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The redox condition of water is often measured eithec by a
platinum electrode or through chemical analysis of redox cnuPles. Eh
measurements by  the platinum  electrode are subject to complications,
such as formation of platinum compoumds upon contact of water and
clectrode, and disagreement aften occurs .hutween measqred
platinum-based Eh  values and Fh values calculated from concentrations
of redox couples., Because of such problems, the current pessimistic
view is that platinum-electrode measurements are generally meunlnglgss.
However, recent research and re-examination suggest the platinum
vlectrode is more sensitive and reliable than often believed and many
problems attributed to the platinum electrode are caused by oyher
Factors,  such 4s  aqueous  speciation, depth-integraced _sampllng.
chemical analysis  of redox couples, asnd calculation of Eh from redox
couyples, In some cases, the platinum electrale provides the iny
method  for  estimating the redox stavte of water, as in high-ivon
neutral-plt water where the amount of ferric iron is below detection.
The potential problems and shortcomings  discussed in this paper can be
condensed  into a checklist o allow researchers to evaluate Lhe
validity of redox measuremeuts on a site-specific basis.

1. INTRODUCTION

A cowmon parameter addressed in many hydrogologic studies is plil. &
one-dimensional plot of pil from acidic to alkaline conditions would
indicate the changes in complexation and concentrations that occur in a
water sample as pH is varicd. This view of aqueous geochemistry can be
expanded to two dimensions through Eb (or pe), which indicates the
redox  state of a water sample. A two-dimensional plot of pll from
acidic to alkaline conditions and of Eh from oxidized to reduced
conditions would {indicate the changes in redox species, complexation,
and coucentrations that vccur in a sample as pil and Eh are varied.

In some studies, Eh passes bLeyond an interesting parameter and
becomes essential for drawing valid conclusions. An example of this
importance  invalves agueous  and  chemically precipitated iron,
ligh-iven groun3¥alers are normally reduced and the 1iron exists as
ferrous iron {(Fe“"), At neutratl pll, this high-iron water forms solid
ferrous carbonate (siderite, FeCD,}. Tf a sample Q£ the subsurface is
collected and analyzgg using conmion techaiques, Fe in the porewater
will oxidize to Fe”' and precipitate as Fe(OH),, and siderite will
oxidize to Fe(OH)3. Analytical results will thgn indicate there is
little aqueous Tron and moest  iron exists as solid Fe(OH)a.
Sﬁprisingly, this scenario regularly occurs in studies involving irén
and this error has major implications on the predicted behavier of all
aqueous and  solid constituents and on the prediction of contaminant
migralion (Morin and Cherry, accepted; Morin, 1983).

Becanse of this importance, Eh measurements have been conducted
for decades. llowever, because of the complexities of theory and
measurements, Eh  measurements are not performed widely and regularly,
Additionally, there is currently a pessimistic view on the validity of
Eh  measurements in general, This view is based primarily on
limitations of the platinum electrode used for Eh measurements and on
the common discrepancy between the measured Eh and Eh calculated from
ratios of redox-active species.  Through a detailed presentation of
theory, recent experimental work, limitations, examples, and proper
methods of measurement, this paper describes the coaditions under which
valid Eh  and redox-species  measurements can  be made. Specific
limitations apply to either measured Eh or redox species or both. 1In
general, this presentation shows that platinum-electrode measurements
are more reliable than generally believed.

2. THEORY

On an atomic scale, agueons redox reactioas involve exchanges of
electrons and changes of ionic charge for the reactants. The exchange
of electrons is wore complex than the simple passing of electrons from
one  aqueous jon  to another, because the stability of free hydrated
electrons in the presence of water is  low (Hart et al., 196A) a
clection transfers actially take place as atom transfers. For example,
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' - — 2~ - +
S0, + €10,7 + 8,0 = 50,77 + €10, + 20 (1)

where the imtermediate reactions are (Taube, 1965):

0
S0, + Cl0,~ — é—o—m_g 2a)
2 3 AN 5
rapid equilibrium
[0, SO C10,]7 T— SO, + C10.~ (2b)
2 2 3.7
slow equilibritum
- - 2.
€20,7 + 50y + Hy0 =22 €10,” + 50,7 + 2" (2¢)

Fapid equilibrium

Reactions 2a and 2b indicate electron exchange is accomplished by
the exchange of an un-ionized,oxygen atom. This exchange is equivalent
to an exchange of ionized 0° to 30, with 2e~ passing to Cl0 ., and
these two equivalent exchanges are opé€rationally similar (Taube, ?965).
In the above redox reactions, the exchanged oxygen is not derived from
water; however, if C103— is not present, water could be a recactant. In
reactions such as:
rrnlﬁ"z + Fe(CN)()“‘ — Irc16‘3 3
the exchange of atoms does not necessarily occur, but changes in the
atomic shells and rhe hydration spheres of the ions affect the tolal
energy change of the system. All the above points have a major impact
on energy changes during reaction, thereby affecting equilibrium
conditions, and suggest the necessity for examining redox systems
insread of individual redox couples in hydrogeologic studies,

+ Fe(CN)G— (3)

Hydrogeologic interest in redox reactions does nct 1lie in the
atom-level reactions but in the overall redox statec of aqueous ions.
fluwever, as suggested above, the delineation of an overall state may in
fact require a detailed examination of system-dependent reactions,
Hydrogeologists and aqueous geochemists often bypass this examination
by simply inserting a platinum-reference electrode assembly into a
water sample and recording an Eh value. Before examining the behavior
ot the platinum electrode in water, the gencral behavior of an ideal
rtedox-active water will First be described.

In the natural environment, pure water collects chemical
constituents from contact with gases and minerals. As an example, pure
water may come into contact with and dissolve siderite (FeCOB):

. 24

— 2- .
FeCO ¥ HZO —— Fe™ 4 CO3 + H20 (4)

3(s)

A theuretical constraint on water and its aqueous qgnstitueng§ is
electronentrality, The addition of equal amounts of Fe®' and Coq* to
pure water does not disrupt electroncutralivy., )

There are  several inherent complications to Equatinon 4, however
nune of thoege complications disrupts the neutral state, First, a small
Fraction of water lonizes:

H0 7wt oon” (5)
o Second, in neutral-pH watEE (pure+ water has a pll of about 7 at
25°C), HCO3 will form from CO3 and H' :

+ 2- s -
n + CO3 — HCO3 (6)
and pll will increase. Third, e2+ will form small quantities of
aqueous complexes with HCO, , €O,.“", and OH~ (e.g. Morin and Cherry,
accepted)., These interactiig reaZtions form a complex, electroneutral
system, and the equilibrium concentration of each ion and complex can
be calculated (Morin, 1985a).

Fe2+ is one half of a redox couple:

Felt S Fe3+ + e n

but in this s§$erite Eiample there is no second couple ta allow
oxidation of Fe to Fe™ . This second couple is a necessity as free
electrons essentially cannot exist in water. TIn reality, H,0-H, and
C0,-CH, are po§§ible redox couples through which H.0 and CO may be
reguceé and Fe”  created. A strict definition of "redox couple" is
developed in Section 4.5.

Dissolved oxygen in water will allow iremn oxidation;

2 3+

Yoo+ 0 — 4Fe

4Fe 2 2(g) ~——

+ OH™ (8)

At pH's greater tﬂin about 2.5, Fe3+ will combine with OH™ to
predomlnately form FeOH up to ptl 4.7 and other 0§+comp1exes such as
Fe(Oll)", at higher pH. Also above pH 2.5, most Fe will chemically
precipigate from solution as a Fe(CH) compound. Therefore, Equations
7 and 8 are representative only of an”iron-rich water below pH 2 and,
in fact, many electrochemical reactions are measured at pH 0 to
cstablish standard states and, in effect, to winimize complications
such as  complexing. At pH's between 2.5 and 4.7, the dominant redox
reaction in the presence of oxygen is:

2+

sFe”t ¢ 20+ 0 4Fe(om) 2t (9)

2 2(g) ~—

After adding a few additional redox couples to the above

-hypothetical system, it is obvious that a redox-active natural water is

a complex system from a theoretical viewpoint. Additionally, there are
several practical problems, which are discussed later in this paper,
with theory, application, and measurement that discourage many
researchers from examining the redox state of natural waters,
Unforcunately, the theoretical and practical problems often justify the
dismissal of redox measurements. However, if the problems can be
addressed and resvlved on  a site-specific basis, valid redox
information may he collected.

From the practical viewpoint, collection of redox data often
begins with Eh measurements by a platinum electrode. The theory behind
such [h measurements  is based on the detection of a voltage potential
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ar the  platinum (or other inert) surface and the measurement  of rhe
difference between  this potential  and that  of the standard hydrogen
reference electrode,  For the equation,

ad + ne £ bl {10)

where A = the oxidized haif of the couple
B the reduced half
a,n, b = stoichiometric coefficients
k. = forward reaction rate
kr = reverse reaction rate -

Ll

then the Bh is defined by:

Bh = E° — (RT/uF) 1 ((8]"/[4)) (11)

Where B = experimentally measured standard redox
(or "half-cell®) poteatial relative to
the standard hydrogen electrode
[A} and [B) = activities of the oxidized and reduced meaber
of a couple
R,¥, and ¥ = gas constant, temperature and Faraday constant,
respectively.

The "B" in “EW"  indicutes the potential
standord hydrogen electrade.  Becouse of difficulties with Lhe hydragen
eltéctrode {(Kokholm, 1977; Linunet, 1970), the calomel or Ag/AgCl
eluctrodes are comnonly used as references. Therefore, to be true EBh
measnrements, wost readings with the common references mast he adjusted

to the hydrogen refercuce by the addition of several hundred millivolts
(Sccrion 3;4).

is relative to the

Two theorctical conditions inherent in Fquatiaons
that  forward and

10 and 11 are
reverse  reaction rales are  fast, i.e. chemical
equilibrium i3 quickly attained and reversible, thereby justifying the
use of thermodynamic principles in Kquation 11, and that the activity
of A and B genetally deviate mote from the concentrarions of A and B
innkc streagth increases,

au
If equilibrium exists, a caleulated Eh can
be obtained using Equation 11 from the acrivities of A and B, oblLained
from  full  chemical analyses  and  subsequent specialion of analyses
(Morin, 198%4), and Lhis calenlated Bh can he compared  to, and shoutld
be equal to, the measured plutinum-hased b,

As indicated ecarlier in  this section, an  entire redox system
should  he  considered  instead of 4 series of  dimdividual conples.
Returning Lo the example of  pure water, this water aow comes  into
contact with o large amount of  siderite aml a small ﬁnnunL ot MnOOIL.
The solation will il! ptinlly contyin ¢ andgypically
sl . Some Feo "as Mo ' redoces
he Iithuq by l”n
Therefore,  in this system, Feot o Fot

barge amonts of e
will axidize to Fe
ioothe actual amount of  oxidized iron will
commendy sma bl amount oF My

P . - 1
, FEGHLE G of M

ta ta”

: 34
is the dominant redox couple by concentration while Mn - Mn

determines the maximum extent of redox reaction in the system. This
cffect of a dominant couple and a minor, limiting couple can he seen in
the experimental data on the Fe-As and S-4s systems in Cherry et al,
(1979). Because the forward and reverse reaction rates for the Fe and
Mn  couples are relatively fast (e.g. Nordstrom et al, 1979; Illem,
1981), redox equilibriam is reached in a relatively short time. In
other words, the cathodic and anodic currents generated by the couples
througl reaction rates produce a net current of zero and the pgtentials
(Lh) produced by the couples are equal. TIf “standard-state" E° for the
two couples were identical, then the activity ratios should be equal
(Equation 11).

2+

In Lli above Fe-Mn example if k. for the Mn couple is slow, then
little Mn can form. This indicates 1) cathodic and anodic currents
will be swall and 2) the amount of oxidized Fe will be small,
Therefare, the platioum electrode may detect a mixture of the
more-negative Fe potential and less—negative Mn potential, commonly
called "wixed potential®, As equilibrium is slowly attained, a true Eh
develops.,

A final theoretical concept for redox reactions ie pe:

pe = ~log [e”) (12}

which is analogous to pH = -log [H+] where p represents the
negative log of the acrivity of the subsequent symbol. Because free
electrons are not stable in water, pe is sgrictly a theoretical
concept. Whereas a pH electrode measures 1.0 activity, a platinum
clectrode measures a potential between charged ions. pe can be
calculated in two ways. Ficst is through Eh:

pe = (aF/2.303RF)Eh {13a)

pe = 16.9 Eh when T = ZSOC, n=1, and Eh is in volts {13b)

Second is through the equitibrium constant for a redox couple:

Fot — Feot o o (7)
K = [Fe¥)[eT /et (14a)

pe = log [Fe 't} - log [Fe2'] - log K (14b)

Comhination of theory presented to this point leads to the
creation of an Eh-pll {or pe-pll) dingram. & pe~pH diagram for iron ig
presented  in Figure 1. The Ffields on the diagram are “stability
fields", indicuting the dominant form of Fe at a particular pil and pe,
For example, at alkaline pll and high pe, most aqueons iron will
preclpitate  from solution as Fe(Oll},. However, pll-pe diagrams are
based on assumptions which are not va?id in all hydrogeologic studies
(Morin, 19873; Morin and Cherry, accepted) and, thus, are site-specific,

Tn summary, the theory of redox reactions  and measurement in
natural waters is complex.,  Much of  Lhe theory preseated to this point
can be handted and evaluasted by computer programs (Nordstrom and Batl,



1984). The following sectians of this paper present practical and
additional theoretical problems for which krowledge 1is often
insufficient or lacking. Where possible, procedures or suggestions are
otfered for evaluating the possible impact of a problem. Problems
specific to the platinum-reference electrode assembly are discussed
firsc, Followed by problems with redox couples.

3. COMPLICATIONS WITH THE PLATINUM AND REFERENCE FLECTRODES

3.1 Formation of Platinum Compounds

The best known fault of the platinum electrode is that platinum is
not inert, but 1is cuapable of forming oxides and sulfide compounds.,
Whitfield (1974}, a commen refereuce on this problem, defines the valid
limits of platinum-based Fh measurements through thermodynamics and
through a collection of FEh-pH measurements. Through thermodynamic
data, Whitfield calculated the upper limit as the stability field of
"Pr-0" and the lower limit as the stability field of PtS which result
in "an oversimplified picture of the state of the platinum surface".
In Ffact, for the calculation of the PtS field, a relatively high
sulfate activity of 325 ppm was used aad the following equation was
employed.

P 80,7 4 Bt 4 6T T PeS, . 4 4ILO
— (s) 2
A direct, rapid reduction of SO 2- to sulfide is highly wunlikely
witlout a strong catalyst (Section” 4.3). Therefore, the PtS field can
be eliminated as a lower limit for most platinum-based measurements,
especially for measurements requiring less than 1 hour.

Whitfield (1974) noted that his upper limit of wvalid Eh
measurement, the Pt-0 stability line, is close to the H20 (peroxide)
line. This agreement was considered coincidental, but Breck (1974)
revieved several studies which  indicate H.0, is an important
intermediate redox species in the ll,)O--O2 system.

Whitfield (1974) presents over 4,000 Eh-pll measurements (his
Figure 3} to support upper and 1lower Eh limits. On this figure, there
is no clear evidence that Pt$ is a lower limit and the upper limit may
well be a real chemical limit (Hjoq) rather than an electrode artifact.
Nevertheless, Whitfield collect&d and presented iuformation that was
available at that time and speculated where necessary. However, there
is now experimental evidence for the valid limit of FEh measurements
with a platinum electrode.

Vassiliev et al. (1984) performed detailed electrochemical
experiments with platinum electrodes up to +3 volts and from pll 0 to
14, allowing the examination of Pr-0 stability fields. Their results
Indicate thut PtOH forms (reversibly) arcund +800 mV at about pll 2 and

at around +450 mV ac about pH 12,

Lin and Yu (1984) examined the reversible behavior of the placinum
rlectrode in moist soil over several Eh ranges.  Each test coansisted of
Ao initial anodic  polarization  and drifc downwards (more negative)

towards equilibrium and an initial cathodic polarization and drift
upwards towards equilibrium. Their tests indicated the platinum will
respond reversibly over an Eh range of +710 to -200 mV and both upwards
and  downwards drifts generally  converged within 15 minutes.
Convergence Lime was sensitive to such factors as 1) electrode
polarization time, 2) Eh and pll of the soil/water, 3) moisture content
of the soil, 4) type of soil/water, and 5) aqueous iron concentration,

These recent studies indicate platinum electrodes are apparently
capable of measuring Eh within 100 mV of the upper and lower stahility
limits for water (Figure 1).

3.2 Detection Limit of Potential and Formation of
Other Campounds on the Platinum Electrode

If ane member of a redox couple is present in a very low relative
or absolute concentration, the current produced by the couple will be
too low for the platinum electrode to detect a potential for the
couple. In his review of redox potentials, Bohn (1971) 1indicates a
reliable potential is obtainable if 1) the ratio of _ (presumigly, the
activity of} the couples (Equation ié) ig between 10 ~ and 10"~ and 2)
congentrations are greater than 107 -1077M, although concentrations of
10 "M are sufficient for some couples {Cherry et al., 1979). However,
as discussed in Section 2, an entire redox system should be examined in
place of a redox couple. If other redox couples meet the above two
restrictions, these rednx couples will dominate the Eh potential, and
the minor couple may well be in equilibrium with the solution Eh.

By examining the entire redox system, the problem of aqueous
complexing on the above restrictions aﬁise. ﬁi shown in the Fe example
(Equations 8 and 9), th§+use ofzihe Fe™ - Fe™ " couple above pH 2.5 may
be invalid and the FeOH"" - Fe couple instead should be evaluated in
light of the restrictions. This is an important point for members of
some redox couples which are highly complexed at neutral pH with the
activity of the free icn orders of magnitude less than the activit¥+of
thg dominant complex. Through equilibrium principles, the2+FeOH 1%
Fe couple should yield the identical Eh value as the Fe ~ Fe
couple. [However, the discussion of Eyuations 1, 2, and 3 suggest that
site specific complexing may indeed affect reaction rates and resulting
redox equilibrium conditions. In addition, there is experimental
evidence for alteration upon complexing of reaction rates (Section
4.5).

In the case of aquecus iron, moderately reduced neutral-pl
groundwalers may have an undetectable amount of tortal ferric iron
{Morin, 1983; Morin aag Cherr ccepted). This can generally be seen
on Figure 1 wherezfe a are at equal activities around pe=13
and the ratio (Fe“ }/(Fe” ") increases one order of magnitude for each
decrease  of one pe unirt. Fortunately, it is possible to obtain a
representative low Eh in high-iron neutral-pll water through the
artificial formation of FeOOH hefore measurement (Doyle, 1968). FedOl
can be formed by allowing the oxidation of an iron-rich solution on the
platinum  or exposing the wot electrode to the aumosphere  hoefore
measurcment. Tt a stable Eh reading  is obtaiged within a few minutes,
the Eh reading represents the border of the Fe (or FeCOB) and Fe(OH)3

Yiq,8
FC3+
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stability field (Figure 1. it a slow dowhward drifr is ubserved, the
£h is somewhat below the l'-'c(()lf),j fietd (Doyle, 1968, A rapid downward
drifu represents very reducing Conditions, often including high sulfide
concentrations.  The sume scenario no doubt applies to siwilar systems
such as Mo”7 and MaOUI.

Forwation of other, nan-redox compounds on the platinum surface
iy prevent  che measurement of 4 reliable Eh by the isolation of the
platimun From the water sample and by the poteantiat generated by the
formation of the compound.,

3.3 Drifring of Fh Readings With Time

Inder ideal conditions, when k. and k  (Equation 10) are high and
couple concentrations are high, o stable rédox state will exist., When
a foreign object like a platinum  electrode assembly is inserted into a
water sample, disequilibrium occurs in the water and eleclrode, and
there s a  gradual ad justwent  to  equilibrium. In a balanced
redox—-active water, a reading within 50 mv of the equilibrivm Eh can be
obtiained in a few minutes (Morin, 1983) to 30 minutes (Doyle, 1968; Liy
and  Yu, 1984}, Up to ene hour may be required to obtain the
equilibrium Ebh  in  accive redox waters (Liu and Yu, 1984). If
continnously fluctuating readings, alternating upwards and downwards,
are obhtained for over 15 minutes, a stable B probuably does not exist
in the sample.

One cause of drift is improper sampling procedures. Tf a reduced
groundwater jis exposed o the atmosphere  and sunlight during  Eh
hessurement, an upward drifv in  the readding may occur, Therefore, the
sample  should be  isolated From the atwosphece with slow puupling of
sample  through the measuring  ceil, One  such technique  for Bn
Measurement 15 described in Horin and Cherry (1986).

3.4 Ad justment of Eh Readings o the llydragen Reference Electrode

s explained in Section 2, the "B in "R indicates the messured
potential is relative to the poteatial of the hydrogen electrode. This
fact is overlooked by some hydrogeologists, who use @ meter reading as
an Eh value, In practice the calomel or Ag/Mpll reference electrodes
are usoad by hydrogeologists and,  because there is a diltference jin
potential between  the hydrogen  electrode and phese other references,
the readiog must  he al jusred by allding a temperaturc-dependent value,
To addition, this correction Is dependent an the normality of  KCl in
the calomet electrode,

There  are two  basic metholys  for ad justing the realling to the
hydrogen reference.  The preferable method g by obtaining an eupiricat
corvection thromgh the use of 4 redox stamdarcd.  Foar Zobell's solul ion
(Nordserom, 1977), the £h js:

FRCvoles)=0 0300825157007 0 59 3. 79 0070 c2as)

P

(16}

i, Yaboil's  solat ton e an EBh of 430,98 wV oy 257, Othoer
Fedox Stanlaad A deseribed i Kaliholy (1977,

After ad justwent o
sample, the platinum-
standard and the stabil
is olbtained by subtract
{e.g. Fquation 16) an

readings to obtain Eh values,

is supgested, although
on the platinum and sab

The second method
Is  throwgh theoretical
must be short eircuire
reference electrodes.
zero to eliminate the
removed, electrodes are
stabilized reading is r
in the reference elec
calowel electrode are
1680):

t(°0) N KC
0 262
5 261
10 260
15 259
20 257
25 255
30 253

If an  Ag/agCl
correction is wmade: -40
This additional correcr

£ the redox staadard to th
reference eclectrodes are
fzed reading is recorded.

d this correction is added

1:]

temperature of the

inserted into the
The correction value
ing the stabilized reading from the reported Eh
to subsequent sample

Occasional checks of the redox standard

frequent checks may cause formation of compounds

sequent drifring (Section 3

.3).

for adjusting readings to the hydrogen reference
the millivolt meter

calculations, Initially
d by coanecting the inputs

The resulting reading must then
The

internal meter potential.

for

the platinum and
be adjusted to

short circuit is

attached aud inserted into the sample, and the
ecorded. Based on temperature and K(1 normality
trode, the following mv corrections for the
added to the reading to obtain Eh (Reardon,

1 3.5N KCi Saturated KC1
mv - 260 mv
- 257
256 254
254 251
252 248
250 244
248 241
reference electrode 1is used, an additiocnal
m¥ from 0 to 15°C and -46 mv  from 20 to 30°C,
ion is accurate to within 2 mV

3.5 Limitations of the Calomel and Ag/AgCl Reference Electrodes

The limitations
foregoing sections. T
half of the electrode ¢

The stability of
2) high levels of €17,
fons  (Linnet, 1970).
electrode should he shi
High levels of CL™ and
are nat often a concern
jreater amounts  of jod
disruptions will be no

The stabilicy of
1) Lemboratere, 2) guyy
4) hiigh innic steenpth,
h owater, the calomel e

of the platinum electrod

¢ are discussed in
his section addresses limitations of the other
hain, the Ag/AgCl and calomel electrodes.

the Ag/ApCl electrode is distupted hy 1) light,
3) oxygen at pH < 1, and 4) incerfering aqueous
The sensitivity of Ag to light indicates the
elded  from direct sunlight during measurements.
pil < 1} rarely exist in natural water and, thus,
- Interfering tions are trace amounts of Br and

ide, sulfide, and cyanide,

Tn

most cases, the

more than o few tens of mtilivoles,

he more common calomel electrode is disrupted by
3) extreme pll ranses,
and 5) intecfering aqueous tons (Linnet, 1970},
lectrode is stable in the range of -1l to +7U”C,

Gimensiiivity aco pil ¢,



encompassing most natural waters. lUpon a temperature change of lOOC,
the electrode will require up to a few hours to stabilize. This
indicates the electrodes should be stabilized at sample temperature
hefore megsurement (e.g. Morin and Cherry, 1988), alrthough the error
produced by small temperature changes is probably less than 20 mV,
Fxtreme pll and high ionic strength affect the movement of ¥ and Cl

from the electrode, t.e. liquid junction effect (Limnnet, 1973). The
only interfering ion that can significantly affect the calonel
electrode is Br. The error produced by these ionic strength and
interfering effects is not defined but may be as high as several tens
of millivolrs.

- There are many other problems that may affect electrodes in
general, such as plugging and electrostatic effects (Linnet, 1970;
Nicholson, 1983). Field experience indicates many of these problems
are often insignificant.

3.6 Mixed Potentials

As explained in Section 2, a well poised, active redox system is
charactggized b16at least two couples having 1) concentratims greatgg
t han 193 - 10" M, 2) and activity ratic {Equation 11) between 10
and 10°7, and 3) fast {reversible) redox reaction rates (Equation 10).
If these conditions are not met, the measured Eh may represent a
mixture of potentials. lowever, because these conditions carry implied

assumptions, they cannot be simply applied to all redox systems.

Because a measured Eh does not implicitly indicate whether it is a
trune Eh  or a mixed potential, the redox couples in a system must be
evaluated for the possibility of creating mixed potentials. This
detailed evaluation of couples is discussed in Section 4.

4 . COMPLICATIONS OF REDOX-COUPLE MEASUREMENTS

In an attempt to evaluate the existence of mixed potentials, a
few researchers have compared Eh calculated from chemical malyses of
redox couples (Equation 11) and weasured Eh. For many couples,
calculated Eh  did not agree well with measured Eh {Nicholso et al.,
1983; Lindberg and Runnels, 1984). The surprising conclusion is that
the discrepancy is often unquestioningly attributed to the platinum
electrode. Section 2 shows that on the atomic level redox reactions
are complex and variable. In light of this, Section 3, and the
following arguments, redox couples also account for part of the
discrepancy, thereby indicating the platinum electrode is more reliable
thian generally believed. The following complicatioas can be collected
into two  general categories: 1) complication  which affect the
measurement of conples and the subsequent calculation of Eh by Equation
11 and 2} complications which affect the redox behaviour of couples.
Sose  of  these complications also  affect platinum electrode
Mmeasyraments,

’

A1 Sampline Procedures

The procedures for obtaining a representative, undisturbed water
sample for analysis of redox couples are detailed, exhausting, and open
to many problems. Sampling problems for groundwater begin with
piczometer installation and end with delivery of the sample to a
laboratory,

During drilling, the borehole is exposed to the atmosphere and
oxygenated fluids. This no doubt alters the redox state surrounding
the borehole. Afterwards a piezameter or water well is installed in
the borehole. TIf the piezometer or well is metallic, the metal will be
an electrochemically active site, possibly affecting redox stability,
the metal will corrode and change redox conditions, and the iron system
(Figure 1) may come to dominate the redox state if the piezometer is
iron or steel,

If the well has a long screen or screens at various depths,
typical of water-supply wells, samples will often be unacceptable for
redox analysis. An extreme example of this screening problem is where
one screen is across an FeS,-rich zone and a second screen is acpess a
gﬁgsum~hematite zone. The geS zone will yield wate5+high in EE and
S, while the second zoge wi}13¥ield waber with 2Ee and S0, . The
"redox state" of the Fe™ - Fe and S S0 couples (and also
platinum-based Eh) in a sample from this well will depend on such
factors as screen length, transmissivities of the zones, and reactions
occurring upon mixing of the two waters. In any case, such wells,
typical of water-supply wells, cannot bhe expected to yield worthwhile

redox information through the couples or measured Eh,

After installation of a piezometer, an artificial sand or gravel
pack is often placed around the screen to fill the open volume and to
allow impermeable plugs to be placed above and below the screened
interval. If this pack contains Fe(Oll), or Mnd,, for example, then
groundwater passing through the pack intd the pieZometer may be thrown
into disequilibrium or dominated by the Fe or Mn systems. Rarely is
the mineralogy of a sand pack described in hydrogeologic studies.

To this point, only problems relating to the installation of the
well or piezometer have been examined. All but two of the problems can
be reduced or eliminated by withdrawing large amounts of groundwater
while allowing several months for the redox state of the barehole and
sandpack to equilibrate. Many times these conditions are not fulfilled
befare a sample 1is taken. The two problems that cannot be eliminated
are metallic well materials and a long or segmented screen, If these
problems are present, then valid redox data probably cannot be
obtained. Unfortunately, many databases do not contain such derails
(Hart et al., 1985; Runnels, personal communication) and, thus, the
reliability of redox data from a database is questicnable. These
problems may account for much of the discrepancy hetween calculated and
measured Eh in studies such as Lindberg and Runnels (1984).

Upen  sampling, water should initially be pumped and discarded.
Then water should be pumped slowly at low head or minor vacuum out of

the piezometer and through an  isolated, temperature-equilibrated
measuring cell containing the platinum and reference clectrodes (Horin
and Cherry, 1986). Tf a stable BFh is obtained, a sample isolated from

sunlight, atmosphere and other bases should  be immediately collecred,
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mirintained at  original Lemperdature to  eliminate temperature—dependent
changes in  couple activities, and anolyzed quickly, Such techniques
are  rarely employed in the ficld and the iron system provides an
cxample of the oceasionally uasbtainable degree  of gualily control
required by the techaique.

4.2 Analytical Accuracy and Detection Limits

The discussion of on-site I-'eaf and D.0, analyses in the previous
scerion  highlights possible analytical problems with redox couples .
Assuming the redox couples are stuble during sampling, shipping, and
) o , preparation, the luboratory nust then reliably analyze the members of

Experiments were pectormed under laboratory conditions in an thegeouplps.  Because concentrations or activities must be greater tham
attempt Lo stub?lize an PeSU“ ‘snluL%on in a sea}ed vessel (Buszka, 10—8 ~167° M, detection limits and accuracies for the analyses must be
personal communlcation).l Huhhl?ug high purity —aitrogen through the around 1 pph. Detection limits and errors for analysis of natural
solution allowed visible iron ox}daLlon aqd pr§c1pIthlun,‘proh§bly the waters have heen decreasing with time in response to concerns over-
result  of the oxygen (0.01-0.1%) contained in §1$h~pur1Ly anrogén- Lrace contaminants, and detection limits of 10 ppb are now routine.
Also, placing the solution wmler vacnum a{lo?ed visible iron oxidation Past analytical errors were higher and, unfortunately, these errors are
and precipitation, possibly Ly the eutry of air Lhrough the seals, often not recorded wich redox data. Also, current practical detection
L o . . limits for water containing thousands of ppm TDS are as high as 1 ppm

Under field C““dltlﬂ"? there  are 5{m1lar.pfob!ems:. h]gb—xrgn, because of interferences and irstability of some constituents during
n?ntrul—pﬂ groumnduaters, vhich are gsually in engllbrlum‘wlbh siderite analysis (Morin, 1985b). Therefore, dominant redox couples can ofter
(Afé‘" and Cﬁeﬁfyv accepted), contsin  about 10 "M togal Fe™ and about be measured reliably in a laboratory environment, while minor couples
10 3 togal Fe''. A standard wmethod for weasuring Fe™ " is by measuring may be questionable. Redox studies on calculated and measured Eh, such

total Fe™" and Loﬁgl aqueous irop and subiracting to obtain total Fe as Lindberg and Runnels (1984), often give no concentrations or
lccanse total  Fe i3 about 10 t, it cannot be reliably detecred aceuracies.

because of detuq;ion Limits and wccuracy of both the above standard
method (rotal Fe® and total Fe) and the difgct geasurement {Jasinski
and Trachtenburg, 1973), Additionally, if 10 Fe™  could be detecred, 4.3 Kinetics and the Definition of Redox Couples
within one T}nuLe of ;?mp]ing (betore the analysis could be performed) T T T e R onpes
at Yeast 1077 M of Fe™ can oxidize (e.g. Sung and Morgan, 1980) and,
thus, alter  the resalrs by oue order of magnitude, Therefore, in a
well-poised redox system  dominated by iron at newtral pH, the
platinum-based Bh measurement using an isolated, flow-through technique
with other details from Section 3.2 may oftLen be the only method for
ohtaining representative redox informatian,

As discussed through Equation 10, the forward and reverse reaction
rates for couples must be fast to pravide a stable redox system. The
only time frame examined to this point is up to a few hours for Eh
measurement, A more general concept of time and redox reaction
kinerics will now be  examined, beginning with a hypothetical
illustrarijon,

If the sample is taken to a laboratory, the ahove discussion ou

iron gives some idea of the changes  Lhat can occur 1in the redox In a water containing only Fe and Mn couples, the following

couples.  However, iren has relutively fast reaction rates and other half-cell reactions occurs '

couples may  be stable for longer periods (Section 4.3 and Cherry et . K

al., 1979). Fot + e ‘"‘l_;f Fe2+ (reverse of 7)
To obtain indications of the presence of dissolved oxygen {(D.0N.) k2

in a field sample before atmospheric contamination can occur, a DO,

metee  or Winkler citration is  used. Becanse the Winkler titration

measures DO through  a series  of redox reactions, the presence of Kk

other couples will interfer with the resulls. In  fact, if other M"3+ v o -3 . H“2+ an

conples dominate oxygen, the Winkler titration is wnreliable. This mnay VR

acconnt  for discrepancies  between  the 0, - B0 calculated Eh and 4

measured Fh,  The occurrence of D0, in deép groiindwater (Winograd and

- . . . 3+
For this example, we assume k, is slow, thus reduction of Mn and
Roburtson, 1982) may be partially an arvifact of Lhe Winkler Litration, i ' !

oxidution of Fe® are slow as showit by:

althouglh comparisons with resulrs of a4 DO, meter at  ane well suggest. Kk
.2t 3+ 3 .3 2
the Winkler resales are valid, Fe + Mn ;:f%:i Fe”* + Ma=t (18)
. k
The sampling procedures discussed in this section are difficull to b6

fuptement,  Ocher, iovilid procedures, such  as gas~lifting to obtain o
sampla, were probably  wsed to coflect some existing  redox data. Like
preconcter details, databases contiaining  redog dara  do not uswally
i Posampling procednres anid, thus, such data is questionable.

vhere k. 1g necessurily siow, Tnitially a wixed potential may be
obtained™by  the platinum electrodo with the value between the actual
potential of the Fe and Ma couples. The value of the mixed potential
will be a function of concentrations and activity ratios hetween all
redox species in o system and this again highlights the importance of
examining  an entire system ratber than the couples, With time,
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cqulibrium is reached and calculated FEh from both couples will equal
measured Eh.  For arsenic systewms, this time for equilibrium is on the
order of days (Cherry et al, 1979).

The time required to attain equilibrium is a Eunction of reaction
rates, concentrations, and activity ratios. If the couple with fast
reaction rates dominate 1in concentration, a more rapid approach to
eqnilibrium can be expected than with a dominant slow couple.
Experimental evidence for this hehavior apparently exists for the Fe-As
and S-is systems in the data of Cherry et al. (1979). A simple field
test to obtain this equilibrium time for shallow groundwater. is surface
resistivity methods which disturb the natural potential of the water.
Pehme (1981; personal communications) found that - the high-iron
grcundwater plume described by Morin (1983) ° and Dubrovsky et al.
(1984) displayed a charging effect similar to a battery when using
surface resistivity equipment and this charge decayed over a period of
several  hours, Equilibrium time obtained in this wmanner is
representative of the in-situ water and 1is not valid for waler exposed
to the atmosphere or to temperature changes.

Tn a system where there are two couples with fast reaction rates
annd one couple with slow reaction rates, identification of the dominant
couples is important. If the two fast couples dominate, the calculated
Eh from the two couples will be equal while the slow couple may
indicate disequilibrium, This example leads to a problem with
terminology: if twoe or more dominant couples are in equilibrium, is the
rezdox system in equilibrium? The resolution of this problem in turn
dezpends on the precise definition of a redox couple.

A redox couple is properly defined as two ions of the same element
that represent a relatively fast one-step change in oxidation state,
ussnally by a value of one or two. A simple one-step change ia the Fe
cggple (Eg¥ation 7}, which accounts for its near ideal redox behavier.

S - SO §§ not a,redox couple because sulfur changes from -2 to +6
and, thus, S2— - SOé actually represents several couples. The first
couple is § - 57, but this cougle is greatly complicated by the
formation of polysulfide ions, S 5% where n = 2 to 5 (Giggenbach,

1972), and by the formation of golid-phase sulfur. For these reasans,
the concentration of aqueous S° is below detection in most natural
wiaters, indicating 1) this couple is often minor (e.g. Boulegue gt
al ., ;?79) and often has no effect on Eh and 2) the overall use of S5
- 80,,_ for calculation of EE is invalid. The second couple in the S~

- SOZ" gystem is 57 -~ 5,0, . This couple is considered minor because
of low S concentrationsy although Boulegue et al. found good agrecment
bertween calculated Eh from this couple and meunged Eh ig sulfidc—ﬁich
watgrs, The remaining sulfur couples are 3703 - S0 and S0, -
SO,"7, This same scenario applies to other” "redox cduples™ such as
NH)" - NO,7, which has intermediate couples involviag N2 gas and NO,
and Hu0~82 with H20 {Section 3.1}, and CHA~C0 - Caution over
defining Tedox couplés should also extend to  th@ apparent one-step
redox reactions on en atomic level. Equations 1 and 2 indicate there
is actually an intermediate slow step in  a reaction that appears to
occur in one step.,

In light of the previous paragraph, if a redox couple does not
rexach equilibrivm  with other couples, it is possible that the couple

.

has intermediate products. The discussion surrounding Equations 1 and
2 indicate the existence ot intermediate  products may be
system-dependent. Because intermediate products are often not well
known or described and often occur in relatively low concentrationms,
the very existence of intermediates 1indicates: 1) the overall "couple™
will not have a significant impact on Eh and 2) "disequilibrium" in the
overall "couple" can easily occur. If such disequilibrium occurs, it
is possible an intermediate couple will reflect the measured Eh.

With the above strict definition of redox couples, the earlier
discussion of redox equilibrium in a system becomes clearer. If at
least two true redox couples exist in a water, redox equilibrium can be
expected. Couples in disequilibrium may not be true couples in the
system. With this approach in mind and considering the valid "redox
window" (Cherry et al+ 1979) for couples, in which the activity ratio
is between 10~ and 1077, disagreement of measured and calculated Eh's
is no longer as disturbing and the validity of measured Eh is more
acceptable. The following sections discuss additional factors which
affect calculated Eh,

One process which has a major effect on kinetics and on the
definition of system-dependent redox couples is catalysis by inorganic
and organic constituents. Inorganic  aqueous  complexing can
significantly affect redox reaction Egtes. Miller (1985) found that
complexing of Fe”™ with Cl1 and SO lowered Fe oxidation rates.
Redox rates are also affected by minerals in contact with water (White
and Yee,1985). The existence of microbes in the subsurface is well
known (e.g. Wilson et al, 1983) and organic mediation of redox
reactions are well documented (Horwvarth and Teal, 1979; Jorgensen,
1977; Pugh et al., 1984; Nordstrom, 1982), In fact, organic,mediation
accelerates sulfate-sulfide redox rates to where 8 ~ S0, can be
treated as a redox couple in some systems; the behavior of the sulfur
intermediates In these accelerated systems are rarely examined. Other
cases of properly behaved couples are compiled in Nordstrom et al.

(1979).

Inorganic and organic alteration of redox rates may affect
equilibrium states of the reactions. The effects are discussed in
Section 4.5.

4.4 pll Factor

When calculating Eh from analytical concentrations of redox
couples, the concentrations must be converted to activities by
speciation of the entire water analysis (Morin, 1985a). Activities are
then used in Ejquation Il to calculate Eh,, IE a member of the couple is
complexed with II" or OH” and sometimes 0“ , the calculation of Eh must
include pH. Paralleling Equations 10 and 11:

A+ al™ ¢ ne” =1+ pil,0 (19)

Eh = E° - (RT/ukY 1n ([BY/[A]) + (2.303 RTm/nFYpl (20)

4.5 Aqueons Complexing and Activities
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The etfecr of agueous complexing  on redox reactions was discussed
in Bection 2 and 4.3 Relative to the iron system, the experimentallly
medsured potential against the standard H? ~ A" couple (E”) is based on
friee jons: -

»
L

+e (1)

When pll is between 2.5 and 4.7 at about 250C, the dominant vedox
reaction is:
Fe® 4110 S reon®t 4 o 4ot (20)
I . ' 20 ran 2k
In order to calculate Lhe stability line Ffor the Fe ~ FeOHl
cousple (Figure ])} the equilibrium constants for Equation 7 and (he
formation of FeOH™' are combined to ohtain an equation like Eguationn 20
or similar  to Equation 14. The assumptions inherent in  this common
approach are: 1) e has a defined free enerey of 4§ero, 2) redox
equilibrimm is not altered from that of the Fe - Fe™" couple beyond
the thermodynamic effect of camplexing, and 3) thermodynamic data are
corcect.  Because ¢ is not stable in water, other redox couples should
be added  to Equation 21 and, as previously discussed, the resulting
redox equlibrism will be system  dependent. For the second assumption,
Seetion 4.3 points aut the effect of complexing on redox reacrion
rates, Because cqulibrium constants are the ratio of forward and
reverse rates, the actual eqeilibrium constant for Equutggn 21 By be
diffgrent from the thermodynamic~based constant using Fe™ -~ Fe“' and
FeOIl™" formation data. As discussed In Section 2, such a discrepancy
can be expected by considering changes in atomic shells and hydration
splieres  upon complexing  which can easily affect subsequent
electrochemical reactions. However, detailed experimental work on thig
phenomenon is lackiag. On the third assumplion of accurate dara, even
the disseciation constant of HS™ has vecently been found to be in errar
by up to two orders of magnitude (Uhler and Helz, 1984).

Aqueous complexing and associated factors such  as tonic strength
have a strong effect on  the evaluation of activities of the couples
from which B is calculated. As a result, calculations of activities
mist be done  through speciation programs (Morin, 19854; Nordstrom and
Ball, 1984), The major problems with  these models are: 1) fylil
chemical  analyses must  be available for speciation, 2) chemical
equilibrium  is  assumed, and 3) there are theoretical limitations
especially with the caleulation of activity coefficieats aml missing or
midentified complexes (e.g. Stipp, 19873), Tnterestingly, if the
calealated  Eh's  from activities of several counples indicace redox
disequilibrivm in 4 system, the use of equilibcium principtes to
calewlate the disequitibriem aclivities (speciation) and En (Eguation
L) leads to o paradox, appareatly vuling out  the calculation (proot)
ol disequilibriom,

5. CONCLUSIONS AND RECOMHENDATTONS

This paper  bas divewsgid e validity  of redox measnrements in
stwties, Based on theory and problemns with
topleacatition, the comlitions under which  Eh can be reliably measnred

hydasnaeotogic

by = platioum  electrode  assembly were discussed. A thorough
understanding of interactions of the platinum electrode with an aqueouss
redox system and recent experimental work indicate the platinumn
electrode is  betrer behaved and  more reliable than suggested by pasc
studies.  The culculution of Eh  from activities of redox couples based
on chemical analyses Lass been shown to be sensitive to an abundance o
limitations and problems to the extent that many calculated Eh values
are  highly questionable. The common discrepancy between measured
platinum-based Fh  and calculated Eh from couples, which is often
attribnted to problems with measured Fh, should be attributed mores
often to the calculation of Eh, In some cases, such as in high-~irom
neutral-pH  waters, a  platinum-based Eh may be the only method of
detecting the redox state of the water.

Before heginning a  redox study, hydrogeologists should address
formally or inforwally the points raised in Lhis paper. One convenient
method for addressing the points is through a checklist compiled from
the section titles in this paper (Table 1),
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