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Abstract Quantitative characterization of surface reac-
tion species improves understanding of reaction mecha-
nisms, especially for heterogeneous reactions such as in
corrosion and electrolysis. A universal mesh-capped sur-
face pH probe was developed in order to investigate sur-
face proton concentrations for aqueous metal dissolution/
deposition reactions. This technique can be generally
applied to characterize the surface pH either for bare metal
reactions or metals corroding beneath a corrosion product
film. Measurements with the new probe design have shown
a good degree of reproducibility. The surface pH mea-
surements during corrosion of mild steel have shown that a
higher surface pH is achieved at the steel surface as com-
pared with that of the bulk solution, just as predicted from
theory. Chemical buffering effects on surface pH were
observed during corrosion by contrasting the measurements
obtained in HCI deaerated solutions with those containing
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CO,, 1ie., carbonic acid (H,COs) and acetic acid
(CH5;COOH/HAC) solutions. It was found that the surface
pH was mainly controlled by the water chemistry and
chemical buffer capacity. The surface pH is affected by the
deposited corrosion scale porosity. A higher deviation of
surface pH compared to the bulk value was observed for
more dense layers with lower porosity.

Keywords Surface pH probe - Steel mesh - Corrosion -
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1 Introduction

Local surface chemistry conditions can be very different
than those in the bulk and become important when chem-
ical reactions occur at an interface. For example, metal
reactions under aqueous conditions usually involve elec-
trochemical surface processes; amongst a variety of pro-
cesses, these result in metal dissolution (corrosion) and
deposition [1, 2]. Surface pH is recognized as a key local
parameter that influences electrochemical reaction mecha-
nisms and rates [3, 4]. Mathematical modeling, based on
thermodynamic, kinetic and transport theories, has helped
in the quantification of surface pH conditions [5-8].
However, not much has been achieved in terms of direct
surface pH measurement at a corroding surface due to
difficulties with probe design, manufacturing and opera-
tion. The objective of this project was to design and
employ a simple and flexible surface pH probe for direct
measurement of surface pH at a corroding surface.

The existing designs outlined in the open literature
typically deployed direct or indirect measurement methods,
as summarized in Table 1, and are briefly reviewed in the
following sections.
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Table 1 Surface pH measurement methods

Methods Application
Indirect
Chemical indicator Electrolysis

(e.g., photocurrent-pH plot) [9, 10]
Rotating ring disc electrode [11] Electrolysis
Direct

Standard pH probe [12]
Microelectrode [13-19]

Mesh-capped flat pH probe [20-27]

Corrosion
Corrosion, electrolysis

Electrolysis

1.1 Indirect surface pH measurement probe design

Surface pH probe designs have been previously reported
for indirect pH measurements during electrolysis pro-
cesses. One is a pH-mapping technique [9, 10] where a
semiconductor contacts the solution and responds to the pH
due to depletion of its insulating layer. The resulting
capacitance change can be recorded with a generated
photocurrent. This design is relatively complex and
involves elements which are not easy or cheap to obtain or
manufacture. Another indirect method is surface pH mea-
surement using a rotating ring electrode [11]. This tech-
nique is based on the pH-potential relation as defined by
the Nernst equation and does not lend itself easily to
extension to different corroding systems.

1.2 Direct surface pH measurement probe design

In some early research, standard pH probes were modified
for direct surface pH measurement. Drazi¢ [12], for
example, coated a standard pH probe with a porous silver
film used as a substrate for electrochemical deposition of
iron. This probe was then applied to surface pH measure-
ment during iron surface dissolution (corrosion). Disad-
vantages for this design (which was initially attempted in
the present study) include its fragility as well as a host of
issues related to the intricacies of its fabrication and
operation.

A very commonly used direct surface pH measurement
device is a pH microelectrode specially designed for sur-
face pH measurement [13—19]. Microtips, typically ranging
from 1 to 20 pm in diameter [14], have been fabricated as
the sensing elements of microelectrode pH probes; these
have been applied in corrosion surface pH measurement
[13, 16] as well as diffusion layer pH profiling [14, 15, 17,
18]. A major shortcoming of this design is that it interferes
with the mass transfer boundary layers near the solid
surface.

Another direct surface pH probe design was reported for
electrolysis systems by Romankiw [20, 21]. The prototype
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design consists of a flat sensor pH probe with a tip which is
adhered to a metal mesh. During the corrosion of the mesh,
surface pH can be monitored. This surface pH probe design
was further modified for rotating [22] or fixed [23, 24]
metal meshes. Particular applications were reported for
surface pH measurement during jet impingement tests [24],
electrodeposition [25, 26] and electrochemical reduction
reactions [27]. This surface pH probe design concept was
adopted as a starting point for the present design.

2 Experimental
2.1 Experimental design and setup

A simple probe design for surface and interfacial pH
measurement was developed as shown in Fig. 1. The pH
sensor used is a commercial flat pH glass probe. A com-
pression fitting is employed to hold the pH probe body in
place. A circular mild steel mesh is cut to match the size of
the hollow compression fitting cap. This cap is used to push
the mesh into tight adherence with the probe tip. This
surface pH probe unit is inserted into the solution and the
surface pH can be measured during the corrosion of the
mild steel mesh. If needed, particulate materials used to
simulate corrosion deposit layers can be filled in the cap
and held trapped in place by another non-corroding mesh
material (e.g., the stainless steel in the current study). The
advantage of this design is its simplicity, portability, low
fabrication cost and flexibility. The mesh can be easily
mounted, removed and replaced. It can be easily deployed
to determine surface pH measurement under electrochem-
ical control by electronically connecting the mesh to a
measurement instrument. The mesh can be easily obtained
or manufactured out of most metals of interest, active,
passive or noble, for corrosion studies, electrolysis,

Compression fitting,

f

‘Flat pH probe

Mesh

Fig. 1 Surface pH probe design
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catalysis, etc. Consequently, any set of heterogeneous
reactions can be characterized in terms of metal surface
pH.

In this study, the circular 3600 holes/in.? mild steel mesh
was cut from a larger commercially available stock, to
completely cover the pH probe surface. Details about the
mild steel mesh used in the tests are listed in Table 2. The
SEM images of an original single sheet mesh and a
“double sheet compressed” mesh are depicted in Fig. 2.
The compressed mesh was produced in order to reduce the
mesh pore size and investigate if this has an effect on the
performance of the probe.

The particles used to simulate the deposit layer were
inert sand and glass beads, as shown in Fig. 3. The particle
size for the sand ranged from 100 to 500 um giving a bulk

Table 2 Mild steel mesh data

Steel type Mild steel

Form Woven wire cloth
Mesh size 60 x 60 holes/in.?
Square size 0.009 in.

Wire diameter 0.0075 in.

Mesh open area 30.5%

Fig. 2 SEM images of a single sheet mesh and b double sheet
compressed mesh

15kV X200 100pm 14 64 SEI

X200  100pm

14 64 SEI

Fig. 3 The images of particles used to create the deposit a typical
sand particle (size 100-500 um) and b glass bead particles (size
50-80 pm)

layer porosity of approximately 40%. The smaller sand
particles were 50-80 um in size giving a bulk layer
porosity of about 30%. Both were deposited in the form of
a layer of 5 mm in thickness.

The meshed pH electrode was deployed in a standard
three-electrode corrosion glass cell, as depicted in Fig. 4,
filled with an aqueous solution. In this case, the measure-
ments were performed under quiescent conditions. In dif-
ferent arrangements, flow can be readily created by other
means (e.g., by flush mounting the probe at a pipe wall or a
flow channel wall, using a jet impingement setup, etc.). All
these alternatives appear to be easier than rotating the
metal mesh, as was done by Romankiw [22].

2.2 Experimental test matrix and procedure

The test matrix for surface pH measurements is listed in
Table 3. The effects of bulk pH, buffer capacity, temper-
ature and surface layer porosity (achieved by using dif-
ferent particle sizes) were investigated.

A 1 wt% NaCl electrolyte solution was first deaerated by
purging with CO, or N; in different experiments. Solution
pH was adjusted with deaerated 1 M NaHCO;5; or 0.1 M
HCI solutions as well as acetic acid when appropriate.
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Fig. 4 Surface pH P
measurement setup deployed in
a standard three-electrode
electrochemical glass cell

Table 3 Test matrix for the surface pH experiments

C1018 mild steel

Sand (porosity 40%), glass bead
(30% porosity)

Depth of the deposit layer (mm) 5

Mesh material

Deposit material

Solution CO,-H,0, HCI-H,0, HAc-H,0
Purge gas N,, CO,

Temperature (°C) 25, 80

Gas partial pressure (bar) 0.97, 0.53

Bulk pH 4.0, 5.0, 6.0, 6.6

NaCl concentration (wWt%) 1

Test period (h) 10

Temperature was controlled at 25 and 80 °C. The corre-
sponding partial pressures of CO, are 0.97 and 0.53 bar
given that the cell operated at atmospheric pressure.

Two pH probes, including a standard pH probe and a flat
pH probe (fabricated for surface pH measurement), were
first calibrated with standard buffer solutions at 4.00 +
0.01, 7.00 £ 0.01 and 10.00 £ 0.01 pH units. The standard
pH probe was then used to measure the bulk pH of the
solution and the flat pH probe with the mild steel mesh was
used for surface pH measurement. The steel mesh was first
cleaned by immersing it in deaerated 0.1 to 0.5 M HCI
solutions for about 10 min, or until oxidation products were
removed and a shining metal mesh surface was produced.
The mesh was then washed in isopropanol to dehydrate it
and blown dry. It was mounted on the flat pH probe and
tightened to the pH tip with the compression fitting cap
holder. To measure the surface pH under a deposit layer,
the small particles were filled as described in the design
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section above. Both pH probes were immersed in the cor-
rosive solution. The steel mesh corroded and the surface
pH could be monitored and compared with the bulk solu-
tion pH.

3 Results and discussion

The meshed surface pH probe was used to measure the
surface pH for mild steel corroding in different water
chemistry conditions:

CO, saturated solution;
N, saturated HCI solution; and
N, saturated HAc solution.

From theory, the corrosion reactions for these environ-
ments can be summarized as two series of half-cell
reactions: cathodic and anodic. The cathodic reactions in
strong acid electrolytes, e.g., HCI solutions, are [28]:

2H2;1q) +2e” — H2 (g) (1)
2H20(1) + 267 = Hyp + ZOH(:@ (2)

The transport of reacting species from the bulk is often a
limiting factor in these situations. For example, protons are
consumed on the steel surface by a fast electrochemical
reaction (1) and a decreased proton concentration, i.e., a
higher pH, is expected on the surface compared to the bulk
value.

If weak acids, i.e., carbonic acid (H,CO3 obtained by
hydration of dissolved CO,) or acetic acid (HAc,
CH;COOH) are present, additional cathodic reactions need
to be considered, such as [28, 29]:
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2H2CO3 (aq) + 26_ — H2 (g) + 2HC03_(dq) (3) 7
2HAC(aq)+267—>H2<g)+2AC<:1q> (4) L‘* ,,,,,,,,,,,,,, --2--B--B-----""""77 -----u

B = o e e e e e e e e
The dominant anodic reaction is the oxidative dissolution Bulk pH 6.0
of iron [28]: o
Fe(s) — Fe(z;rv —+ 267 (5) 57
It should be remembered that the two weak acids will :23:22: E:
partially dissociate to produce more protons and decrease 4 o 1 20 % 20 A

the pH:

HZCO3 (aq> — H?;iq) + HCO3_<aq) (6
HAc(q) < Hj, + Acy) (7

3.1 Validity and reproducibility of measurement using
the surface pH probe

An initial series of experiments was conducted to confirm
proper performance of the new pH probe. Figure 5 shows
two sets of experiments conducted at 25 °C at bulk pH 4.0,
in a CO, saturated electrolyte using a mild steel corroding
mesh. After initial variation, a stable surface pH was
measured which is approximately 1.5 pH units higher than
the bulk pH. This translates into a surface proton concen-
tration 50 times less than the bulk concentration, as cal-
culated. Similar observations are shown in Fig. 6 for the
bulk pH 6.0, even if the pH increase was not as large. Good
reproducibility is obtained, which is within 0.1 pH units.
This is considered to be in the error range of the pH probe
measurement system.

The surface pH was measured using a single mesh and a
compressed double mesh with a smaller pore size, as
depicted in Fig. 2a and b, respectively. The surface pH, as
shown in Fig. 7, is initially higher on the compressed mesh
compared to that on the single mesh. In addition, steady
state for surface pH measurement was achieved more
rapidly for the compressed mesh. After an extended period
of time, both probes reach approximately the same value.

- - - -Surface pH
1 - -m - -Surface pH

7

6 4 4 -
I
[}
54
Bulk pH 4.0
4 H | | p
’ 5 10 15 o

Elapsed time /hour (Bulk pH 4.0)

Fig. 5 Two series of surface pH measurements during mild steel
mesh corrosion in a CO, purged solution at bulk pH 4.0, T = 25 °C,
Drotal = 1 bar, pco, = 0.97 bar, [NaCl] = 1 wt%

Elapsed time /hour (Bulk pH 6.0)

Fig. 6 Surface pH measurements during mild steel mesh corrosion in
a CO, purged solution at bulk pH 6.0, T = 25 °C, pi = 1 bar,
pco, = 0.97 bar, [NaCl] = 1 wt%

- -m - -Single mesh

- - - -Compressed mesh
I
e Im e *--_o¢
3 =
S P
.-
B
=
(2]

Bulk pH 4.0
10 15 20 25

Elapsed time /hour

Fig. 7 The surface pH measurement comparison between a single
sheet mild steel mesh and a double sheet compressed mild steel mesh
at bulk pH 60, T=25 °C, puw = 1bar, pco, =0.97 bar,
[NaCl] = 1 wt%

3.2 Chemical buffer effect on surface pH

Since the pH is affected by the buffer capacity of the
electrolyte, three cases are compared in Fig. 8, all at bulk
pH 4.0. In a N, purged HCI solution, the surface pH sta-
bilizes at 7.8, i.e., almost 4 pH units higher than the bulk
pH. The surface pH increases only to 5.8 if the pH 4

10

- -e--CO2 purged system
- -a - -N2 purged system+HCI
- -m - -N2 purged system+34 ppm HAc

- - ™

1 2 3 4 5 6
Elapsed time /hour

Bulk pH 4.0
4 L B
0

Fig. 8 Surface pH during mild steel mesh corrosion in an aqueous
solution purged with CO, or N, at bulk pH 4.0, T=125 °C,
Drotal = 1 bar, pco, or pn, = 0.97 bar, [NaCl] = 1 wt%
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solution is buffered by CO, where carbonic acid provides
an extra source of H™ (see reaction 6) and contributes to a
lower surface pH than observed for a N, saturated HCI
electrolyte. For an N, purged HAc system, the surface pH
stabilizes at about 7. The degree of deviation of surface pH
from the bulk value increases with decreasing buffer
capacity. The highest observed surface pH values occur in
systems with the least bulk solution buffering capacity.

3.3 Temperature effect on surface pH

Higher surface pH was observed at higher temperature in
all the series of measurements. A comparison of surface pH
at 25 and 80 °C is given in Figs. 9 (for a bare corroding
mild steel mesh) and 10 (under a glass bead deposit layer,
porosity 40%). The reported data correspond to steady state
pH values. In all cases, slightly or significantly higher
surface pH values at 80 °C were observed compared with
measurements at 25 °C. In underdeposit studies with glass
beads, the surface conditions can even reach alkaline at 80
°C while they remain acidic at 25 °C. This is due to the fact
that the corrosion rate is higher at the higher temperature,
more protons being consumed, combined with the glass
beads acting as a diffusion barrier. This results in a higher
observed surface pH. In addition, CO, dissolves less in the
solution at higher temperatures and constitutes a weaker
buffer solution. Water chemistry model calculation shows
only half of the CO, dissolves at 80 °C compared with 25
°C [30]. Both mechanisms contribute to a higher surface
pH at higher temperature.

3.4 Effect of deposit layer porosity on surface pH
Figures 11 and 12 show surface versus bulk pH data taken

with sand and glass bead deposits, to mimic iron carbonate
scale with porosity 30 and 40%, respectively, at 25 and 80

10
@m20C [J80C

81 6.9 6.9
T 6.26.4 6.4 6.6
T 5762
o 6-
(3]
S
£
5 4
17

2 -

0 . ; :

4 5 6 6.6

Bulk pH

Fig. 9 Surface pH comparison during a mild steel mesh corrosion,
between 25 and 80 °C in a solution saturated with CO, under bulk pH
4.0, protar = 1 bar, pco, = 0.97 bar (at 25 °C), pco, = 0.53 bar (at 80
°C), [NaCl] = 1 wt%
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°C. When a 5-mm-thick glass bead deposit layer (particle
size 50-80 pm), thick enough for diffusion affected cor-
rosion reactions, is introduced on the mild steel mesh, the
surface pH increases above pH 6, even over pH 8 in some
cases at the higher studied temperature. One notices that

10
m20C [soC 8.4
79
B & 75
T 6.4 6.5 6 6.8
o
o 6-
(]
©
€
5 44
I
2 -
0
4 5 6 6.6
Bulk pH

Fig. 10 Surface pH measurement during mild steel mesh corrosion
under a glass bead deposit layer 5 mm in depth at different
temperatures under bulk pH 4.0, 5.0, 6.0 and 6.6, pco, = 0.97 bar
(at 25 °C) or pco, = 0.53 bar (at 80 °C) [NaCl] = 1 wt%

10
[IBare steel M200 um sand [160 um glass bead
8 -
- 6.36.4 6o 65 646366
S 5] 57 5.
[
o
£
5 47
(/7]
2 -
0 -
5 6
Bulk pH

Fig. 11 Surface pH measurement for a bare mild steel mesh and
those under 5 mm depth deposits, corroding at bulk pH 4.0, 5.0, 6.0
and 6.6, T = 25 °C, pco, = 1 bar, [NaCl] = 1 wt%

[ Bare steel @200 pm sand [ 60 pm glass bead
70

8 - 7.4 75 e
6.9

Surface pH

Bulk pH

Fig. 12 Surface pH measurement for a bare mild steel mesh and
those under 5 mm depth deposits, corroding at bulk pH 4.0, 5.0, 6.0

and 6.6, T = 80 °C, pco, = 0.53 bar, [NaCl] = 1 wt%
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Table 4 Surface pH measurement during mild steel mesh corroding
in a CO, saturated solution with and without deposit layers

T (°C) pco, (bar) Bulk pH Surface pH under deposit

of solution
Bare steel Sand Glass bead

25 0.97 4 5.7 6.3 6.4
5 6.2 5.8 65
6 6.4 6.3 6.6
6.6 6.6 NA 6.8

80 0.53 4 6.2 NA 7.44
5 6.4 6.6 7.53
6 6.9 NA 7.92
6.6 6.9 6.8 8.35

the surface pH trends higher for the less porous glass bead
deposit (30% porosity) compared with the more porous
sand particle deposit layer (40% porosity).

3.5 Surface pH measurement at different bulk pH
values

Surface pH measurement data are compiled in Table 4 for
various bulk pH values and at different temperatures, all
obtained in a CO, purged solution. For all the cases, higher
surface pH was observed compared with bulk solution pH
for a corroding mild steel mesh. Similarly, higher surface
pH observations were made under deposit layers. Greater
surface pH deviation was observed at lower bulk pH con-
ditions. Finer glass bead deposits with a lower porosity
made the surface pH deviation from the bulk larger, even in
some cases reaching mildly alkaline surface conditions in
an acidic bulk solution. This indicates that more alkaline
local water chemistry can be achieved under the product
layer during corrosion in CO, environments. Thus, surface
conditions can develop that favour the formation of the
stable passive phase magnetite (Fe;O,); this has been
reported in the literature [4].

4 Conclusions

A mesh-based surface pH probe was developed that allows
direct measurement of surface pH. Applications for the
surface pH measurement were demonstrated in a mild steel
corrosion system. Reproducible and stable measurements
were obtained.

When compared to bulk pH, higher surface pH was
obtained in all environments; this is in agreement with
theoretical predictions. The largest change was obtained in
a N, saturated HCI solution and the smallest in a CO,
saturated solution; this is thought to be due to significant
buffer capacity of the latter.

Higher surface pH deviation from the bulk was observed
at higher temperature in all the series of measurements as
well as at lower bulk pH conditions.

Finer glass bead deposits with a lower porosity made the
surface pH deviation from the bulk pH value larger.
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