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Abstract

Since glycol solutions such as ethylene glycol are hygroscopic in nature, they are used in
natural gas industries to remove water by absorption before passing the gas into pipelines
for distribution but the water absorbed glycol promotes corrosion in the glycol
regeneration unit that is made of mild steel components. This work which was undertaken
in two different perspectives, namely corrosion and oxidation, tried to understand and
address real life scenarios and recreate them in lab environment. The corrosion rate of
mild steel in ethylene glycol solution depends on water concentration. A diluted ethylene
glycol mixture is more corrosive than a concentrated mixture. When chloride is added to
the system, the corrosion rate gets enhanced. A protective surface film was observed on
mild steel in 100% EG system and it got damaged when water or chloride was added to
it. In cyclic voltammetry scans, when ‘mirror polished’ mild steel samples were used in
different electrolytes (1M KOH, 0.5M EG+1M KOH and 0.5M TEG+1M KOH), there were
no oxidation peaks. But, when mild steel samples were immersed in distilled water or
chloride solution for 24 hours to allow the formation of oxides on their surfaces and used,
there were oxidation peaks. This shows the catalytic behavior of iron oxides. Impedance

study corresponds with the results of potentiodynamic technique.
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1. Introduction

Natural gas which is pumped up from underground, is considered as one of the most
important energy sources in the world. It has considerable amount of water content, along
with other impurities such as chloride, etc. So, it’s really important to remove water content
from natural gas before it is passed into pipelines for distribution (Neagu & Cursaru,
2017). Natural gas industries use ‘glycol dehydration unit’ to absorb water from the natural

gas that is being pumped up and the glycol is also recycled back.

Even though, there are other desiccant systems that can absorb moisture, using glycols
is economical. Glycols can reduce water content in the natural gas from 19.84Ib/MMSCF
to well below 6-7Ib/MMSCF which is the tolerated level of water content in pipelines
(Anyadiegwu, Kerunwa, & Oviawele, 2014). Wet gas that is pumped up from underground
is passed into glycol contractor of the dehydration unit. The contractor consists of several
trays that are also known as ‘bubble cap trays’. The number of trays varies from 4 to 12
depending on the unit. Wet gas is passed into the chamber from the lower side of the
contractor and lean glycol (glycol without any water content) is collected from the upper
side of the contractor. Lean glycol runs towards the lower side through the trays. Since
glycol can absorb water, when wet gas makes contact with lean glycol in the trays, the
water gets removed from the gas. It passes through every tray and gets collected as dry
gas from the outlet present at the top of the contractor.

The rich glycol (glycol with water content) is passed into the regeneration unit from the
lower side of the contractor. Since, ethylene glycol is required in large amount inside the
contractor to absorb moisture, it is economically important to regenerate ethylene glycol
(AlHarooni et al., 2016). Rich glycol flows into still column through heat exchange coil.
While passing through this, rich glycol gets heated up a little. From still column, the rich
glycol is guided into flask tank where it is separated from hydrocarbon gases if any are
present. Rich glycol flows through a filter and again into the still column. It moves into the
lower side of the column and is passed into reboiler chamber. In some dehydration unit,
the flash tank may not be present. In such case, rich glycol is passed into reboiler directly.

Rich glycol gets heated up to the necessary temperature in the reboiler so that water gets
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separated from it as water vapor. Water vapor reaches the top of the still column and gets
released. Regenerated lean glycol is passed into the glycol pump through surge drum.
The pressure of lean glycol is adjusted according to the contractor pressure before it
reaches the glycol contractor for reuse (Anyadiegwu et al., 2014)

w Sl =

Lean Glycol
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v

Glycol Contractor Flash Tank
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[ Surge Drum

Rich Glycol I 8 Filter
{ ot

—

Figure 1: Flow chart of glycol dehydration unit
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This research work is based on three main aspects that happen inside the dehydration

unit.

1. When glycol comes out of the contractor as rich glycol, it is passed into the
regeneration unit whose components are made of mild steel. This glycol-water mixture

promotes corrosion in mild steel.

2. Through still column, the mixture goes into reboiler where it gets heated up to
remove water. Here, glycol gets oxidized and can result in the formation of glycolic acid
which, in turn, is said to cause corrosion in mild steel (Sekine, Hayakawa, Negishi, &

Yuasa, 1990). The role played by iron oxides in the oxidation process is also in question.

3. When dry gas is collected from the top of the contractor, there might be some
carryover of glycol into the pipeline along with the gas.

Based on these aspects, this work is divided into three categories namely corrosion,
oxidation and flow behavior parts. The glycol which was used in this work is ethylene
glycol (CH20H)2. Since, glycol-water mixture promotes corrosion on mild steel, behavior
of different concentrations of glycol-water mixture was investigated in corrosion part using
potentiodynamic polarization technique, mass loss experiment and electrochemical
impedance technique. Then, 3.5% NaCl was added to the system (The salinity of sea
water is 3.5% i.e. 35¢/L. This is the coarse saline level) and results were correlated
(Sekunowo, Adeosun, & Lawal, 2013). Using Scanning Electron Microscope (SEM),
surface morphology of mild steel samples at different conditions were observed. All these
experiments are done in static condition. But, since there might be some carryover of
glycol into the pipelines, it is necessary to discuss mild steel corrosion in flow
environment. This was done using rotating cylinder electrode (RCE). Using the same

technique, mass transfer kinetics of cathodic reactants was also investigated.
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‘Where there is machine, there will be corrosion’. Every year, industries dealing with
machinery are spending millions on corrosion. Lot of works were done and are going on
and will be done on corrosion since there are no ways to prevent corrosion but ways to
minimize it. There are works that tried to address mild steel corrosion through gravimetric
analysis and through polarization techniques (Khadiri et al., 2015). Usually, the
polarization works in mild steel are not directly related to corrosion in natural gas
industries. When it comes to electro-oxidation of ethylene glycol, there are works with
different electrodes (Chen, Zhu, Yang, Pi, & Cui, 2011) but, no literature was found with
mild steel. There are works that tried to create thermodynamic modelling of natural gas
dehydration using glycols (Gironi, Maschietti, & Piemonte, 2010) and mathematical
modelling of internal corrosion but their long range validity is questionable. But, this work
tries to mimic what’s happening in glycol dehydration unit by combining polarization and

electro-oxidation techniques and address the questions of glycol corrosion.

2. Materials and Methods
2.1) Materials

Mild steel for the study was supplied by Alfa Aesar, United Kingdom. Ethylene glycol,
triethylene glycol, sodium chloride, Fe203, FesOs4 were supplied by Sigma Aldrich,
Bangalore. Electrolytes were prepared using ultrapure distilled water and 3.5% NaCl. The
mild steel samples were mechanically polished to mirror finish using polishing machine,
different grades of SiC papers, diamond paste. They were degreased using acetone,
rinsed in distilled water and were dried in desiccators. The chemical composition of mild
steel is C: 0.24%, Pb: 0.04%, S: 0.045%, N: 0.009% and Fe: rest.
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2.2) Infrared Measurements

Fourier transform infrared spectroscopy (FTIR) was performed in the transmittance
mode by using model Nexus 670 with Centaurms 10x microscope having spectral range
4000 to 375 cm%, spectral resolution 0.125 cm* with a MCT-A detector.

2.3) SEM Characterization

The morphology of the sample surfaces were examined by scanning electron
microscope (SEM) (Hitachi S-3000H, Japan) in secondary electron mode at accelerating
voltage of 25 KV.

2.4) Gravimetric Mass Loss

Gravimetric assessments were carried out to quantify the influence of water content
and chloride (3.5% NaCl) on corrosion of mild steel in ethylene glycol with different
concentrations. The surface preparation of mild steel samples involved various grades of
SiC papers and with diamond paste to get mirror finish and degreased with acetone using
an ultrasonicator for 10 minutes. The mirror-polished samples of dimensions (2.5x 2.5x
0.5 cm?) were used for the gravimetric study. The samples were immersed for 240 hours
in ethylene glycol-water mixture and ethylene glycol-chloride mixture (3.5% NacCl)
separately as two sets of experiments. The initial and final weights of the mild steel
samples were measured by a digital weighing balance SHIMAZDU AUW220D (0.01 mg).

The gravimetric mass loss was converted to corrosion rate (CR) in mm/year through
equation (1) (Kina & Ponciano, 2013).

87.6 W
pAT

CR=

(1)

Where,

CR = Corrosion rate (mm/year)
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W = Weight loss (mg)
p = Density (g/cm?3)

A = Area (cm?)

T =Time (hour)

2.5) Electrochemical Measurements

Electrochemical experiments were run using ‘Metrohnm Autolab’ potentiostat

instrument.

2.5.1) Potentiodynamic Polarization

The electrochemical study was carried out on mild steel (1 cm?) in ethylene glycol
electrolyte with variation of water content. Also, the same was done with varied
concentration of 3.5% NaCl. This was a ‘three electrode cell’ experiment. The voltage
was measured by saturated calomel reference electrode whose potential is fixed (0.242
V vs. NHE). The current passage was measured between the working electrode (mild
steel) and the counter electrode (platinum). Mild steel sample (working electrode) was
prepared like it was done in gravimetric experiment. Open circuit potential (OCP) was

measured for 1800 seconds.

2.5.2) Cyclic Voltammetry

This electrochemical study was carried out for the oxidation part. The setup was same
as the potentiodynamic experiment. In this experiment, KOH was added to the electrolyte
so that pH of the electrolyte was increased. This, in turn, would increase the concentration
of OH"ions in the electrolyte which results in the de-protonation of alcohol and lowers the
energy barrier of oxidation reaction (Kwon, Lai, Rodriguez, & Koper, 2011). The

electrolytes that were used for this experiment were 0.5 M ethylene glycol+1 M KOH, 0.5
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M triethylene glycol+1 M KOH and 0.5 M glycolic acid+1 M KOH (Xin, Zhang, Qi,
Chadderdon, & Li, 2012)

2.5.3) Rotating Cylinder Electrode

Figure 2: Images of (a) rotating cylinder electrode (RCE) and (b) rotating shaft and mild

steel sample.

Using rotating cylinder electrode, flow environment (pipeline environment) was created
inside the cell. The rotating shaft was attached with a motor to its top. Mild steel sample
which is ring shaped was fit onto the shaft and the rotation rate was controlled using a
controller setup. Rotation rate could be varied from 10 rpm to 4000 rpm. Through linear

sweep voltammetry (LSV) electrochemical technique, graphs were obtained for different
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roms and different conditions. Electrolytes that were used for this experiment were 600
ml of different concentrations of ethylene glycol-water mixture and ethylene glycol-3.5%

NaCl mixture.

2.5.3.1) Linear sweep voltammetry (LSV)

In LSV, current is measure against potential and there will be a linear relationship
between potential and time. Ring shaped mild steel sample, saturated calomel electrode
and platinum electrode were used as working, reference and counter electrodes

respectively. OCP was measured for 1800 seconds.

2.5.3.5) Electrochemical impedance spectroscopy (EIS)

EIS measurements were run FRA impedance in Autolab. The experimental setup was
same as the potentiodynamic polarization techniqgue. OCP was determined for 1800
seconds. The frequency range was from 0.01 Hz to 100 kHz with an AC wave of 10 mV.
The graphs obtained were done nonlinear least square fitting using Zswimpwin program
by Autolab (Rajendran, Vinoth, Shanthi, Barik, & Pattanayak, 2014) (Gopi et al., 2014).
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Electrochemical OCP Start Stop Scan  Upper Lower No. of

experiments determination potential potential rate vertex vertex stop
(s) V) V) (V/s) potential potential crossings
V) V)
Linear/potentiodynamic 1800 -1.00 +1.00 0.001 - - -
polarization
Cyclic voltammetry - 0.00 0.00 0.010 +1.00 -1.00 10
Linear sweep 1800 0.00 -1.00 0.010 - - -

voltammetry

FRA impedance 1800 - - - - - -

Table 1: Staircase values for different electrochemical techniques in NOVA software

using ‘Metrohm Autolab’ potentiostat instrument.
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3. Results and Discussions

3.1) pH measurements

|
-1
\

384 ]
\. 42 "

trpre———————7———7—7— T T T T T T T T
L] 20 kll 40 50 0 10 20 30 40 50

Water concentration (%) 3.5% NaCl concentration (%)

Figure 3: pH measurements of different concentrations of (a) EG-water mixture and (b)
EG-3.5% NaCl mixture.

Different concentrations of ethylene glycol-water mixture and EG-3.5% NaCl mixture were
prepared and pH was measured for each concentration. These measurements were
repeated several times to establish concurrnet validity. In figure 3a, with increasing water
concentration, pH of EG-water mixture was dropping. From pH ~5.2 at 0% water
concentration, it reached pH ~3.7 at 50% water concentration. In figure 3b, pH increased
slightly when concentration of 3.5% NaCl was increased from 0 to 1 (pH at 0% was ~5.2
and pH at 1% was ~5.3). But, when the concentration was increased to 5%, the pH started
to drop and reached ~4.2 at 50% of 3.5% NacCl. In both the cases, eventhough pH values
were close at concentration from 0 to 10%, there was a fall in pH when water/3.5% Nacl
concentration was increased. When the concentration was increased to 50%, a drastic

fall in pH values was observed.
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3.2) Finding corrosion rate using mass loss experiment

—a— EG-water mixture
—— EG-3.5% NaCl mixture

0.040

0.035

0.030

0.025

0.020

0.015 S

Corrosion Rate (mmpy)

0.010

0.005

T y T : T y T y T J T
0 10 20 30 40 50

concentration (%)

Figure 4: Graph represents corrosion rate vs. different concentrations of EG-water

mixture and EG-3.5% NaCl mixture.

Mirror polished mild steel samples were immersed in different concentrations of EG-water
mixture for 120 hours. The same experiment was done EG-3.5% NaCl mixture too. The
concentrations of EG used for these experiments were 100%, 99%, 95%, 90%, 85% and
50%. Using equation (1), corrosion rate (CR) in mmpy for each concentration was

calculated (Density, p = 7.6 g/cm?; Area, A = 2.5 cm? ; Time, t = 120 h). In figure 4, when
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water/3.5% NaCl concentration was increased, corrosion rate increased. Thus, corrosion

rate is directly proportional to water/3.5% NaCl concentration.

3.3) SEM Analysis

(a) EG100% (b) EG 99%

(c) EG 95%

SEM HV: 15 KV W 151 mm SEMHV: 15 KV WD 10.46 mm
View field: 25.4 ym Det: SE View field: 25.4 ym Det: SE
SEM MAG: 5.00 kx| Date(m/dy): 01:04/16 SEM MAG: 5.00 kx| Date(m/dy): 01/04/16

(d) EG 85% (e) EG 50%

SEM HV: 15 KV WD: 15,18 mm VEGA3 TESCAN
WView field: 25.4 ym Det: SE
SEM MAG: 5.00 kx| Darte(midiv: 01/04/16 CECRI

SEM HV: 15 kV. WD: 15,07 mm VEGA3 TESCAN SEM HV: 10.0 kv WD: 14.38 mm VEGA3 TESCAN
View field: 25.4 um Det: SE WView field: 25.4 um Det: SE 5um
SEM MAG: 5.00 kx | Date(midA): 01/04/16 CECRI SEM MAG: 5.01 kx| Date(m/dy): 02/22/16 CECRI

Figure 5: SEM images of mild steel samples immersed in different concentrations of EG-

water mixture.
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| 2)50%EG-NaCl | "

A
) 54

SEM HV: 10.0 kv WD 12.92 mm SEMHV: 10.06V SEM HV: 10.0 kK

View field: 254 ym Det: SE LI b View field: 25.5 ym

SEH WA S0 x| Daietmidly); 02722110 SEM MAG: 1.00 kx| Date(milN): 0212216 SEM MAG: .98 kx | Date(mid): 02122116

b) 50% EG-water

SEM VA 10.0 KV SEM HV: 10,0 KV WD 13.32 mm SEMHV: 10,0 KV WO: 13.31 mm VEGA3 TESCAI
Viow fiold: 25.4 um Det: SE View fleld: 12.7 ym Det: SE View field: 12.7 pm
SEM MAG: 5.00 kx| Date(m/ary): 02/22116 SEM MAG: 10.00 kx| Date(midiy): 02/22/16 SEM MAG: 10.0 kx| Date(mAly): 0222116 CECRI

Figure 6: Magnified images of mild steel samples in (a) 50% EG-NaCl and (b) 50% EG-

water mixtures after cleaned with Clarke’s solution.

Mild steel samples immersed in different concentrations of EG-water mixture were
analyzed under scanning electron microscope. Figure 5 shows that an adsorption film
was formed on the surface of mild steel sample in 100% EG system. When water
concentration was increased, the film on the mild steel sample was disrupted and the
surface got damaged. Mild steel samples of 50% EG-water and 50% EG-3.5% NaCl
systems were cleaned using Clark solution which is a combination of hydrochloric acid,
stannous chloride and antimony trioxide (Kina & Ponciano, 2013). In figure 6b, on
cleaning the surface with Clark solution, mild steel sample in 50% EG-water mixture
showed a roughened surface. But, in figure 6a, mild steel sample showed pitting formation

because of the presence of chloride in the system.
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3.4) Potentiodynamic polarization of EG-water and EG-3.5% NaCl mixtures

1.0 v T v T v T T T
. 50% EG+50% water ]
85% EG+15% water
0.5 90% EG+10% water ]
95% EG+5% water
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Figure 7: Polarization graph of ethylene glycol-water mixture
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Figure 8: Polarization graph of ethylene glycol-3.5% NaCl mixture
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In figure 7, as the water concentration was increased, the anodic and cathodic curves
shifted towards more negative potential. And, the current density increased with the
increased concentration of water. EG-3.5% NaCl mixture also followed a similar pattern

as shown in figure 8

EG-water mixture EG-3.5% NaCl mixture
Water Ecorr icorr Chloride Ecorr icorr
content (%) | sce) | uaem?) | COMEMO) | isce) | wAcm?
1 -0.125 0.046 1 -0.329 0.582
5 -0.173 0.056 5 -0.484 0.773
10 -0.229 0.117 10 -0.532 0.901
15 -0.358 0.638 15 -0.765 0.106
50 -0.287 0.658 50 -0.634 2.210

Table 2: Polarization data for mild steel in ethylene glycol- water mixture and ethylene
glycol-3.5% NaCl mixture.

Ecorr and icorr values for both set of experiments were given in table 2. These values
were calculated by taking the slopes of anodic and cathodic curves (Schwerdtfeger,
1957). The intersection point (X, y) of both the slopes will be (icorr, Ecorr). With the
increase in water/chloride concentration, icorr values increased. In EG-water system,
icorr values at 1% and 50% water concentrations were 0.046 yA cm and 0.658 pA cm?
respectively. And, in EG-3.5% NaCl system, icorr values at 1% and 50% chloride
concentrations were 0.582 yA cm and 2.210 pA cm respectively. The increase in icorr
values directly corresponds to increased corrosion rate. icorr values of different

concentrations in EG-3.5% NaCl mixture were pretty high when compared with the
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respective concentrations in EG-water mixture. This, again, showed that corrosion rate

would increase if chloride was added to the system in electrochemical point of view.

3.5) Oxidation of ethylene glycol
3.5.1) Heating

10 ml of EG was heated as two different experiments in presence of 0.5 g of Fe203 and

0.5 g of Fes3Oa respectively with constant supply of Oz for 8 hours per day.

60 80 100
|

Transmittance [%)]

20

3779.69
3376.40
2358.24
2107.91
1653.66
1456.68
1396.48
1204.95
1082.28
1041.43 —
877.10
671.02
524.43

T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 9: IR spectrum of ethylene glycol
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T T T T T T T T
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Wavenumber cm-1 Wavenumber cm-1

Figure 10: IR spectra of (a) heating of EG with Fe203 and (b) heating of EG with Fe3Oa4

Each day, samples (0.1 ml) were collected from both the reactions and analyzed. The
results were analyzed with IR spectrum of ethylene glycol (figure 9). The samples from
5t day were analyzed and compared with figure 9. There was a peak at 1767.90 cm- for
the sample with Fe203 and a peak at 1739.15 cm™ for the sample with FesOa4. This
confirmed that traces of acid group were present in the samples which in turn confirmed
the oxidation of ethylene glycol. The same experiment was run without any catalyst for 9
days and no acid peak was seen. This shows the catalytic behavior of iron oxides on

oxidation of ethylene glycol.
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3.5.2) Cyclic voltammetry scans
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Figure 11: CV Scans of (a) 0.5M EG+1M KOH, (b) 0.5M TEG+1M KOH and (c) 1M KOH

with mirror polished mild steel sample as working electrode.

Infigures 11a and 11b, when CV scans were run in 0.5M EG+1M KOH and 0.5M TEG+1M
KOH electrolytes with mirror polished mild steel samples as working electrodes, there
were no oxidation peaks. To confirm further, only 1M KOH was taken as electrolyte and
CV scans were run. There were no oxidation peaks (figure 11c). This shows that mirror
polished mild steel is not catalytically active.
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Figure 12: CV scans of (a) 0.5M EG+1M KOH and (b) 0.5M TEG+1M KOH with modified

mild steel sample using distilled water as working electrode
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Figure 13: CV scans of (a) 0.5M EG+1M KOH and (b) 0.5M TEG+1M KOH with modified

mild steel sample using 3.5% NaCl

In figure 12a, when mild steel which was modified by immersing in distilled water for 24
hours to allow the formation of oxides on its surface and used in 0.5M EG+1M KOH, there
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was a little or no oxidation. When mild steel which was modified using distilled water was
used in 0.5M TEG+1M KOH, there was mild oxidation (figure 12b).

In figures 13a and 13b, mild steel immersed in 3.5% NaCl showed good oxidation peak
in 0.bM EG+1M KOH and 0.5M TEG+1M KOH. This, again, demonstrates the
aggressiveness of chloride ions. When we compare figures 11, 12 and 13, mild steel with
iron oxides on its surface showed oxidation as opposed to mirror polished mild steel. This

proves the catalytic behavior of iron oxide through electrochemical technique.

3.6) EIS measurements using FRA impedance
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Figure 14: Impedance plots (Nyquist curve) of mild steel in different concentrations of

EG-water mixture
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Figure 15: Impedance plots (Nyquist curve) of mild steel in different concentrations of
EG-3.5% NaCl mixture

In figure 14, the frequency intercept in the real axis was high which is due to solution
resistance, Rs (Rajendran et al., 2014). Since icorr is inversely proportional to
resistance(Silverman & Carrico, 1988), when there is high resistance, icorr will be low.
This, in turn, will show low corrosion rate because corrosion rate is directly proportional
to icorr (Kina & Ponciano, 2013). In lower water concentrations, ethylene glycol acted as
an inhibitor on mild steel with high polarization resistance. When water concentration was
increased, the resistance reduced. When chloride was added into the system, the
polarization resistance dropped significantly which accounted for high corrosion rate
(figure 15).

Impedance of CPE (constant phase element) and total circuit impedance can be

calculated using equations (2) and (3) respectively (Rajendran et al., 2014).

cPE= gy = e LCOS(T/2) = jsin(nm/2)] @
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(where ® = angular frequency, j = imaginary number, Q = admittance constant,

n (0<n<1) = empirical constant)

Z = Rs + |jwCPE +

1
Rpore+-

Rct
jw Rct Cdl

3)

(where Rs = solution resistance, Rct = charge transfer resistance, Rpore = pore resistance

and Ca = double layer resistance)

Samples Rs CPE Frequency Rpore Cal Ret
(ohmcecm?) | Ohm s"cm? | power (0<n<1) | (ohmcm?) | (Fcm?) | (Ohm cm?)
50%EG + 50% 0.04 8.687E-7 0.6 0.01 0.1408 1.407E6
H20
85%EG + 15% 0.01 5.215E-11 0.6 0.01 9.745E7 1.167E6
H20
90%EG + 10% 0.01217 2.196E-11 0.8 0.01 9.745E9 2.054E6
H20
95%EG + 5% 0.01 4.707E-11 0.8 2.496E5 9.745E7 9.745E9
H20
100%EG + 0% 76.98 1.172E-10 0.8 1E16 6.5E-6 2.176E13

H.0O

Table 3: Impedance data for mild steel in different concentrations of EG-water mixture
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Samples Rs CPE Frequency power Rpore Cal Ret
(ohm cm?) | (ohm s"cm?) (0<n<1) (ohmcm?) | (Fecm?) | (ohmcm?)
50%EG + 50% 46.56 0.000744 0.8 90.49 4.661E-5 1752
3.5%NaCl
85%EG + 15% 778.1 0.0001377 0.8 1.343E4 1.488E-5 9540
3.5% NacCl
90%EG + 10% 1105 0.0001018 0.8 6117 1.119E-5 13900
3.5% NacCl
95%EG + 5% 247.3 0.000308 0.69 197.6 5.752E-5 | 1.456E12
NaCl

Table 4: Impedance data for mild steel in different concentrations of EG-3.5% NaCl

mixture.

In table 3 and 4, fit parameter values that were obtained from figures 14 and 15 are listed.
In table 3, when water concentration was increased, the charge transfer resistance, Rct
decreased. A similar pattern was absorbed in chloride system (table 4). But, when Rct
values of both the systems were compared, chloride system showed very low Rct values.
In table 3, the high values of R attribute to the availability of low metal area because of
formation of protective film by the adsorbed glycol on the metal surface in low
concentrations of water. But, in chloride system, the adsorbed layer of EG easily gets
broken and chloride ions reach the metal surface even in lower concentrations. That's
why the Rct values are very low which attribute to high corrosion rate. These results

correspond with potentiodynamic and mass loss results.
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3.7) Cathodic polarization in flow conditions using rotating cylinder electrode

Using rotating cylinder electrode, flow environment was created using different rpms
from 20 to 2,000. The flow is determined laminar or turbulent based on Reynold’s number.
When Reynold’s number is more than 200, the flow is turbulent. Reynold’s number is

given by equation (4)
Re = Ucyl dcyl P /u (4)

(P = solution density (g/cm?), U = absolute viscosity of the solution (g/cm), Ucyl = linear

velocity (cm/s), eyl = diameter of RCE (cm))

The angular rotation, w and linear velocity, Ucyl are given by equations (5) and (6)
o = 2nF/60 (5)

(where F is rotation rate)

Ueyi = ndcyiF /60 (6)
Linear Linear

Rotation rate | Velocity | Velocity Reynolds Nature of
rpm (rad/sec) cm/sec m/sec Number flow
20 2.093 1.57 0.0157 252 turbulent
50 5.233 3.93 0.0393 631 turbulent
100 10.466 7.85 0.0785 1262 turbulent
200 20.933 15.7 0.157 2524 turbulent
500 52.333 39.25 0.3925 6310 turbulent
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1000 104.666 78.5 0.785 12620 turbulent

2000 209.333 157 1.57 25241 turbulent

Table 5: Calculations for rotating cylinder electrode in 3.5% NaCl solution

T T T T T T T
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Figure 16: Cathodic polarization curves for oxygen reduction in 50% EG-50% water at

rotating rates ranging from 20 to 2000 rpm.
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Figure 17: Cathodic polarization curves for oxygen reduction in 50% EG-50% of 3.5%

NaCl at rotating rates ranging from 20 to 2000 rpm.

The LSV reactions were run at a potential range from 0 to -1 which is the cathodic range.
Cathodic reactions are considered as the rate determining step of the overall
electrochemical reactions. Oxygen reduction is the predominant cathodic reaction in

water or O2 environment (Santambrogio, Perrucci, Trueba, Trasatti, & Casaletto, 2015)

In figure 16, when rpm was increased from 20 to 2000 in water medium, current
increased. But, there was no limiting current where current remains almost constant for a
particular range of V. In figure 17, from -0.6 V to -0.95, the current was almost constant.
So, limiting current can be calculated from chloride medium. This is the limiting current at
which the oxidation reduction is under mass transport/diffusion control (Khan, Shanthi,
Babu, Muralidharan, & Barik, 2015).
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3.7.1) Limiting current vs Rotation rate
Limiting current is given by equation (7)
|L= 0.0487 z FAdCyI-O.3DO.644V-O.344 Cba)OJ (7)

(where z = number of electrons, F = Faraday constant, Cp = bulk concentration, D =

diffusion coefficient, V = kinematic viscosity)
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Figure 18: Limiting current vs rotation rate plot for the oxygen reduction reaction at the

mild steel rotating cylinder electrode using ethylene glycol with 3.5 % NacCl solution

In figure 18, rotation rate and limiting current shows linear relationship even though there
are some slight deviations.

From slope K of figure 18, the diffusion coefficient D, can be calculated using equation

(8).

D084 = [K]/0.0487 z FAVO34 Cy 8)

From equation (8), the diffusion coefficient of dissolved oxygen is given by
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D = V|K|/0.0487 z FA v034 Cy, (9)

The bulk concentration of oxygen is held constant by saturation of the chloride electrolyte
to achieve a saturated concentration (Co= 2.63 x 10" mol cm3) at 25°C. So the diffusion

coefficient of oxygen is

3\/ 13.22 x10° A rad®’ s%7| 3
D(O2)
i {(0.0487)(4)(96485 C mol™1)(1.8 cm?)(9.33x103 cm? s71)03445(2.625x10°" mol cm3) J

D(02) =4.8 x10cm? st

Using the experimentally derived value of slope (K), the experimentally determined
diffusion coefficient 4.8x10%cm? s for oxygen in ethylene glycol with 3.5% NacCl is
computed. However there is no literature available for comparison or oxygen diffusion in

ethylene glycol.
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3.7.2) Mass transfer coefficient (km)
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Figure 19: Plots of mass transfer coefficient of oxygen reduction

Mass transfer is the transport of material from bulk of the electrolyte to the surface of
electrode or from the surface of electrode to bulk. Limiting current depends on active area
of the electrode, A, bulk concentration of dissolved oxygen and mass transport coefficient,

km. Mass transport coefficient is given by equation (10)

I

"~ ZAFC,

Where z is the number of electrons transferred per oxygen molecule ( z=4) and F is the
Faraday constant (96485 C molt). The mass transport coefficient can be considered as
a rate constant that is normalized with respect to dissolved oxygen concentration and
cathode area.

Figure4 shows the mass transfer coefficients using the values of diffusion coefficients

for oxygen and the mass transfer coefficient km was plotted as a function of
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(rotationrate)®?. Mass transfer coefficients of ~0.003 to 0.016 cms™ were calculated.
The plot of limiting current against the rotation rate confirms the linear relationship. The
mass transfer coefficient values that were obtained in glycol environment are not easy
to compare with other hydrodynamic geometries. These values can be related to the
higher turbulence intensity that occurs with respect to the rotation rate at which the
experiment is carried out which results in enhanced dissolved oxygen mass transfer to

the electrode surfaces.

The equations used in part 3.7 were taken from Study of Mass Transport Limited
Corrosion with Rotating Cylinder Electrodes (18) published by ‘Pine research’ who

manufactured the Rotating Cylinder electrode that was used for this work.
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4. Summary

1. The corrosion rate of mild steel in EG depends on the water concentration. Diluted EG
is more corrosive than concentrated EG. When chloride is added to the system, the

corrosion rate increased.

2.1n 100% EG, a protective film was formed on surface of mild steel. When water or NaCl

added was added, the film was damaged.

3. Even though iron oxides show catalytic activity on electro-oxidation, we don’t have
evidences for the oxidation of EG through electrochemistry, since chronoapometry
experiment showed negative results. This part has to be done as a separate

electrochemistry work.
4. Impedance study corresponds with the results of other electrochemical techniques.

5. Using RCE, flow environment was created and diffusion coefficient of oxygen was

calculated.
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