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ABSTRACT

The influence of additional chemical molecules, necessary for the purification process of [Fe]-hydrogenase from
Clostridium acetobutylicum, was studied on the anaerobic corrosion of mild steel. At the end of the purification
process, the pure [Fe-Fe]-hydrogenase was recovered in a Tris—-HCl medium containing three other chemicals
at low concentration: DTT, dithionite and desthiobiotin. Firstly, mild steel coupons were exposed in parallel to
a 0.1 M pH 7 Tris-HCI medium with or without pure hydrogenase. The results showed that hydrogenase and
the additional molecules were in competition, and the electrochemical response could not be attributed solely
to hydrogenase. Then, solutions with additional chemicals of different compositions were studied electrochem-
ically. DTT polluted the electrochemical signal by increasing the E,. by 35 mV 24 h after the injection of 300 pL of
control solutions with DTT, whereas it drastically decreased the corrosion rate by increasing the charge transfer
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Dithionite resistance (R 10 times the initial value). Thus, DTT was shown to have a strong antagonistic effect on corrosion

D?SthiObiOtiﬂ and was removed from the purification process. An optimal composition of the medium was selected (0.5 mM

Mild steel dithionite, 7.5 mM desthiobiotin) that simultaneously allowed a high activity of hydrogenase and a lower impact
on the electrochemical response for corrosion tests.

1. Introduction Various mechanisms of action of hydrogenase on corrosion have been

Anaerobic microbiologically influenced corrosion (MIC), also named
bio-corrosion, is a problem that affects materials used in many industri-
al fields such as the oil and gas industry [1]. This is the acceleration of the
degradation of conductive materials in the presence of microorganisms
that adhere to and grow on the surface of materials as biofilms [2]. It
is now commonly agreed that sulfate-reducing bacteria (SRB) and
thiosulfate-reducing bacteria (TRB) are the main causes of anaerobic
MIC [3-6].

Hydrogenases, which are either present in bacteria (such as SRB) or
free in solution, have also been identified as key proteins in MIC phe-
nomena [7,8].

Hydrogenases catalyze the reversible reaction linked to hydrogen
shown in Eq. (1). [9-13].

2H" +2e < H, (1)

Generally, this reaction is the rate-limiting reaction in the system
and can be considered as the driving force of anaerobic corrosion.

* Corresponding author.
E-mail address: regine.basseguy@ensiacet.fr (R. Basseguy).

established [7,8,14]. A first mechanism involves a synergetic effect be-
tween hydrogenase and phosphates (or weak acids) in the presence
of a redox mediator [14]. The second mechanism proposed does not
require a redox mediator and hydrogenase catalyzes the reduction of
protons or water by direct electronic transfer [7,8].

Among hydrogenases (|Ni-Fe]-hydrogenases, [Fe-Fe]-hydrogenases,
[Ni-Fe-Se]-hydrogenases), [Fe-Fe]-hydrogenases were chosen for our
study because of their high activity in the reduction of protons (10- to
100-fold that of [Ni-Fe]-hydrogenases) [15]. [Fe-Fe]-hydrogenases,
often found as monomers, contain a catalytic domain, called the
H-cluster, and a variable number of Fe-S clusters thought to be involved
in electron transfer. The H-cluster of [Fe-Fe]-hydrogenase is composed
of a 2Fe subsite covalently bound to a [4Fe-4S] subcluster.

Here, we chose the [Fe-Fe]-hydrogenase from Clostridium
acetobutylicum (Ca) as this bacterium is known to be the microorganism
that most efficiently produces hydrogen from hexose [15,16]. The cata-
lytic domain of this [Fe-Fe]-hydrogenase is an arrangement of six iron
atoms in the form of two groups: [4Fe-4S] and [2Fe], where the two
iron atoms connected together constitute the active site.

During the production and purification of [Fe-Fe]-hydrogenase,
some indispensable chemicals: dithiothreitol (DTT), sodium hydrosulfite
(also called sodium dithionite) and desthiobiotin are added to the



medium to purify the protein in its active form [16]. As DTT and
dithionite are sulfur compounds that are very reactive and may exist
in many oxidation stages [17,18], they can also have an impact on
corrosion.

In biotechnology, solutions of sodium dithionite are currently used
as reducing agents. There is absorption and a fast chemical reaction be-
tween sodium dithionite and oxygen [19,20]. In alkaline solutions,
dithionite (S,03 ™) is first oxidized to sulfite (S03 ™) and sulfate (SOZ ™)
(Eq. (2)) and then sulfite is oxidized to sulfate (Eq. (3)) [21]:

S,05” + 0, +20H™ - SO~ +503 + H,0 2)
_1 -
SO3™ +50, — SO% ™. (3)

Even without oxygen, dithionite is a reactive molecule that dispro-
portionates in other sulfur compounds [22]. At pH values close to 7,
the main decomposition reaction that occurs in an aqueous solution
can be represented by the following equation [22,23]:

25,02 +H,0-2HS05 + S,03™. (4)

In an anaerobic aqueous alkaline solution, dithionite is also reported
to disproportionate into sulfite and sulfide [17] (Eq. (5)):

35,03 +60H™ — S*~ + 5505~ + 3H,0. (5)

At lower pH-values (pH 3), a disproportion reaction of dithionite
generating sulfur and sulfite is suspected, since solid sulfur precipitate
was observed (Eq. (6)) [17]:

25,027 +20H™ — S+ 350%™ + H,0. (6)

There is first a formation of a mackinawite film on the carbon steel,
and, with sulfide excess, the film is converted to pyrrhotite and pyrite,
and eventually further to smythite.

Thus, Hemmingsen et al. [17] reported an effect of dithionite on the
corrosion of carbon steel in an aqueous solution at room temperature
(20-22 °C). At low pH (pH 5), they observed a relatively high corrosion
current of 80 uA-cm? during an initial phase, which, after 10 h of immer-
sion, decreased and stabilized at 55 pA-cm2. At pH 7, the corrosion cur-
rent was stable and around 12 pA-cm’. When the pH was increased, the
corrosion rate decreased. They also compared the influence of different
sulfur compounds (thiosulfate, sulfite, dithionite and sulfide), without
giving values for a control experiment, they demonstrated that at high
pH, sulfide and thiosulfate formed the densest film and at low pH, it
was sulfide and dithionite.

Elsewhere, dithionite ion is also known to have an impact on corro-
sion in sulfuric acid solution for 304 stainless steel, by generating thio-
sulfate (H,SO3) [24]. At pH 1.2, S;05~ should decompose into S and
H,S0s, as shown in Eq. (7).

25,02 +4H" + 3H,0 - S + 3H,S03 + 2H,0. (7)

Corrosion tests were performed at 30 °C and 60 °Cin 0.1 mol/L H,SO4
(pH 1.2) with various amounts of Na,S,04 and H,SO5 added, up to
60 mmol/L. The corrosion rate increased gradually as the amount of
Na,S,0,4 was increased, reaching a maximum rate of 7.9 mm/year
for 20 mM. When the concentration of Na,S,04 was greater than
20-30 mM, the corrosion rate dropped drastically and 304 was passiv-
ated, the passivated film containing NiS.

In the presence of H,SO5 solution, similar corrosion behavior of 304
has been reported, with an induction period for the initiation of corro-
sion. Thiosulfate ion produced by sulfate-reducing bacteria is also
known to exacerbate anodic dissolution of stainless steel [25-28].

Regarding DTT, it has been identified to be a protective reagent for
SH-groups [29]. Due to its low redox potential (—0.332 V at pH 7),
DTT can maintain monothiols in the reduced state and can reduce
disulfides according to the following reactions:

OH OH

SH SH
RSSR + HS RSH + RSS

OH
OH DTT

(8)

SSR SN
SH J;j
— + RSH (9)
o HO
on OH

There have been few experiments on DTT and corrosion and little is
known about its potential impact. Like dithionite, DTT is a sulfur com-
pound and it is likely that DTT also has an impact on the corrosion of
mild steels.

Another molecule also found in the medium with hydrogenase
at the end of the purification process is desthiobiotin [16]. During
the chromatographic purification step, hydrogenase is adsorbed to a
Strep-Tactin Superflow column by a C-terminal Strep-tag Il. The bound
Strep-tag fusion protein is then eluted from the streptavidin column
by a buffer solution containing a low concentration of desthiobiotin.
At the end of the purification process, the strep-tagged hydrogenase
is eluted from the purification column with low concentration of
desthiobiotin [30]. Desthiobiotin is widely used for this competitive
elution [31-34] so that the Strep-Tactin affinity resins can be used re-
peatedly [35]. There are no reports of experiments on the impact of
desthiobiotin on corrosion but, considering its structure, it can be as-
sumed that desthiobiotin is probably an inert molecule and can protect
the electrode surface.

The purpose of the present work was, first, to study the influence
of [Fe-Fe]-hydrogenase from C. acetobutylicum (Ca) on the anaerobic
corrosion of mild steel. The pure Fe hydrogenase was recovered in a
0.1 M pH 8 Tris/HCl medium containing three other molecules at low
concentration: DTT, dithionite and desthiobiotin, which are possibly
reactive on the surface of mild steel. The final objective was to study
the effect of these molecules on corrosion in order to improve the un-
derstanding of mild steel corrosion in the presence of hydrogenase.

2. Materials and methods
2.1. Hydrogenase production and purification

Tris(hydroxymethyl) aminomethane (named Tris) was purchased
from Acros Organic, sodium dithionite, desthiobiotin and dithiothreitol
from Sigma.

Hydrogenases used in this work were [Fe-Fe]-hydrogenase. They
were extracted and purified from C. acetobutylicum cells in a 0.1 M
pH 8 Tris-HCl medium. The hydrogenase purification process was per-
formed as described in [30,36]. At the end of the purification process,
to keep the enzyme in its active form, DTT (final concentration 2 mM)
was added to the fraction of interest.

Thus, hydrogenase was contained in a 0.1 M pH 8 Tris—-HCl medium
with 2 mM DTT, 2 mM dithionite and 2.5 mM desthiobiotin. Hydroge-
nase solution was divided into aliquots, flushed with pure hydrogen
and stored at — 80 °C. Hydrogenase oxidation activity of the purified en-
zyme was assayed as described in [30,36]. The purified hydrogenase in
the aliquots used in this study had a specific activity of 3000 U/mg
and a concentration of 40 pg/mL or 0.605 umol/L (weight 66.07 kDa).
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Schematic 1. Scheme of the experimental setup

2.2. Electrochemical cell setup

The experiments were performed with a three-electrode system in
closed cells (Metrohm) (Schematic 1).

The working electrodes were 2-cm-diameter cylinders of S235]R
mild steel from Descours—Cabaud, France (elemental composition by
weight percentage: 0.17 C, 1.4 Mn, 0.55 Cu, 0.03 S, 0.03 P, 0.01 N).
They were surrounded with adhesive lined heat shrink tubing (His-A
24/8 PO-X-BK) from HellermannTyton leaving a flat disk of the surface
uncovered, with a total exposed area of 3.14 cm?2. Electrical connection
was provided by a titanium threaded rod also protected with heat
shrink tubing. Coupons were successively ground with SiC papers of in-
creasing grit fineness (P120 to P2400) and then rinsed with distilled
water and stored for 24 h before the experiments began.

Saturated calomel electrodes (SCE) from Materials Mates Sentek
were used as references and platinum (Pt, 10% Ir) meshes, connected
with a platinum (Pt, 10% Ir) wire, from Goodfellow were used as counter
electrodes. The Pt electrode was cleaned before use by heating it in the
oxidizing flame of a gas burner.

The medium in which the electrodes were immersed was 0.1 M pH 7
Tris/HCl containing 0.1 M Cl™. This was a compromise between the pH 8
of the purification process and the pH 6.3 which is the optimum of
hydrogenase towards the hydrogen production [37].

The electrochemical cell was hermetically closed and the tempera-
ture was maintained at 37 °C with a water-bath. Nitrogen was continu-
ously bubbled into the solution for 1 h before the working electrodes
were inserted. After the deoxygenation, the surface of the steel coupon
was immersed in the solution and the nitrogen flow was maintained

2.3. Electrochemical measurements

The electrochemical measurements were performed by using a
VMP2 multipotentiostat (Bio-Logic, SA) monitored by the software
EC-lab 9.98.

2.3.1. Open-circuit potential or free corrosion potential

The open-circuit potential (E,.), also called free corrosion potential,
was monitored over time when the steel coupon was immersed in the
solution for 24 h.

2.3.2. Voltammetry

Voltammetries were performed around the open-circuit potential
from Eq¢ to Eqc —20 mV to Eoc +20 mV, at 0.167 mV/s. Voltammograms
were made just before the injection, and after the injection at 10 min,
30 min, every 30 min up to 5 h and then at 24 h.

The slope of the polarization curve in the vicinity of the corrosion
potential (dj/dE) was proportional to the corrosion rate (which was
proportional to the corrosion current density) and corresponded to
the inverse of the polarization resistance (R;,) [38,39] as in Eq. (10).

. B dj
Jeorr = R_p =B (ﬁ) B (]0)

where B is a constant depending on Tafel constants 3, and Be.

1 1
above the solution surface during the whole experiment. After 1hand B = ERAEN (11)
15 min of immersion, hydrogenase solution or control solutions were ar
injected with a syringe (Hamilton) in strict anaerobic conditions, oxy-
gen having been removed from the syringe with nitrogen. Slopes were obtained by taking 100 points around E,.
Table 1
Composition of the injected solutions
Tris/HCl DTT Dithionite Desthiobiotin Hase
Hydrogenase solution in the aliquot 0.1 M pH 8 [NaCl] = 0.15 M 2 mM 2 mM 2.5 mM 0.605 pmol/L
Controls Control solution 1 0.1 M pH 8 [NaCl] = 0.15 M 2mM 2 mM 2.5 mM -

Tris/HCl medium 0.IMpH7[CI"]=01M




2.3.3. Impedance

EIS measurements were performed just before the injection, and 5 h
and 24 h after the injection.

Electrochemical impedance diagrams were drawn at E,. and at
— 20 mV/E, with a frequency range from 100 kHz to 10 mHz, 10 points
per decade and an amplitude of 10 mV peak to peak.

The impedance was modeled with EC-lab® software.

3. Results and discussion
3.1. Impact of hydrogenase on the corrosion of mild steel

Mild steel (S235JR) coupons were immersed in a Tris/HCl 0.1 M pH 7
(0.1 M CI™) medium for 24 h. After a stabilization of the free potential
for 1 h and 15 min, cyclic voltammetry was performed to determine
the slope of the polarization curve just before the injection. Then 50 L
volumes of hydrogenase (Hase) solution were injected in strictly anaer-
obic conditions (t = 0). Several control experiments were performed by
injecting the control solution without hydrogenase or just the Tris/HCI
medium (0.1 M pH 7). The compositions of the different injected solu-
tions are reported in Table 1.

The variation of the open-circuit potential (E,) was recorded versus
time for 24 h. No significant potential evolution was observed when
injecting the Tris/HCl medium (0.1 M pH 7) (Fig. 1), which proves
that there was no introduction of oxygen in the cell during injection of
the solution. The addition of hydrogenase solution caused a fast increase
in potential, which reached —0.688 V vs SCE in 3 h. When control solu-
tion 1 (solution without hydrogenase) was injected, the open-circuit
potential also increased but less quickly than with hydrogenase
(lower slope). Potential ennoblement also occurred during the first
hours after injection.

Some potential ennoblement values (AE) were calculated by
subtracting the starting potential (just before the injection) from the
value of the potential at a given time. Fig. 2 reports the average AE for ex-
periments with Tris-HCl (0.1 M pH 7) medium, control solution 1 and hy-
drogenase solution. The standard deviation encompassed the minimum
and maximum values measured for each experiment. In the Tris-HCl
(0.1 M pH 7) medium, there was no ennoblement of the potential and
AE oscillated between —3 and +3 mV after 24 h. However, when
injecting hydrogenase solution, a potential ennoblement of 41 mV in
3 h was observed and remained stable (44 mV after 24 h). When control
solution 1 was injected, there was also a potential ennoblement (31 mV
after 24 h). The increase of the free potential was more gradual with

control solution 1 (just 8 mV after 3 h) than with hydrogenase, for
which the potential jump was clearly observed. Assuming the kinetics
of the anodic reaction to be the same over time, the E,. ennoblement
may be attributed to the catalysis of the cathodic process [40,41]. Indeed
the injection of hydrogenase may induce catalysis of the reduction of pro-
ton (or water) into hydrogen. By accelerating this cathodic reaction, hy-
drogenase will accelerate the corrosion process of S235JR mild steel.
However, the potential jump observed after injection could not be attrib-
uted only to hydrogenase since an increase was also observed when in-
troducing the control solution. Consequently, the additional molecules
present in the medium can also be said to have an impact on corrosion.

Voltammetries performed in the vicinity of E,. gave the polarization
resistance (R;). Fig. 3 shows the inverse of R, (1/R;,), which corresponds
to the slope obtained on voltammograms, and indicates the evolution of
the corrosion rate. Experiments were repeatable, and the starting value
of 1/R, was the same around 1.1 - 1072 1/(Q-cm2). In the Tris-HCl
(0.1 M pH 7) medium, 1/R;, decreased a little over time and remained
stable at values close to 8.7 - 10™% 1/(2-cm?) after 3hand 59 - 104
1/(Q-cm2) after 24 h.

Injecting the control solution led to a fall of 1/R;, and around 3 h after
the injection, 1/R, became stable (5.0 - 107> 1/(Q2-cm?)); this value is
very low compared to that obtained in the Tris-HCI (0.1 M pH 7) medium.

During the first hour after the injection of hydrogenase solution, 1/R,
values followed those of control solution. Then, after 1 h of decrease, the
1/R,, values increased again, to reach 4.0 - 10~ 1/(Q-cm?2) which is
close to values obtained in the Tris-HCl (0.1 M pH 7) medium.

To sum up, these findings confirmed that hydrogenase had an im-
pact on corrosion and could accelerate the corrosion rate by catalyzing
the cathodic reaction, but the presence of additional chemicals in the so-
lution did not allow full expression of the hydrogenase impact on mild
steel corrosion. Indeed, the results obtained for the injection of the con-
trol solution gave parameters that counterbalanced one another (Figs. 2
and 3). The evolution of the corrosion rate over time with additional
molecules from the control solution was surprising. According to the
potential ennoblement (Fig. 2), it would seem that additional molecules
enhanced the corrosion process, but the corrosion rate decreased when
such molecules were injected (Fig. 3). Thus, hydrogenases and addi-
tional molecules have an antagonistic effect on the corrosion rate.
The molecules contained in the control solution certainly changed the
surface state of the mild steel electrode that may partially hide the hy-
drogenase effect.

To improve our understanding of the impact of hydrogenase on
corrosion, it was necessary to deepen the study on the additional
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molecules. The rest of the study focused on additional molecules and ex-
periments were performed without hydrogenase.

3.2. Impact of molecules from the purification process on the corrosion of
mild steel

Experiments were carried out with the same procedure as described
above. To exacerbate the phenomena seen previously with additional
molecules, the amount of solution injected was increased to 300 L
(rather than 50 pL as done previously). Moreover, beyond a certain
level, there was no significant gain in the evolution of the electrochem-
ical response; the system arrived at saturation (curves not shown).

3.2.1. Control solutions with different additional molecule compositions
Different compositions of control solutions were injected into the
electrochemical cell. They are given in Table 2. The variation of the
open-circuit potential was recorded versus time for 24 h (Fig. 4 (a))
and AE was calculated as previously (Fig. 4(b)).
As in the preceding experiments, the injection of the Tris-HCl (0.1 M
pH 7) medium induced no significant evolution of E,. over time. In

— Eoc(t = 0)) versus time after 50 pL injection (point 0 = just before the injection) for S235JR mild steel electrodes in a 0.1 M Tris-HCl pH 7

contrast, injecting control solutions containing DTT (control solutions
1,2 and 3) caused a E,. jump. Most of the potential ennoblement oc-
curred in the first hour and tended to stabilize thereafter (Fig. 4(b)).
After 24 h, AE was about 30-35 mV for all control solutions with DTT.
Moreover, by comparing the evolution of E,. ennoblement in Figs. 2
and 4, it can be seen that the injection of 6 times more control solution
1 (300 L rather than 50 pL) induced a drastically faster increase of the
Eoc. In only half an hour, AE,. reached 17 mV with 300 pL while, with
50 pL injected, it took 5 h to reach the same value.

For the control solution without DTT (control solution 4-A-), a po-
tential fall occurred just after the injection (AE = —27 mV at 1 h).
The free potential then tended to stabilize and increased gradually to
reach a AE of —5 mV after 24 h.

With all control solutions, 1/R,, (Fig. 5) dropped significantly
just after the injection, reaching 6 - 107> 1/(2-cm2) after 24 h.
In comparison, a very lower evolution of 1/R, was recorded with
the Tris/HCl (0.1 M pH 7) medium. Additional molecules, with or
without DTT, induced a fast decrease of the corrosion rate that
may be attributed to a decrease of the surface reactivity in their
presence.
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Fig. 3. 1/Rp (slope of polarization curve) versus time for S235JR mild steel electrodes in a 0.1 M Tris-HCl pH 7 medium. Injection at t = 0" of 50 pL of: ¢ Tris-HCl medium,
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Table 2
Composition of control solutions tested.

Tris/HCI0.1M  DTT Dithionite  Desthiobiotin
(2mM) (2mM) (2.5 mM)
Tris/HCl medium pH7
Control solution 1 pH8 X X X
Control solution 2 pH8 X
Control solution 3 pH8 X X
Control solution 4-A- pH8 X X

For the control solution without DTT (4-A-), the evolution of E,, that
first decreased and then tended to come back to the initial value after
24 h, is in accordance with the diminution of the corrosion rate. For con-
trol solutions containing DTT, parameters counterbalanced one another
as seen in the previous experiment. The injection of these control solu-
tions induced a potential ennoblement on the one hand, and a fall of the
corrosion rate on the other. So on the one hand, DTT could introduce a
new cathodic reaction that would occur at a less cathodic potential than
the proton (water) reduction. On the other hand, changes in the surface
state on the mild steel electrode may explain the decrease of corrosion
rate, as for instance the additional molecules may mask the active surface.

the Tris/HCl (0.1 M pH 7) medium, control solution 1 and control solu-
tion 4-A- just before the injection, att = 5 h and at t = 24 h. Fig. 6 shows
the impedance response of mild steel exposed in the Tris/HCl medium.
On the Nyquist diagrams (global and zoom, Fig. 6(a) and (b)), two
to three phenomena could be identified. At high frequencies (HF:
100 kHz to 1 kHz) there was a semi-circle with a small diameter
(Fig. 6(b)) that decreased with time. At medium frequencies (MF:
1 kHz to 0.4 Hz) there was a depressed semi-circle that tended to curl
below the horizontal axis at low frequencies (LF: 0.4 Hz to 10 mHz).
The Bode phase angle vs. frequency (Fig. 6(d)) confirmed the occur-
rence of these three phenomena with the presence of two minima (HF
and MF) and one maximum (more or less clearly defined at LF).

In order to quantitatively characterize these phenomena, the electric
model: Rs + Q;1//R; + Q2//R; was used (Fig. 7(a)), where Ry is the elec-
trolyte resistance, Q; and R; are the parameters corresponding to the
small depressed circle at HF and R, and Q, those corresponding to the
depressed semi-circle at MF. The phenomenon at LF was not sufficiently
well defined to be quantified, so only a qualitative description will be
given. The impedance of a CPE (Constant Phase Element) characterized
by the parameters Q and « is given by Eq. (12).

Impedance experiments were carried out to investigate these ideas Zew(©) = 1 ”
in greater depth and to observe the global behavior of mild steel in Q(jw)®
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Qand «a are independent of the frequency. o is dimensionless. When
o = 1, Q has units of a capacitance (F) and represents the capacitance of
the interface. When 0 < a < 1, Q is expressed in (F-s® ~ 1) [42].

The two semi-circles were analyzed separately. The HF signal was
simulated using the HF part of the circuit shown in Fig. 7 and the MF
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with the model shown in Fig. 7(b). Table 3 reports the impedance pa-
rameters and it can be seen that R varied little during the tests (values
around 48-59 ()-cm?2).

At HF, the small resistance values obtained (8-43 Q-cm?2), especially
when the immersion time increased, suggest that the HF phenomenon
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Fig. 6. Impedance diagrams of S235]R mild steel electrodes plotted at E,c at A t = 0 (just before the injection), A t =5hand A t =24 hina 0.1 M Tris-HCl pH 7 medium. Injection at t =
0+ of 300 pL Tris/HCl medium. (a) Nyquist plot, (b) Nyquist zoom-in, (c) log imaginary modulus vs log frequency, (d) bode phase angle vs log frequency.
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was related to the presence of oxides on the steel surface. The capaci-
tance C; was then calculated using Eq. (13), which was derived from
the power-law distribution of Hirschorn et al. [43,44]. This expression
worked well for such diverse systems as aluminum oxides and oxides
on stainless steel. This method of calculation is preferred in the case of
normal distribution of resistivity and provides the most accurate assess-
ment of CPE parameters in terms of physical properties [45].

C= gQ(pS“O)FOL (13)
where g = 1+ 2.88(1—)**”

with p; the resistivity of the oxide, €y the vacuum permittivity, equal to
8.85 - 10~ ¥ F/cm, and ¢ the permittivity inside the oxide, equal to 12,
which is the number habitually used for iron oxides [46].

Eq. (13). can also be expressed as:

1a

C = (8Q)*(6p;)'™" (14)

la

C = (8Q)*(R;S)'=" (15)

with & the film thickness and Ry = 5%

Before injection (t = 0), the capacitance was calculated to be
17 pF/cm2. At t = 5 and 24 h, since a; was equal to 1, Q; can be
identified as the capacitance C;. The value was stable and equal to

2 pF/cm?2.

The thickness of the oxide film can be estimated using the following
equation:

5=-2 (16)

Before the injection, the thickness of the oxide layer was evalu-
ated to be 62 nm. After injection it rapidly increased to attain
485 nm after 5 h, and then remained stable (530 nm after 24 h).
This thickness evolution is in agreement with the high corrosion
rate observed.

At MF, linear parts were observed on the plot of the modulus of
the imaginary component of the impedance vs. the frequency in
logarithmic coordinates (Fig. 6(c)). The slope values of these linear
parts were used to determine «, values in order to confirm wheth-
er the system had a constant phase element (CPE) behavior or
purely capacitive behavior [47-49]. For all instants, the o, values
were found to be equal to 0.8, so lower than 1, confirming a CPE
behavior, i.e. the system exhibited a heterogeneous distribution of
time constants. The effective capacitances associated with the CPE
were calculated using Eq. (17), which was derived by Brug et al.
[50]:

a—1

L 1)“ with R's = Rs + Ry. 17)

1
Cy=00a—+—
ar=Q <R; + %
The values of capacitances varied from 155 to 198 uF/cm? which is in

the high range of a double layer capacitance (classically in the range of
10-100 pF/cm2 [47]). Thus it can be assumed that the CPE behavior

Table 3
Evolution in time of impedance parameters for S235]R mild steel electrodes in a 0.1 M Tris/HCI pH 7 medium, from Fig. 6, for E,. measurement.
HF MF
t (h) R; (2-cm?) Ry (Q-cm?) Qi (Fs*~ 1) oy Ci (uF/cm?) 6 (nm) Ry (Q-cm?) Qa (F-s*~ 1) (53 C; (uF/cm?)
0 59 43 15-1074 0.8 17 62 814 14-1073 0.8 167
5 58 8 - 1 2 485 1108 1.3-1073 0.8 165
24 49 8 - 1 2 530 1253 14-1073 0.8 198

With R = solution resistance; R; and R, = resistances corresponding to the circle diameters at HF and MF respectively; Q;,0¢1; Q2, &z = characteristic parameters of CPE at HF and MF
respectively; C; and C, capacitances calculated at HF and MF respectively; 6 thickness of oxide film.



was due to a surface distribution of time constants linked to the charge
transfer. Consequently, the diameter, R,, of the depressed semi-circles
can be attributed to a charge transfer resistance (R.), which oscillated
around 1000 Q-cm? and increased a little with time: +400 -cm?
after 24 h. As a first approach, it can be assumed that this small increase
indicates a small decrease in the corrosion rate since the electron trans-
fer on the interface decreases, which is in accordance with the 1/Rp evo-
lution (Figs. 3 and 5).

Impedance spectra were also drawn at a cathodic potential
(—20 mV/Ey): the corresponding Nyquist plots are given in Fig. 8. For
each immersion time, the graphs drawn at —20 mV/E, are identical
to those drawn at E,. except at LF, where the depressed semi-circles
displayed a higher diameter and no curl below the horizontal axis was
observed. Thus, the LF signal obtained at E,. can be attributed to an an-
odic phenomenon, rather than a cathodic one. As the curves tend to curl
and go below the horizontal axis, it can be assumed that an adsorption
phenomenon existed.

Over time, impedance measurement confirmed that mild steel
electrodes immersed in a Tris/HCl (0.1 M pH 7) medium are sub-
mitted to general corrosion that led to the formation of a thick
oxide layer (R;), and due to this layer, the corrosion rate decreased
a little as demonstrated in the previous electrochemical tests
(Figs. 3 and 5).

For the experiments corresponding to the injection of control solu-
tion 1 (Fig. 9), the impedance signal before injection was the same as
for the control medium (Tris/HCl) (Fig. 6), which indicates the repro-
ducibility of the initial conditions. As can be seen in the Nyquist plot
(Fig. 9(a) and (b)), after the injection of control solution 1 (2 mM
DTT, 2 mM dithionite, 2.5 mM desthiobiotin), three phenomena
occurred. At HF, a small semi-circle was also observed as in the Tris/
HCI medium, but it was not well-defined and less and less so with
time. At MF, the depressed semi-circle obtained before injection be-
came a large semi-circle that flattened at LF corresponding to two
phenomena. At LF, the initial signals (curl below the horizontal
axis) evolved as another capacitive or a diffusive phenomenon oc-
curred. The plot of the imaginary modulus and Bode phase angle
vs. frequency (Fig. 9(c) and (d)) confirmed the occurrence of those
three phenomena.

For the initial signals (t = 0), Rs and the parameters corresponding
to the small circle (HF) and the depressed semi-circle (MF) were calcu-
lated following the same model as with the Tris/HCl medium (Fig. 7).
For signals obtained at 5 h and 24 h after the injection, it was assumed
that the flattened semi-circle obtained at medium and low frequencies
was due to two phenomena, one capacitive at MF and the other (capac-
itive or diffusive) at LF. Thus the signal was simulated with the following
models: Ry + Q1//R; + Qu//Ry + Qs//Rs (Fig. 10(a)) or Rs + Qq//

(a)
330
280
g 230
oo
o
~
L] e -
© 0.08Hz
o e
o.. 008tz @
0 Q
TSHZ C%
)
B
400 500
(b)
20 . 18Hz
o O @ 18Hz
ce
18Hz
15 - ©
oe
£ oe
o ©
< oe
N 10
5 N
0 . )
10 35 40

Fig. 8. Impedance diagrams of S235]R mild steel electrodes plotted at —20 mV/E,. at @ t = O (just before the injection),0 t =5hand @ t = 24 hina 0.1 M Tris-HCI pH 7 medium. Injection

att = 0+ of a 300 pL Tris/HCl medium. (a) Nyquist plot, (b) Nyquist zoom-in.
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R; + Q2//(Ry + W) (Fig. 10(b)). In Fig. 10(b), the model used involves a
Warburg term corresponding to a diffusion phenomenon. The Warburg
impedance can be defined as in Eq. (18).

(6}

ZWarburg(w) = \/7— . (18)

jO

In both cases, the theoretical signal obtained did not fit the experi-
ments really well. Consequently, just the first part of the semi-circle
at MF was analyzed, by using the following model: R’s + Qx/R;
(where R’s = Ry + Ry), knowing that another phenomenon also oc-
curred at the interface at LF.

Values of impedance parameters are gathered in Table 4. Through-
out the immersion test, Rs remained stable (around 60-70 Q-cm?2). At
HF, the semi-circles were not well defined. However, as previously,
the resistances estimated are small and the HF circle can be attributed
to an oxide layer developing on the surface of the mild steel electrode.
The capacitance and the film thickness were calculated using Egs. (15)
and (16), respectively. The capacitances were in the range of 10 to
26 uF/cm? and the film thickness tended to increase with the immersion
time to reach 110 nm after 24 h. This smaller thickness is in accordance
with the smaller corrosion rate observed with the control, compared to
what happened in the Tris-HCl medium.

At MF, the o, values were found to be lower than 1, indicating CPE
behavior. The capacitance, calculated using Eq. (17), decreased after
the injection of control solution 1 and remained around 40-50 pF/cm?2.
These values correspond to double layer capacitance values. Thus,
R, can be attributed to a charge transfer resistance that increased
radically after the injection of control solution 1 (10 times the initial
value). Consequently, as the surface of mild steel was more resistive or

less reactive, the corrosion rate decreased, which confirms the R;, results
(Fig. 5).

In the presence of control solution 4-A- (2 mM dithionite, 2.5 mM
desthiobiotin) two principal phenomena were observed att = 5 h
and 24 h in the Nyquist plot (Fig. 11(a) and (b)). At HF and at MF-LF,
two depressed semi-circles were present. The imaginary modulus and
Bode phase angle vs. frequency plots (Fig. 11(c) and (d)) confirm the
occurrence of those two phenomena.

R and the parameters corresponding to the small circle (HF) and the
depressed semi-circle (MF) were calculated following the same model
as with the Tris/HCl medium (Fig. 7) and the values of impedance pa-
rameters are given in Table 5.

During the experiment, Rs remained stable (around 50 ) -cm2). The
HF semi-circle tended to decrease in terms of diameter (R; around
20 Q-cm? after the injection). The capacitance C; (10-14 pF/cm2) was
calculated using the power-law (Eq. (15)). As before, this HF circle can
be attributed to an oxide layer occurring at the surface of the mild
steel electrode. The film thickness evaluation evolved as with control
solution 1 and reached 110 nm.

At MF, the capacitance decreased after the injection of control solu-
tion 4-A- and remained around 50 pF/cm?2 as with control solution 1.
This value corresponds perfectly to a double layer capacitance and the
associated resistance of the depressed semi-circle can be attributed to
a charge transfer resistance that increased radically after the injection
of control solution 4-A (15 times the initial value after 24 h). Conse-
quently, as the surface of mild steel was more resistive or less reactive,
the corrosion rate decreased (as already shown in Fig. 5). Moreover, as
the resistance was greater than with control solution 1, the corrosion
rate had to be lower. This difference was however not found with the
Rp tests (Fig. 5).
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In conclusion, in the presence of DTT, some parameters counter-
balanced one another: E,. increased (Fig. 4) whereas the corrosion
rate decreased as shown by the evolution of 1/Rp (Fig. 5) and the in-
crease of R (Table 4). Without this molecule, although the injection
of the control solution (4-A-) involved a simultaneous decrease of E,c
and the corrosion rate (R increased), parameters all went in the right
direction for the phenomena to be understood. In this way, DTT can
be claimed to pollute the electrochemical signal (E,. monitoring). With-
out this molecule, it is possible that the injection of hydrogenase solu-
tion may induce a potential jump which would be the effect of the
enzyme only and not of additional molecules. Actually, DTT was used
to avoid the inhibition of hydrogenase by possible traces of oxygen.
Experimental conditions (work in a glove box for the purification and
sealing of aliquots) would allow DTT to be removed from the experi-
ment protocol. Moreover, we have shown that the injection of control
solution without DTT using a gastight syringe showed no introduction
of oxygen (as seen in Fig. 4). Different control solutions without DTT
were then tested.

3.2.2. Influence of additional molecules in control solutions without DTT
So far, the concentrations of dithionite and desthiobiotin have been
respectively 2 and 2.5 mM. After the hydrogenase purification, activity

tests were performed in both senses: consumption and production
of hydrogen. In fact, dithionite was observed to lead to a hydrogen
salting-out, which distorted activity results for hydrogenase. In conse-
quence, it was decided to decrease the concentration of dithionite in
the purification process to 0.5 mM, which could also improve the under-
standing of hydrogenase impact on corrosion, since dithionite also
played a role in the corrosion of mild steel.

Moreover, to increase the concentration of hydrogenase obtained
after the purification process, the amount of desthiobiotin was in-
creased. At first, 10 mM of desthiobiotin was used to elute the protein
and, after some tests, an optimized reduced concentration of 7.5 mM
was chosen. As it was supposed that desthiobiotin was inert with re-
spect to corrosion, the fact that the amount of this molecule was in-
creased in our tests did not seem to be important.

The control solutions without DTT were tested, as was done previ-
ously, by injecting 300 pL of control solutions in a Tris/HCl (0.1 M
pH 7) medium. Compositions are given in Table 6.

Injecting control solutions with different dithionite and desthiobiotin
compositions always caused a decrease of the E, (Fig. 12) in comparison
with the injection of the Tris/HCl (0.1 M pH 7) medium. In all 3
cases, injecting additional chemicals had an impact on E, in the early

hours and then E,, tended to stabilize. When the jdithionite_ ratjo was

Table 4
Evolution in time of impedance parameters for S235]R mild steel electrodes. Injection at t = 0™ of control solution 1 from Fig. 9 for E,. measurement.
HF MF
t (h) Rs (©2-cm?) Ry (Q-cm?) Qi (Fs*~ 1) 3 C1 (uF/cm?) 6 (nm) Ry (Q2-cm?) Q (F-s*~ 1) a C; (uF/cm?)
0 72 23 191073 0.6 26 42 829 14-1073 0.8 157
5 70 10 23-1074 09 17 63 8761 31-1074 0.8 39
24 62 10 23-1074 0.8 10 110 8471 41-107% 0.8 52

With Ry = solution resistance; Ry and R, = resistances corresponding to the circle diameters at HF and MF respectively; Q;,0t1; Q2, 0z = characteristic parameters of CPE at HF and MF
respectively; C; and C, capacitances calculated at HF and MF respectively; & thickness of oxide film.
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Fig. 11. Impedance diagrams of S235JR mild steel electrodes plotted at E, at
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Table 5
Evolution in time of impedance parameters for S235]R mild steel electrodes. Injection at t = 0™ of control solution 4-A- from Fig. 11 at E, measurement.
HF MF
t(h) Rs (Q-cm2) Ry Q (Fs*™ 1) a Cy (UF/cm2) 6 (nm) R, (©2-cm2) Q (Fs*™ 1) a C, (UF/cm2)
(Q-cm2)
0 58 44 1.7-107* 0.8 14 78 1083 12-1073 0.8 146
5 54 25 13-1074 0.9 14 79 13518 40-107* 0.8 47
24 44 23 14-1074 0.8 10 110 16744 38-107* 0.9 53

With Ry = solution resistance; R; and R, = resistances corresponding to the circle diameters at HF and MF respectively; Q;,0t1; Q2, &; = characteristic parameters of CPE at HF and MF
respectively; C; and C, capacitances calculated at HF and MF respectively; & thickness of oxide film.

the highest (control solution 4-A-: ratio = 0.8) there was a major
potential fall, the E,. always stayed under the E, found in the Tris/HCl
medium. For the other two control solutions (B and C), there was also
a potential fall but after around 8 h, the open-circuit potential followed
the E, evolution in the Tris-HCl medium. Consequently, dithionite can
be claimed to have a greater influence on E,. than desthiobiotin and
seemed, in our conditions, to inhibit the corrosion process. The control
solution that gave the lowest potential variation according to the
Tris/HCl medium (Fig. 12) was 4-B. Comparing the control solutions

Table 6
Composition of control solutions 4 (without DTT).

Tris/HCl
01MpH8 2mM 05mM 25mM 75mM 10 mM

Dithionite Desthiobiotin

Concentration

Control solution4 -A- x X X
-B- x X X
-C- x X X

4-C and B, the diminution of the concentration of desthiobiotin (4-B)
involved fewer molecules that could cover the surface of mild steel
and thus protect the surface from the corrosion process.

As expected, injecting control solutions led to a fall of 1/R;, in com-
parison with the Tris-HCl medium (Fig. 13). After 24 h, 1/R;, was divided
by ten. In all cases, injecting control solutions decreased the corrosion
rate, as was suspected with the E,. evolution. However, with less
dithionite, the decrease was less immediate, and even less when there
were fewer molecules (control 4-B). These results confirmed that
dithionite and desthiobiotin had not the same influence on mild steel
corrosion: dithionite had an important inhibiting effect (even with
only 2 mM) and desthiobiotin had a mask effect of the active surface
(dependent of concentration).

The control solution that induced the least variation relatively to
the Tris—-HCI (0.1 M pH 7) medium was control solution 4-B- (with
0.5 mM of dithionite and 7.5 mM desthiobiotin). The use of this con-
trol solution for hydrogenase production should make it easier to
progress in the understanding of the influence of hydrogenase on
mild steel corrosion.
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4. Conclusion

The usual process used to produce and purify [Fe-Fe]-hydrogenase
from C. acetobutylicum leads to pure enzyme solubilized in a medium
containing three additional molecules to maintain its activity: DTT,
dithionite, and desthiobiotin. When these three molecules were
present, the response to corrosion tests on mild steel in the presence
of hydrogenase was ‘contaminated’ and antagonistic effects were re-
corded. On the one hand, hydrogenase seemed to increase the corrosion
process. When 50 pL of the hydrogenase solution was injected, there
was a jump of Eq. up to 44 mV after 24 h and 1/R,, increased after
a time lapse of 2 h to reach 4.0 - 10~* 1/(Q-cm2) after 24 h of immer-
sion. On the other hand, without hydrogenase, there was a potential
jump up to 27 mV after 24 h and a simultaneous fall of 1/R, to reach
510> 1/(2-cm?) after 24 h. Additional molecules in solution with
hydrogenase are in competition with hydrogenase as far as the corro-
sion that occurs at the surface of S235JR is concerned.

The electrochemical study on additional molecules showed that this
antagonistic effect was mainly due to DTT. Without this molecule, the
control solution induced a decrease of the corrosion process (decrease
of Eoc and 1/R;, and increase of R.;). Therefore, tests on hydrogenase
activity with or without DTT were carried out and, as the activity was
maintained even in the absence of DTT, the DTT was now removed
from the hydrogenase recovery and purification process.

To improve the yield of the purification process, the concentration of
desthiobiotin was increased to 7.5 and 10 mM. At the same time, the
concentration of dithionite was decreased to 0.5 mM because of its com-
petition with hydrogenase during activity tests. These changes did not
impair the enzyme activity. Electrochemically, the better option was
also to use a lower dithionite concentration. With a gdilionie_ ratig of
0.8, the corrosion rate fell and the E,. always stayed under the E,. of
the Tris/HCl (0.1 M pH 7) medium. Of the two control solutions with
only 0.5 mM dithionite, the one that induced less variation with respect
to the Tris-HCl (0.1 M pH 7) medium was the control solution with
7.5 mM desthiobiotin. These results let us think that the presence of
dithionite (0.5 mM) and destiobiotin (7.5 mM) will not pollute too
much the potential evolution due to the hydrogenase. Work is in prog-
ress to test hydrogenase in these new conditions.
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