
gram are the most thermodynamically stable. They have the mini-
mum free energy at each (pH,EMF) coordinate for the conditions
used to calculate the diagram. If all components important to cor-
rosion of the metal in the particular environment are included in a
particular diagram, the diagram can serve as a corrosion road
map. The diagram can show under which pH and potential condi-
tions corrosion does not occur. Immunity or pure metal is the most
stable state under these conditions. The diagrams show which pH
and potential conditions might cause transformation of a metal to
an ion (metal loss) or oxidized solid (possible passivity). The im-
portant point is that since the diagrams are thermodynamic, they
only show what reaction might occur in the real system. Kinetic
experiments (e.g., coupon immersion tests, polarization scans,
electrochemical impedance measurements) are required to show
what does occur under the actual system conditions.

As discussed previously,? two uses of the diagrams have
emerged. The first use is as an aid in data interpretation®® after
the complex kinetic experiments have been completed. The sec-
ond use is in conjunction with simple pH and corrosion potential
measurements to predict the possibility of corrosion before the
complex kinetic tests are performed.2€ This usage is the classical
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application of thermodynamics to determine if and what type of
kinetic experiments are needed.

However, both uses are limited by the data base from which
the diagrams are constructed. Numerous deficiencies exist in the
present data base, even for simple diagrams with no organic
species.”® More importantly, most thermodynamic data for compo-
nents in aqueous solutions are for inorganic compounds and
ions'®*2 and simple organic compounds.'! However, many corro-
sive systems contain larger organic species which may interact
with the metal possibly forming ionic complexes between the metal
and organic components. Such formation may initiate or acceler-
ate corrosion. Thus, the practical application of these diagrams
has been somewhat limited by the inability to include larger or-
ganic ions and the products of their interaction with metals directly
on the diagrams. An example of such a need was pointed out re-
cently in an example in which a cadmium-ethylene diamine tetraa-
cetic acid (EDTA) complex drastically changed the cadmium-water
EMF-pH diagram in a way consistent with experimental observa-
tion.’® The diagram was consistent with the increased dissolution
observed when EDTA was present. The diagram supported the
idea that EDTA could accelerate cadmium corrosion under the pH
and potential conditions in the process.

To place an organic compound on the thermodynamic EMF-
pH diagram, the thermodynamic properties must be known at the
standard state of the solution. Such properties must be estimated
when tabulations do not exist. Since thermodynamic functions are
state functions independent of path, the estimation can, in princi-
ple, be done by creating an artificial path from the elements to the
final product. This path is chosen so that it passes through states
for which thermodynamic functions are known or can be esti-
mated. A method was introduced previously'® in which the path
was created to pass through states for which thermodynamic prop-
erties can be estimated. In some of those states, the compound
would not exist naturally; such states are called virtual states.

The purpose of this paper is to present a more formalized
procedure for making these estimates than that used previously.'®
The steps in this procedure use group contribution estimation
techniques for thermodynamic properties of a dissolved organic
species. An actual example is used to demonstrate that a diagram
generated by this method is consistent with observed corrosion
behavior. Unfortunately, few experimental results are available to
confirm that a compiex ion predicted to exist at a given pH and
potential does, indeed, exist there. Hence, direct experimental
confirmation of the compounds predicted by the procedure is usu-
ally unavailable in the literature.
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ESTIMATION PROCEDURE

Thermodynamic properties such as free energy, entropy, and
enthalpy are functions of the stafe of the compound and are inde-
pendent of how the compound is formed.'* For example, the free
energy of formation of liquid water at 298 K, 1 atmosphere (atm)
pressure, is the same whether the water is formed directly from
gaseous hydrogen and oxygen or from ice. Path independence is
the property that enables organic ions in aqueous solutions to be
placed on the potential-pH diagrams.

Construction of an appropriate path by which the molecule is
formed from the elements must be done carefully. The path must
end at the state of 1 molal (m) concentration, zero ionic strength
(ideal solution). The intermediate states must be those that allow
for estimation of intermediate thermodynamic properties. As for the
organic molecules, both tabulations for small molecules’® and esti-
mation methods by group contribution for large complex mole-
cules'® exist for organic molecules in the vapor state, 1 atm pres-
sure, 298 K. Therefore, the first step is to form the molecule as a
pure component at 298 K, 1 atm pressure in the vapor state.
Since large organic molecules, as considered here, usually do not
exist naturally under these conditions, this state is often a virtual
state.

The next step is to take the molecule from this vapor state
into water in the un-ionized state at 1 m concentration and zero
jonic strength unit activity coefficient. This portion of the path is the
most difficult because experimental data required often do not ex-
ist. However, recent attempts to exploit the group contribution the-
ory have begun to overcome this problem. The procedure is to
estimate the free energy and enthalpy change when moving from
the vapor state to 1 m concentration in an ideal aqueous solution
by adding the contributions from each major group in the mole-
cule.’” Though not all groups are represented, the data do enable
properties to be estimated for a number of compounds of signifi-
cance in corrosion studies. Finally, measured pK values and sta-
bility constants are used to estimate thermodynamic properties of
the ionic forms of the molecule and any complexes it forms with
the metal.

This procedure is summarized in Figure 1. The first step is to
form the molecule from the elements as an ideal gas at 1 atm,
298 K. The next step is to take the molecule from the vapor state
to the ideal liquid state at 1 m concentration, 298 K. The pK val-
ues are then used to estimate the free energies of any ionized
forms. Note that property estimation at elevated temperatures re-
quires heat capacity data. If such data are available then either of
two alternative paths could be followed to correct for temperature.

ESTIMATION OF THERMODYNAMIC PROPERTIES
IN VIRTUAL VAPOR STATE BY GROUP
CONTRIBUTION THEORY

{

ESTIMATION OF CHANGE IN THERMODYNAMIC
PROPERTIES UPON HYDRATION INTO LIQUID
STATE (NON-IONIZED MOLECULE)

{

ESTIMATION OF THERMODYNAMIC PROPERTIES
OF JONIZED FORMS USING TABULATED ACIDITY
CONSTANTS

ESTIMATION OF THERMODYNAMIC PROPERTIES
OF METAL COMPLEXES USING TABULATED
STABILITY CONSTANTS

FIGURE 1. Procedure for estimating thermodynamic data for
organic complexing agents.
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The first path is to add one more step and take the molecule from
298 K in the aqueous solution to the temperature in the aqueous
solution. Various heat capacity information is available for this
path.'” The second method involves taking the molecule in the
vapor phase at 298 K to the vapor phase at the desired tempera-
ture. The molecule is then moved into the ideal aqueous solution
at the desired temperature. This path may be more difficult be-
cause of a paucity of data.

An example is presented to demonstrate the estimation pro-
cedure using these group contribution techniques. The example
shows that EMF-pH diagrams can be generated with organic mol-
ecules fairly easily as long as the necessary intermediate proper-
ties can be derived. More importantly, the diagram so constructed
is consistent with and useful for corrosion prediction.

IRON-IMINODIACETIC ACID SYSTEM

A recent application of EMF-pH diagrams involved the need
to identify the cause of excessive corrosion of carbon steel when
this alloy was exposed to a waste stream, one major organic com-
ponent of which is iminodiacetic acid (IDA). Carbon steel corrosion
rates of the order of 1 cm/y were measured in this solution in the

laboratory. The corrosion rate was an order of magnitude less
when this waste was substantially diluted. In the plant environ-
ment, addition of this stream to others already being handled suc-
cessfully by carbon steel was observed to accelerate the corrosion
of carbon steel. The question arose as to what component might
be causing this increased corrosion. Attention turned to the IDA
molecule because it is known to complex with iron.'®'® In fact,
solid compounds of Fe(ll) and IDA have been prepared in the
laboratory.2°

To accelerate corrosion, IDA must enter into the corrosion
mechanism. If a complex between IDA and iron is thermodynami-
cally stable in the environment, then a possible reaction path is
present by which such a complex might form. That such a path
exists does not necessarily mean that the complex will definitely
form. Kinetic information is required to determine if the complex
can form and if its creation accelerates corrosion. However, dem-
onstration that such a path exists determines what further experi-
ments are required. Such experiments must demonstrate if IDA
can accelerate corrosion and how formation of the complex might
be prevented.

The procedure used to interface the EMF-pH diagram with
the real world has been discussed previously.>®'3 The diagram is
calculated from measured or estimated thermodynamic data and
drawn as a function hydrogen ion activity and equilibrium potential.
The real world is usually represented by the measured pH and
corrosion potential. The interfacing is done by placing the mea-
sured pH and steady-state corrosion potential on the diagram. The
assumptions are that the measured pH value approximates the
calculated hydrogen ion activity, and the measured steady-state
corrosion potential is approximately the thermodynamic driving
force potential for corrosion product formation. The difference be-
tween the actual thermodynamic (pH,potential) coordinate and that
derived from this assumption is difficult to estimate. However, the
error is minimized by the fact that the axes are actually logarithms
(logarithms of hydrogen and electron activities).

Table 1 shows the free energies of formation and standard
entropies for the inorganic iron compounds considered.® IDA has
been stated to form two dissolved complexes with Fe(ll). One
complex is uncharged and is of the form Fe(IDA). The other is
Fe(IDA); 22! If either of these complexes can be shown to be
thermodynamically favored at the pH and corrosion potential in the
stream, then a possible path for corrosion involving such species
has been shown to exist. Thermodynamic data for these com-
plexes in the standard state of 298 K, aqueous solution, unit activ-
ity are nonexistent. Therefore, such data had to be estimated as
follows.
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TABLE 1
Thermodynamic Data for Inorganic Iron Compounds®™
Free Energy of Standard
Compound Formation (298 K) Entropy (298 K)
(J/mol) (V/mol-K)
Fe 0.0 271 x10
Fe 0, -1.02 x 10° 1.46 x 10°
Fe,0, -7.42 x 10° 8.73x 10
FeOOH —4.90 x 10° 6.73 x 10
Fe(OH), Solid -4.93 x 10° 9.24 x 10
Fe(OH); Solid -7.14 x 108 9.61 x 10
Fe*2 -9.22 x 10* —1.07 x 102
FeOH™ -2.74 x 10° -293x 10
Fe(OH), Dissalved —4.49 x 10° 3.80x 10
Fe(OH); -6.21 x 10° 418 x 10
Fe*3 —1.78 x 10* -2.79 x 102
FeOH*2 -2.42 x 10° -1.05 x 102
Fe(OH),* -4.59 x 10° -293x10
Fe(OH); Dissolved —-6.61 x 10° 7.52x 10
Fe(OH),™ -8.43 x 10° 251 x 10
Fe,(OH),™* —4.94 x 108 —2.93x 102
Fo,(OH),*5 —9.69 x 10° -4.64 x 10?
Fe0, ¥?) -4.67 x 10° 3.76 x 10
Mpata taken from Reference 8.
TABLE 2 TABLE 3
Groups Used to Estimate Thermodynamic Properties Groups Used to Estimate Free
of Iminodiacetic Acid (IDA) at 1 atm, 298 K Energy Change of Hydration'”
No. Enthalpy of Internal Free Energy
Group in Formation Entropy Group (No.) Change'"
Molecule (J/mot) (J/mol-K) (J/mol)
O(CO)(H) 2 -4.86 x 10° 2.05 x 102 COOH (2) —6.42 x 104
CO(O)(C) 2 -2.94 x 105 1.24 x 102 CH; (2) 7.4 x 102
C(H),(CO)(N) 2m -5.52 x 104 8.20 x 10 NH(C), (1) _2.41 x 10*
N(H)(C), 1 6.44 x 10* 3.74x 10

MC(H),(COXN) defined to be equivalent to C(H).(CHN). Free energy of formation of IDA = —6.10 x

105 Jimol-K.

In the first step, the IDA molecule was formed in the virtual
vapor state of 1 atm, 298 K from its constituent elements using the
group contribution theory of Benson.'® Table 2 shows the groups,
the changes in enthalpy upon their formation, and their internal
entropy. The change in entropy in forming the IDA molecule was
estimated by subtracting the internal entropy of the constituent ele-
ments in their standard states from the total internal entropy of the
IDA molecule in its virtual state. The free energy of formation of
the IDA molecule in the vapor state is obtained simply by

AG = AH — TAS )

(Symbols are defined in the Appendix.)

The next step was to take the IDA molecule from the vapor
state into the aqueous solution at 1 m concentration unit activity
coefficient. No tabulation of such thermodynamic properties exists
for IDA. Therefore, the group contribution method proposed by
Cabani, et al'” was used. As discussed by these authors, these
contributions were established by subdividing molecules for which
the free energies of hydration are known into groups, each of
which is assumed to contribute a constant amount to the thermo-
dynamic property. The groups that form IDA and each of their con-
tributions to the free energy of hydration are shown in Table 3.
Included is the estimated free energy of hydration according to the
Cabani, et al rules.'” This free energy, when added to that for the
molecule in its virtual vapor state, yields the free energy of forma-
tion of IDA in its un-ionized state at 1 m concentration, 298 K, unit
activity coefficient.

This estimated free energy change of hydration does not con-
sider the interaction between the two carboxylic acid groups in the
IDA molecule. This interaction could alter the free energy change
by about 10* J/mol.'” However, this error is probably buried within
other errors created by the estimation procedure. Neglect of this
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MFree energy change of hydration = —8.68 x 10* J/mol. (Note
that a constant value of 1.06 x 103 J/moi is included.)

interaction should have, at the most, only a small effect on the cal-
culated boundaries for the regions of stability for any IDA com-

plexes.
IDA has three acid-base equilibria. Measured acid-base sta-

bility constants are tabulated by Sillen and Martell.2' These tabu-
lated stability constants have not been corrected to zero ionic
strength. Therefore, they only approximate the equilibrium con-
stants. In the absence of equilibrium constants, these stability con-
stants must be used. The free energy change in forming each
ionic species at 298 K was estimated by using each of the three
stability constants for IDA in the equation

AG = —2.303RTlog,o(K) = 2.303RT(pK) @

Note that an error of 1 unit in the pK results in an error of
~5000 J/mol or <1% in the free energy. Thus, little error is intro-
duced by substituting stability constants for equilibrium constants.
The final free energies of formation of each of the IDA forms and
the pH range over which each is the most stable IDA form is
shown in Table 4.

TABLE 4
IDA Free Energy Estimates and pH Stability

Range at 298 K, 1 atm, Zero lonic Strength)

Free Energy of

Speci For pH Stability Range
(J/mol)

IDAH, " —-7.07 x 10° pH < 1.82

IDAH, -6.97 x 10° 1.82 < pH < 2.39

IDAH™ -6.83 x 10° 2.39 < pH < 9.60

DA~ —-6.29 x 10° 9.60 < pH
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The last step was the estimation of free energies of formation
of the dissolved iron-IDA complexes. The procedure is similar to
that described above. The measured stability constants for the
known complexes are tabulated by Sillen and Martell,>' which
were again not corrected for ionic strength. These constants
tended to be for the formation of the metal-ion complex from the
completely ionized form of the organic constituent. Once again,
these stability constants were assumed to be equilibrium con-
stants. The free energy change in forming each complex from the
metal ions was again estimated by Equation (2). The free energies
of formation of the iron-IDA complexes estimated by this proce-
dure are shown in Table 5.

TABLE 5
Free Energy Estimates of Iron-IDA Complexes at
298 K, 1 atm, Zero lonic Strength

Free Energy of

. Specles Formation
{J/mol)

Fe-(IDA) -7.53 x 10°

Fe-(IDA),~2 —-1.41 x 10°

The free energies of formation in Tables 1 through 5 were
used to construct the EMF-pH diagram at 323 K. The algorithm for
making these calculations has been described previously.'® The
results at 323 K in the absence and presence of the 0.04 m IDA in
the waste solution, as measured by isotachophoresis (pH 6 elec-
trolyte), are shown in Figures 2 and 3. Included are the measured
pH and corrosion potential in the waste solution stream containing
the IDA. The pH limits of stability for the various IDA species were
not corrected for temperature because of a lack of information on
the change of each pK with temperature. The correction is proba-
bly less than the variation in stability constants with changes in
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FIGURE 2. EMF-pH diagram for iron at 323 K; dissolved species are
at an activity of 107°.
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FIGURE 3. EMF-pH diagram for iron with IDA at 323 K; dissolved
iron species are at an activity of 1078, IDA is at an activity of 0.036,
and iron-IDA complexes are at an activity of 1075; actual solution
(M), pH = 8, corrosion potential = —0.40 V.

supporting electrolyte. The thermodynamic properties of the solid
iron species and inorganic iron containing ions were automatically
corrected for temperature in the program.'® The procedure for
iron, iron oxides, and inorganic ions was straightforward, using
either measured heat capacities for the solids or the Criss-Cobble
Correspondence Principle for the ions?? as modified by Taylor®®
and as described previously.'® Such information is lacking for IDA
and iron-IDA complexes in solution. Note-that neglecting the tem-
perature effect on the properties of IDA and its ions should have a
negligible effect on the results because of the expected relative
insensitivity of the free energy to temperature over the 25 C range
(298 K standard state to 323 K operating temperature).

The results shown in Figures 2 and 3 indicate that an iron-
IDA complex is thermodynamically stable at the system conditions.
Hence, IDA does provide an additional pathway to a corrosion
product. Since the most stable (FelDA),~2 or Fe(IDA) product is a
dissolved species and not a solid species [e.g., Fe(OH),SOL], the
results suggest that this additional reaction pathway could lead to
the enhanced corrosion observed. The corrosion potential is near
the boundary between the regions of stability of water and hydro-
gen suggesting that water reduction is the cathodic charge transfer
reaction. Obviously, kinetic measurements and solution analyses
are required to confirm that IDA does form a complex and does
accelerate the corrosion. However, the presence of an iron-IDA
complex at the pH and corrosion potential does provide a plausi-
ble hypothesis for explaining the high corrosion rates and provides
guidance for what further experiments are required.

These results show that having an ability to incorporate or-
ganic species that can form complex metal ions on an EMF-pH
diagram for that metal greatly increases the versatility of these dia-
grams as tools for corrosion prediction. The procedure outlined
above using group contribution methods provides one reasonabie
method for such incorporation.
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APPENDIX

List of Symbols
The following is a list of the symbols used throughout this

paper:

AG = Change in free energy (J/mol)

AH = Change in enthalpy (J/mol)
K = Equilibrium constant (dimensionless)
R = Gas constant (J/mol-K)

AS = Change in entropy (J/mol-K)
T = Absolute temperature (K)
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