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Stainless steel is inert —
or is it?

Editor’s note: Many workers
consider the stainless steel compo-
nents of their liquid chromatog-
raphy (LC) systems to be inert to
attack by any chemical to which
they might be exposed. In this
Jirst part of a two-part series,
the authors share their consider-
able expertise on the chemical
interactions of stainless steel, In
this months “LC Troubleshoot-
ing,” they discuss the general
characteristics of stainless steel.
Next month, they will focus
more closely on the use of stain-
less steel in LC systems and some
recommendations for avoiding
problems,
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Stainless Steel Surfaces
In LC Systems, Part | —
Corrosion and Erosion

iquid chromatography (LC) users

seem to fall into two groups: those

who assume the inner surfaces of
their chromarographic systems are inert and
therefore never interfere with the chro-
matographic process and those — mainly
biochromatographers, ion chromatogra-
phers, and electrochemists — who know
that the surfaces within their systems pre-
sent real and persistent threats to their
work. We were blissful members of the for-
mer group until the day we decided to
clean the cell of a UV—vis detector with
dilute nitric acid. The manual from the
manufacturer recommended using 50%
nitric acid, prepared by mixing equal vol-
umes of concentrated nitric acid and water,
with a 10-min contact time. However,
being chemists, we decided to use a more
dilute and less hazardous 20% nitric acid
solurtion for a correspondingly longer con-
tact time of 30 min. After this soaking
period, the nitric acid had a rusty tan color
which we interpreted to be accumulated
crud being removed. However, after two
more, even longer, contact periods with
fresh 20% nitric acid, the tan color contin-
ued to be washed out. We were dissolving
our detector cell.

Several simple laboratory tests showed
us thar nitric acid at concentrations of
10-30%, which corresponds to 1.5-5
mol/L, corroded small samples of stainless
steel but that more concentrated nitric acid
— 50-100% or 7.5-15 mol/L. — did not.
We thought we had discovered something
new — until we found that this strange
concentration dependence has been known
for centuries (1) and was studied exten-
sively by Michael Faraday in the 1830s (2).
Thus, chromatographers who use nitric
acid for cleaning or passivating the inner
surfaces of their LC systems should have at
least some awareness of the vulnerability of
their stainless steel surfaces to corrosion
processes in general and to nitric acid in
particular.

In this installment of “LC Troubleshoot-
ing,” we will treat the general topic of
stainless steel corrosion briefly, with an
emphasis on processes whereby a protective
passivation layer is formed or destroyed by
chemical reactions with the environment.
We also will discuss reactions involving
nitric acid, including the Faraday paradox
phenomenon, and recommendations rela-
tive to the maintenance, plumbing, and
replumbing of LC systems. We will discuss
several aspects of stainless steel corrosion
and passivation in relation to LC compo-
nents that contacr aggressive mobile phases.
We will describe the concentration depen-
dence of aqueous nitric acid as a cleaning
and passivating agent for stainless steel sur-
faces and the recommendation that care-
fully prepared 50% (7.5 mol/L) nitric acid
be used only as a last resort for cleaning
and passivating LC system surfaces. Users
can substitute Hastelloy C22, titanium,
or PEEK tubing and frits for those made
of stainless steel to minimize corrosion
problems.

Stainless Steel
Stainless steel has long been a material of
choice for fabricating analytical instrumen-
tation system components because of its
machinability, ductility, hardness, strength,
inertness, and low cost. Most LC systems
have stainless steel surfaces that come into
direct contact with the mobile phase
involved in the chromatographic process.
These inner stainless steel surfaces, as most
surfaces, tend to acquire a thin layer or
local deposits of adsorbed materials. The
corrosion of stainless steel surfaces,
although not initially a serious problem,
can develop gradually and eventually
become difficult and expensive to resolve.
Stainless steel is a large family of iron-
based alloys, a dozen or more of which have
been used in LC systems. Type 316 is the
most widely used stainless steel in LC sys-
tems and other analytical instcruments




because of its favorable balance of proper-
ties such as hardness, machinability, and
corrosion resistance. Thus, we will use type
316 stainless steel as our reference material.
Other types of stainless steel often are
selected for some especially useful property,
such as type 303 for machinability, type
304 for ductility, type 316L for weldability,
and type 321 for its resistance to stress cor-
rosion. Stainless steel tubing and other met-
als that have special properties can be used
in different components of an LC system
— for example, pumps, injectors, other
valves, and detectors — without causing
serious corrosion problems for most appli-
cations (3). However, corrosion of all types
of stainless steel surfaces occurs continu-
ously in most nonvacuum environments.
We — and civilization in general (4)
fortunate that corrosion is very slow in
many applications.

are

Corrosion and Passivation

Pickering (5) listed several conditions that
support stainless steel corrosion processes in
LC systems. One condition is low pH; oth-
ers are the presence of reducing agents
(hydrochloric acid, dimethyl sulfoxide, and
phenol), chelating agents (citrate, chloride,
EDTA), strong ligands (dimethyl sulfoxide,
phenol, certain anions), and some salts,
especially those containing chloride or
lithium ions. Shoup and Bogdan (6) dis-
cussed factors that affect stainless steel cor-
rosion from electrochemists’ viewpoints.
Their discussion is based on the use of elec-
trochemical detection, which is highly sen-
sitive to the presence of even traces of iron
corrosion product species that are produced
along the mobile-phase low path. Mowery
(7) showed that fast flow rates in flow-
control valves and the abrupt changes in
flow direction inherent in injection valves
sometimes can cause very rapid local corro-
sion by LC mobile-phase solvents.

In general, chromatographers should be
aware of Bristow’s observation (8) that mix-
tures of mobile-phase components that
individually are inert to stainless steel can
become corrosive in combination. Exam-
ples of this phenomenon are “ ... halide
impurities un-ionized and inactive in halo-
carbons, burt ionized and active in mixture
with hydroxy solvents (such as methanol)
and acids inactive in aqueous solution, but
very corrosive in aqueous acetonitrile solu-
tions.”

Stainless steels such as types 316, 303,
304, and 321 are iron-based alloys with
various noniron elements, mainly
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chromium and nickel, in proportions of
roughly 70% iron—18% chromium-8%
nickel (9). Both the surface and the bulk
distribution structures of the atoms in a
given piece of stainless steel typically are
very complicated because they depend on
the thermal history and the extrusion and
machining process history of each piece
(10). Furthermore, the properties, includ-
ing the corrosion behavior, are determined
largely by these structures. As a further
complication, the range of compositions
that can be classified as a given type of
stainless steel is sufficiently broad, so even if
you consider only one type of stainless
steel, the corrosion behavior of pieces cut
from different sources can vary greatly
under the same environmental conditions.

Separately or collectively, the metal
atoms in stainless steel are unstable in air,
air-containing solutions, and in many other
environments with respect to the formation
of oxides or other products. Controlled oxi-
darion of a stainless steel surface by oxygen
or another suitable oxidizing agent such as
nitric acid produces a thin oxide layer,
called the passivation layer. This layer is typ-
ically only several nanometers in thickness,
and it functions as the surface’s line of
defense against rapid attack by modestly
aggressive environments (11).

The passivation layer is quite compli-
cated structurally, nearly as complicated as
the stainless steel itself (4,10). Thus, we
won't attempt a detailed description in this
column, but we will discuss several funda-
mental aspects of the formation and
destruction (that is, dissolution) of the pas-
sivation layer in a simplified but informa-
tive way.

Consider the bare metallic surface of
a piece of stainless steel as if it were pure
iron. In the presence of an electron-
accepting or oxidizing reagent, the contact
of the iron surface with an aqueous phase
permits the production of Fe?™ (equation
1). Molecular oxygen, for example, can
accept electrons in acidic (equation 2), necu-
tral, or basic (equation 3) media. Many
other oxidizing species can accept the elec-
trons just as well.

Feo — Fet + 2¢~ [
O, + 4H" + 4e - 2H,0 [2]
O, + 2H,0 + 4e~ - 40H™ [3]

A Pourbaix diagram can provide an
impression about how metal oxide corro-
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sion products relate to the oxidizing power  with the metal surface (12). Figure lais a region of the figure represents an equilib-
(that is, the electrical potential [E]) and to  simplified Pourbaix diagram for an iron— rium situation for the corresponding £
the pH of an aqueous solution in contact aqueous solution oxide system. Each value and pH of the aqueous solution. It is
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Figure 1: Pourbaix diagrams showing (a) equilibrium relationships between iron, iron oxide and solution phases, (b) the reaction path toward
metastable oxide layer formation (passivation), and (c) passivation layer destruction by acid media.
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not very useful, however, to think only
about the equilibrium situation, because
the equilibrium merely indicates thar all of
the metal tends to remain as meral under
reducing conditions, and all of the metal
eventually dissolves or forms an oxide
(rust) under oxidizing conditions. It is
more useful to think about the early steps
that can occur on the way toward equilib-
rium, Figure 1b indicates a two-step route
to oxide-layer formation. The metal surface
first is oxidized to produce Fe?* or Fe3™,
then rapid reactions produce a thin,
metastable, oxide layer on the surface. This
result normally is not an equilibrium,
because dissolution reactions also occur
under neutral to acid conditions (Figure
1c). The overall picture becomes one in
which both oxide layer formation and dis-
solution can occur in a continuing way.
Figure 2 shows a cross-section of an
oxide layer to illustrate how formation and
destruction processes can occur simulra-
neously. The resulting migration of the
oxide layer, with corresponding loss of the
underlying metal, occurs by formation of
new oxide through the existing oxide layer.
Typically this process is long and slow. A
plausible mechanism for the migration of
the oxide layer is based on the point defect
model (4,13). The point defect model
involves diffusion of vacancy-defect species
through the oxide layer (Figure 3), which
allows the production by oxidation of
metal ion species at the metal-oxide inter-
tace. Note thar the diffusion of vacancies is
a step-by-step process, not a concerted
process. Figure 3 is an idealized representa-
tion designed to suggest the physical
aspects of vacancy-defect diffusion as it

Solution
b4
Dissolution phase
Interface motion Oxide
+ passivation
layer
_In_ter.fgce.m?t.I.qr_:_ Metal

Figure 2: Cross section of an oxide layer on
a stainless steel surface under steady-state
formation-destruction conditions.

relates to corrosion-migration of the oxide
layer. McDonald (4,13) described the
chemical aspects of the overall process.

The point defect model also provides a
plausible description of the development of
local pit corrosion, a form of corrosion that
is particularly bad in instrument systems. If
for whatever reason the oxidation step is
blocked locally and only oxide vacancies
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arrive at the metal-oxide interface, these
oxide vacancies presumably can coalesce to
form a thin, open gap, as pictured in Fig-
ure 4a (4). The gap blocks the migration
of the oxide layer in that region (Figure
4b) and permits the ongoing dissolution
process to eventually open a direct attack
on the underlying metallic layer by the
solution phase.

I\.l"l’aq

Agueous
solution

Oxide

Metal

Figure 3: A conceptual cross-section of the oxide passivation layer showing how the diffusion
of metal-ion vacancies from the top toward the bottom, oxidation of metal (M — M*) at the
metal-oxide interface, and diffusion of oxide ions from the bottom toward the top leads to an
overall migration of an oxide layer from the top toward the bottom of the figure.
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Another type of corrosion, scarcely men-
tioned in the LC literature, but potentially
important in special cases, is erosion corro-
sion. This type of corrosion occurs when a
fluid such as mobile phase flows very
rapidly along a solid surface. In LC the lin-
car mobile-phase velocity is high through
the frits and column packings and very
high through the narrow-bore connection
tubing. For a typical LC system operating
at a 1-mL/min flow rate, the average flow
velocity in a 0.25-mm i.d. connection tube
is approximately 0.3 m/s. At this velocity, a
3% aqueous solution of sodium chloride
corrodes type 316 stainless steel at a rate of
approximately 0.1 pg/mm? per day (14).
If a 50-cm length of 0.25-mm i.d. type
316 connection tubing is present in a
mobile-phase line (surface area approxi-

mately 400 mm?), this surface would cor-
rode at a rate of approximately 40 pg per
day from erosion corrosion alone. With
small-bore tubing, higher flow rates as in
fast LC, orelevated temperatures, this
threat could be serious, even with less
aggressive mobile phases. To make this
threat even greater, the inner surfaces of
some LC connection tubing may be
extremely rough, which enables other cor-
rosion factors such as turbulence and cavi-
tation to contribute significantly (15).

In addition to oxide-migration corro-
sion, pit corrosion, and erosion corrosion,
various other types of corrosion also can
contribute. Most important for LC may be
corrosion mechanisms based predomi-
nantly on electrochemical reactions involv-
ing microcrystalline domains that function

Figure 4: Representation of the onset of pit corrosion in which (a) an open gap forms under the
oxide layer and (b) the oxide layer thins progressively before the solution attacks the underlying

metal.
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as microelectrodes. Interested readers
should look at publications by Shoup and
Bogdan (6) and Pickering (5) for more
information.

Acknowledgements

The authors are pleased to acknowledge
financial support from the National Coun-
cil for Research (CNPq, Brasilia, DE
Brazil) and the Sio Paulo State Research
Foundation (FAPESP, Sao Paulo, Brazil).

References

(1) H.H. Uhlig, in Passivity of Metals, R.D.
Frankenthal and J. Kruger, Eds. (The Electro-
chemical Society, Princeton, New Jersey,
1978).

(2) M. Faraday, Phil. Mag. 9, 57.122,153 (1836).

(3) “Valco-Cheminert Catalog,” Valco Instrument
Co. Inc. (Houston, Texas, 1998).

(4) D.D. McDonald, Pure Appl. Chem. 71,
951-978 (1999).

(5) M.V. Pickering, LCGC 6(9), 800-805 (1988).

(6) R. Shoup and M. Bogdan, LCGC 7(9),
742-744 (1989).

(7) RA. Mowery, /. Chromatogr. Sci. 23, 22-29
(1985).

(8) P.A. Bristow, “Liquid Chromatography in
Practice,” hetp (Handforth, Wilmslow, United
Kingdom, 1976).

(9) R.C. Weast, Bd., Handbook of Chemistry and
Physics (CRC Press, Boca Raton, Florida, 65th
ed., 1984), p. E-109.

{10) V. Gentil, “Corrasio,” Livros Técnicos ¢ Cicn-
tificos SA (Rio de Janeiro, Brazil, 3rd ed.,
1996).

(11) V. Brusic, in Corresion Chemistry, G.R.
Brubaker and P.B.P. Phipps, Eds. (American
Chemical Society, Washington, D.C., 1979).

(12) D.F. Shriver, P.N¢. Atkins, and C.H. Langford,
Inorganic Chemistry (Oxford University Press,
Oxford, United Kingdom, 1990).

(13) D.D. McDonald, [. Electrochem. Soc. 139,
3434-3438 (1992).

(14) M.G. Fontana and N.D. Greene, Corrosion
Engineering (McGraw-Hill, New York, 2nd
ed., 1978).

(15) J. Bowermaster, Ph.D. thesis, Virginia Poly-
technic Institute and State University, Blacks-
burg, Virginia, 1984,

Kenneth E. Collins and Carol H. Collins are
professors and Celso A. Bertran is an associate
professor at the Institute of Chemistry at the
State University of Campinas, Caixa Postal
6154, 13083-970 Campinas, SP, Brazil, e-mail
kec@igm.unicamp.br.

www.chromatographyonline.com

John W. Dolan

“LC Troubleshooting” editor
John W. Dolan is president of
LC Resources Inc. of Walnut
Creek, California, and a mem-
ber of LCGC's editorial advisory
board. Direct correspondence
about this column to “LC
Troubleshooting, ” LCGC, 859
Willamette Street, Eugene,

OR 97401, e-mail John.Dolan@
LCResources.com.

For an ongoing discussion of
LC troubleshooting with John
Dolan and other chromatogra-
phers, visit the Chromatogra-
phy Forum discussion group at
www.chromforum.com.




