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(DEA) aqueous solutions. The developed model for corrosion takes into consideration the effect of fluid flow,
transfer of charge and diffusion of oxidizing agents and operating parameters like temperature, activator concen-

tration, CO, loading and pH. The study consists of two major models: Vapor-liquid Equilibrium (VLE) model and
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electrochemical corrosion model. The electrolyte-NRTL equilibrium model was used for determination of concen-
tration of chemical species in the bulk solution. The results of speciation were subsequently used for producing
polarization curves and predicting the rate of corrosion occurring at the surface of metal. An increase in concen-
tration of activator, increases the rate of corrosion of carbon steel in mixtures of activated DEA.

© 2020 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights

reserved.

1. Introduction

Carbon dioxide (CO,) is one of the major greenhouse gases released
to the atmosphere. The quantity of CO, has risen recently due to rapid
urbanization and industrialization [1]. Accumulation of greenhouse
gases like CO, in the atmosphere alters the greenhouse effect leading
to global warming and climate change [1,2]. This is connected with
the inclination of these gases to act as a blanket for heat in the atmo-
sphere resulting in rapid rise in average global temperatures [3].

Efforts have been taken to reduce the release of CO, emissions glob-
ally. Several technologies like pre-combustion, post-combustion CO,
capture and storage (CCS), oxyfuel combustion, CO, conversion into
fuels and chemicals, membranes for CO, capture have been introduced
to capture and store CO, as an energy source. So far, CCS have been very
successful in implementation at industrial level due to its retrofit option
and maturity [4]. Corrosion is one of the undeniable problems for CCS
because of CO, capture using amines as solvents. The mature amine
for CCS is the monoethanolamine (MEA), which is very corrosive in na-
ture [5]. Corrosion reduces the plant and equipment life along with
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operational problems. It is a complicated phenomenon in which chem-
ical, electrochemical processes and transport occur interactively and si-
multaneously. There is a difficulty in controlling problems of corrosion
in a manner that is cost-effective as corrosion knowledge in amine-
based CCS is inconclusive and limited [6-8].

Piperazine is a good CO, capture solvent [9]. It is an effective
promotor of chemical absorption when used with amines which have
lower absorption kinetics. Piperazine has shown good results as a CO,
absorption promoter in solutions like Methyldiethanolamine (MDEA),
Aminomethylpropanol (AMP), Monoethanolamine (MEA), and
Diethanolamine (DEA) [10,11]. There has been a limited knowledge
on the the corrosion of process materials using blended amines with
PZ as the CO, absorption activator. The knowledge of carbon steel corro-
sion using amine solvents will help in understanding of the mechanism
of corrosion and role of PZ both as a promoter and corrosion agent.
Moreover, in literature there are only a few data points on the CO, cor-
rosion for PZ as an activator.

PZ is known for its corrosion resistance, when compared with
benchmark MEA [12]. CO, loaded PZ helps in quick formation of
FeCOs layer, which inhibits corrosion [13]. FeCO3 forms at rich loading
of either fresh or degraded PZ solutions [14]. Nainar and Veawab [15]
studied corrosion of PZ and MEA blend for CO, absorption. The results
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showed that MEA/PZ blend had higher corrosiveness than the solutions
of MEA alone. The rate of corrosion of carbon steel increased with in-
crease in concentration of PZ, total amine concentration, CO, loading,
temperature and presence of heat stable salts. Zhao et al. [16] found
that PZ has higher influence on corrosion rate of carbon steel while
using MDEA/PZ blend under different conditions. Increase in CO, load-
ing, temperature, amine concentration increased the carbon steel corro-
sion. However, blend of AMP and PZ has shown a lower corrosion rate
due to faster formation of iron carbonate species [17]. Whereas, another
study suggests that AMP/PZ blend inhibited corrosion owing to both
neutralization and adsorption effects [18]. We [19] previously studied
the effect of PZ activated MDEA aqueous solutions on corrosion of car-
bon steel. Results showed that at low CO, loading the carbon steel cor-
rosion rate increases with increasing PZ concentration, whereas at high
CO,, loading the rate of corrosion declined with the rise of concentration
of PZ.

The blend of PZ/DEA has shown good CO, capture characteristics.
The data of PZ/DEA blend is available for its stability, CO, kinetics,
mass-transfer and solubility of CO,. However, no research has been con-
ducted to examine corrosiveness of PZ/DEA solution. This study pro-
vides an understanding of corrosion in an aqueous environment for
CO,, capture using activated DEA. Emphasis has been given on model de-
velopment for determining the rate of corrosion in carbon steel, corro-
sion behavior and mechanism of PZ as an activator for DEA solutions
under process operating conditions.

2. Corrosion Experiments
2.1. Solutions preparation

The amines used in this work were anhydrous Piperazine crystals
with purity 99% purchased from Acros Organics, Belgium.
Diethanolamine with 98% purity was purchased from Merck Sdn. Bhd.
Malaysia. The CO, with minimum purity of 99.8% and oxygen free nitro-
gen were purchased from Sitt Tatt Company Sdn. Bhd., Malaysia. Glass
microfiber filter paper GF/C, Whatman, were used throughout this re-
search to ensure all the solid carbonates were collected in the analysis
section. Carbonated amine solutions were prepared according to the ab-
sorption experimental procedure mentioned in our previous work [11].
The partial pressure of carbon dioxide was changed in values (1-100)
kPa, at temperatures 40 to 80 °C, with a total amine concentration of
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2.0 mol-L™!. In DEA/PZ mixtures, the concentration of piperazine ranged
from 0.01 to 0.1 mol-L™.

2.2. Working electrode

The working sample is made of a rotating electrode, type (EDI
101562R07N002) and specimen. The specimen is made of two constit-
uents, a carbon steel cylinder inserted into Teflon cylinder (insulated
materials). Tests were carried out on carbon steel 1020 with the ele-
mental composition of Carbon, Manganese, Phosphorus, Sulfur, Silicon
and Iron in ratios of 0.20, 0.51, 0.031, 0.039, 0.17 and balance respec-
tively. The specimen was supplied and manufactured by Radiometer
France. It is given the shape of a cylinder and incorporated tight into Tef-
lon. The surface area of the cylinder base was 0.196 cm? which was
made as a disc. The specimen was attached into a rotating electrode
which was linked to the radiometer. Carbon steel was selected based
on its use in regenerator shell, lean amine cooler tubes, the absorber,
and reflux drum. The specimens were grinded with 600 grit silicon car-
bide papers.

2.3. Materials and method

The experiments were conducted in a static corrosion-cell by using
electrochemical method for the analysis of corrosion. The experimental
apparatus and procedure details are provided by our previous work
[19]. Experimental setup is displayed in Fig. 1, which contains the fol-
lowing constituents: corrosion cell, potentiostat/galvanostat PGP201
model and a radiometer FCTV101. The cell includes a 250-ml flask, a
platinum wire counter electrode (known as auxiliary electrode), a calo-
mel saturated electrode (known as reference electrode), a vent and
purge tube, and a working electrode assembly for specimen mounting.
The rest of devices used for corrosion test are like what have been
used for the absorption experiment set-up. When a constant pH is
reached (amine solution is saturated with CO;), potentiodynamic tech-
nique is used manage the tests of corrosion. 600 grit silicon carbide
paper was used for polishing the steel operating electrode surface (sam-
ple) before every experiment (run) of polarization, and it was then
mounted on the holder of sample (working rotating electrode) and
was submerged into the solution of electrolyte (corrosion cell contain-
ing carbonated solution of amine). The working electrode was exposed
to a continuous speed of rotation of 600 r-min~! via a radiometer
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Fig. 1. Experimental set up for corrosion experiments [20].
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FCTV101 unit of speed control. Platinum wire was used as counter elec-
trode. Potential scanning was affected using a radiometer PGP201
galvanostat/potentiostat linked to a PC for control and data treatment
and attainment. The corrosion cell is maintained at the specified tem-
perature, and CO-, partial pressure. The saturated gas was passed into
the cell to ensure that the carbonated solution and the CO, are in
equilibrium.

2.4. Polarization experiments

The solution of amine was mixed with the coupon holder and vessel
of corrosion (with attached weighted cleaned coupons) was soaked in
the liquid before lid sealing. At the time of each run, a mixture of gas
of N, and CO; could enter the cell for reaction until equilibrium of
gas-liquid was achieved. Potentio-dynamic technique was applied to
perform the experiments of corrosion. The sweep technique of
potentio-dynamic was applied to examine the mechanism of corrosion.
The sweeps were performed with a scan rate 1.8 mV-s™'.

The potential of corrosion (E.,;) and current density of corrosion
(icorr) Were determined from the intersection of cathodic and anodic
curves. EC-Lab software V10.12, 2011 was used to get the Tafel slopes
of the curves of polarization. The calculation of the rate of corrosion
(CR) can be carried out using Eq. (1):

—3 .
R — 3.30 x lOp X dcorr M (1)

Where CR in mm-a~!, i iS current density of corrosion
(uA-cm™2); M is the specimen molar weight (g-mol~!), and p is the
specimen density (g-m~3).

3. Modeling and Speciation Methodology
3.1. Model of vapor-liquid equilibrium

The phase equilibrium controls the molecular species distribution
between gas phase and the liquid phase and shown by Henry's law (2):

Ky
R1: CO, phase change: CO,(g) = CO,(aq)

P
Heo, =3 )
2

Where HCO, is the of Henry's constant of CO, in the solution of
amine; PCO, is the partial pressure of CO, in the gas phase at the equi-
librium; xCO, is the liquid phase mole fraction of CO,.

Reactions at equilibrium are the decisive factor of speciation in the
liquid bulk. Generally, those are dissociation chemical reactions. The
mechanism of reactions for blends including aqueous carbonated PZ
+ DEA is reported by Bishnoi and Austgen [21,22] as under:

R2: Water Dissociation: 2H,0 & on- +H30"

R3: Dissociation of CO,: CO, + 2H,0 Ké HCO3 ™ + H30"

R4: Dissociation of bicarbonate ions: HCO; + H,0 & CO%™ + H;0"
R5: Dissociation of protonated piperazine: PZH' + H,0 Spz +H30"

R6: Formation of piperazine carbamate: PZ+C02+H20K;‘6

PZCOO™ + H;30*

R7: Dissociation of zwitterion (protonated carbamate):H"PZCOO™
+H,0 2 PZCOO™ + H;0™

R8: Dissociation of piperazine carbamate: PZCOO™ + CO, + H,0 K:S
PZ(COO™), + H30"

DEA can react directly with CO, t form carbonate based on the fol-
lowing set of reactions reported by Austgen [22]:

R9: Dissociation of protonated DEA: DEAH" + H,0 Ké DEA + H30™
R10: DEA carbamate reversion to bicarbonate and DEA:

DEACOO™ + H,0 2 DEA + HCO; ™

Where K; is the equilibrium constant for reversible reactions at equi-
librium and their values have been extracted from the available open
domain literature based on mole fraction as shown in Supplementary
Table 1 (ST1). Activity coefficients (7;) and mole fractions (x;) of chem-
ical species have been used for equilibrium constants for the reactions
as shown in Egs. (3) through (11):

('YH3 0" XH;0" ) ("You~XoH")

Ky = 3)
1 (VHZOXHN)Z
K, — (W’Hco3 XHco ) ('YH30+XH30+> 4
('Ycozxcoz> (VHZOXHzO)
P (3’coZ Xco2- )(7 H;0 XH30*> (5)
o ('YHCO3 XHCoy ) ('YHZOXHZO)

Ko — ("YpzXpz) ('YH30+XH30') 6)

(Vez Xpzr* ) (YHzotzO)

(Ypzcoo-Xpzcoo~) (VH;O* Xy,0t )

Ks = (7)
(YpzXrz) ('YCOZXCOz) (szotzo)
("Ypzcoo~ Xpzcoo~) ('YH30' Xy, o*)
Ko = (®)
(Vh+pzcoo XH+pzcoo~) (VHZOXHzO)
<7P2(c00 ), XPZ(CO0™) )(7H30+XH30*>
K7 = 9
(Ypzcoo~Xpzcoo~) ('Yco2 XCOz) ('YH2 oXHzO)
Kq — ("YDEAXDEA) ('YHgo‘ X,0° ) (10)
('YDEAH‘ XDEAH*) (VHZOXHZO)
(YpEAXDEA) (VHco; XHcoy )
Ko = (11

("YpEAcoo~ XDEACOO™) (’YHZOXHZO)

The concentration calculation of chemical species in the bulk solu-
tion needs more equations as shown in Eq. (12) through Eq. (15):
Balance based on electro neutrality:

DEAH" + PZH* + H30" = HCO3 + OH™ + 2 C03™ + PZCOO™

+2PZ(CO0™), (12)
Mole balance for PZ:
PZ +PZH* + PZCOO™ + H"PZCOO™ + PZ(CO0™), = PZ1yy (13)
Mole balance for DEA:
DEA + DEAH" + DEACOO™ = DEA1q (14)
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Total mole fraction:

i=N
xi=1.0 (15)
i-1
Mole balance for CO,:
CO, + HCO5 + CO%’ +PZCOO™ + H'PZCOO™ + PZ(COO™),
+ +DEACOO™
= (o, [total Amine],, (16)

At equilibrium the fugacity of components in vapor and liquid phase
is assumed to be equal. Eq. (17) is related to the CO, molecules distribu-
tion between the vapor and liquid phase at equilibrium, whereas Eq.
(18) is related to the species of solvent (water, DEA, and PZ) as per ac-
tivity coefficient approach [28].

)

" N . VUco,
Do,Yco,P = Yco,%co,Heo, €XP ~RT

o b e Ui(P_Pi>
i yiP = vyixiP; &; exp R

Where y; and x; are vapor and liquid phase concentrations respec-
tively for species; vco,~ is the partial molar volume of CO, that is diluted
infinitely in water, and v; is the partial molar volume of solvent of pure
liquid determined by Rackett equation of state [29]. The fugacity coeffi-
cients of vapor phase in Egs. (17) and (18) are calculated by the use of
the Soave-Redlich-Kwong (SRK) equation of state [30] and the e-NRTL
model was used to calculate the liquid phase activity coefficients. The
excess Gibbs energy was also calculated using e-NRTL through Eq.
(19) [22,31-33]:

G e B G ex,PDH G ex,Born G ex,lc 19

R RT TR TRT 19
1

5 (1000)2 (Hshe [,y % 20

RT ; KM, o Plx (20)
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(22)

1 2
= — X:Z%
22i i

The term of Born correction for the excess Gibbs energy is shown by
Eq. (23):

Gex,Born ez 1 1 Xizi2 .
“RT :<m> (5‘m> (Z ro) 10

The calculation of the mixed dielectric solvent constant, Ds, is given
by an average of simple mass fraction [32]. The dielectric constants of
all components of solvent system are given in Supplementary (ST2).

Eqgs. (24) and (25) have been used to calculate the dielectric con-
stants for H,O, DEA, and PZ.

(23)

D_a1+b1/r{ 1} (24)

T Tref

Where T is the temperature of reference (273.15 K). For mixture of
solvents, the calculation of the dielectric constant is given according to
the Eq. (25):

Dm = Z wilD; (25)

Where w?ﬁi is the solute free, solvent fraction.
The expression of the local electrolyte NRTL for the interactions is
given in Eq. (26):

Gex e Z Z X G]mT}m
m~- v ~

2 kXkGim
X, \2XG
+2 X ( a > T
ZC: C%: ZnX " kakckc.ac
ZX
X3 (Fx)
Z az 2o ¢ (

ja,c'a ! jaca
21 XiGyq g
Where j and k are any species, and other quantity terms are pre-
sented in Eq. (27) through (30).

Debye-Hiickel parameter A, and ionic solvent strength I, are given Gicac = €XP(—Ccac Ticar) 27)
by Egs. (21) and (22), respectively.
v ( ) ( ) P y Gja,c’a = exp(_aja,c’a Tju.c’u) (28)
1 3
S, o=
2 -5 (500 (o) 1) 7on = —Cen 29)
3\ 1000 DKT Olem
Table 1
Literature datasets for development of model and their average absolute deviation (%) of predicted and measured values for CO, solubility for solutions of DEA and activated DEA systems
Reference DEA /mol-L~! PZ /mol-L™! T/K PCO, /kPa No. data point AAD/%
[23] 6.825 298.13-348.07 2.46-4662.7 25 1247
[24] 2 303-323 0.09-104.727 24 6.85
4 0.095-102.12 21 14.57
[25] 42 3732 93-3742 6 59
[26] 0.525 273.15-413.2 0.6895-6895 308 13.62
247
522
9.41
16.7
33
[11] 2 0 313-353 0.01-100 60 14.59
1.98 0.01
19 0.05
1.8 0.1
[27] 3.2-0.8 0.02-0.8 313-353 10.13-20.265 44 0.68
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Table 2
Data for development of model and their average absolute deviation (%) of predicted and
measured values of pH for solutions of DEA and activated DEA systems

Reference DEA/mol-L~' PZ/mol-L™!" T/°C PCO,/kPa No.data AAD/%

point
[11] 2.0 0 313-353 0.01-100 48 6.18
1.98 0.01
1.9 0.05
1.8 0.1
InGam
- 30
= (30)

Where X; is the effective mole fraction of liquid-phase, X; = x;.G; (G
= Z; for ions and 1 given for molecules). ¢v; is the non-randomness pa-
rameter of e-NRTL; 7;; is the binary parameter of energy interaction.
Both « and 7 are regarded as parameters that are adjustable of the ex-
pression of the electrolyte NRTL. The activity coefficients of any species
(molecular, ionic, solvent, or solute) were calculated from expressing
the partial derivative of the excess Gibbs energy Eq. (31):

Invy, i,j=m,ca

1 [a(ntGe") a1

i ﬁ ani :|T,P,nj,i

There are some binary parameters and pure components that are in-
volved in equilibrium model of vapor liquid equilibrium developed
above as: Brelvi-O'Connell parameter, critical constants, compressibility
factor, and acentric factor. Moreover, to solve the Antoine equation the
constants for vapor pressure of different molecular species are obtained
from literature and shown in Supplementary ST3 and ST4.

The parameter of non-randomness was proposed by the study of
Chen & Evans [31] and Mock et al. [32]. Parameters of binary interaction
for ion pair-ion pair, molecule-molecule, and molecule-ion pair are
expressed as a function of temperature as illustrated by Eq. (32)
through (33).

Bm‘ca
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Bca,m

T

Team = Aca,m + (33)

These binary parameters are categorized into three groups;
molecule-molecule pair, molecule-ion pair, and ion pair-ion pair inter-
actions from the work of Austgen et al. [22] and Pitzer [34] shown in ST5.

The bulk concentration of carbonated species in the solution of aque-
ous concentrations of DEA-PZ were calculated using MATLAB program.
Concentrations of all species were not known and defined as dependent
variables, except the CO, concentration, whose calculation was given
from the Eq. (2). For DEA-PZ aqueous solutions, it is necessary to solve
fourteen equations with fourteen variables. In this case, Egs. (3) to
(16) can be decreased to a single polynomial equation of eight order
in relation to concentration of hydronium ion [Hs0 7], equilibrium con-
stants and initial amine concentration. The values of [H30™] relate to
the pH of solution at equilibrium, whereas more possible roots for
each partial pressure of CO, may be available. One value of only
[H30™] is valid and supposed to be in between 107° mol-L™! and
1072 mol-L~!, which corresponds to the values of pH of a carbonated
solution of amine, and commercial application value is normally 6-12.
Non-linear equations were simultaneously solved through iteration
process. The solution resulted in finding the concentration of the chem-
ical species in the bulk solution and activity coefficients. The loading of
CO, in amine systems for absorption is determined by using Eq. (16).

3.2. Electrochemical corrosion model

The electrochemical reactions happening simultaneously at the in-
terface of metal-solution are regarded as metal oxidation (iron dissolu-
tion) and reduction oxidizing agents. One oxidation reaction (Fe) and
five reduction reactions are considered to take place in the DEA-PZ
system:

Iron Oxidation: Fe = Fe?* + 2e~

Hydronium ion reduction: 2H;0™" + 2e™ = 2H,0 + H,

Bicarbonate ion Reduction: 2HCO3™ + 2e~ = 2C03™ + H,

Reduction of water: 2H,0 + 2e™ = 20H™ + H,

Reduction of PZH" ion: 2PZH" + 2e~ = 2PZ + H,

Tmea = Acam + T (32) Reduction of DEAH™ ion: 2DEAH™ + 2e™ = 2DEA + H,
A Lt Lt o/ —r'x L\ —&—H-0
5 —|_C02
= -
= 0.3 % W o0 200 DEA
= p v - +
= 0.01 -0-PZH
= .
S 26x10° DEAH
© 3 =—H:0"
£ E3x10° ——HCOs
£ 52x10¢ COs
g a -8-0OH"
g “8x10%
£ =#=PZCOO
% 4x10° DEACOO-
P =4—PZ(COO).
=-HPZCOO
1 X l 0-11 T T T T T T T T 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
CO, loading/mol-(mol alkalinity)

Fig. 2. Predicted concentration of species in 1.8 mol-L™! DEA + 0.1 mol-L™! PZ system at 40 °C.
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Fig. 3. Comparison of experimental and predicted polarization curves of carbon steel in (a) 1.98 mol-L™! DEA + 0.01 mol-L™! PZ; PCO, = 95.4 kPa at 40 °C. (b)1.9 mol-L™" DEA+ 0.05 mol-L™!
PZ; PCO, = 47.72 kPa at 40 °C. (c) 1.98 mol-L™" DEA + 0.01 mol-L™! PZ; PCO, = 83.07 kPa at 40 °C. (d) 1.8 mol-L™! DEA+ 0.1 mol-L™' PZ; PCO, = 56.14 kPa at 80 °C.

Carbonic acid is regarded to be “weak acid” due to its dissociation
that is partial in water to generate H* ions and HCO3 ion.

2H,C0O3 + 267#2HC037 + Hy

Since carbonated solutions of activated DEA system are alkaline and
the contribution of the reduction reaction of H,COs3 is neglected due to
very low concentration in the solution in comparison with other spe-
cies, the dissolution of iron was regarded to be under control of activa-
tion (charge transfer) due to the unlimited supply of Fe. In this case, the
relation between potential (E) and the current density (i) was pre-
sented as in Eq. (34) and (35):

<E_B—Erev> (34)

lge/Fe?+ = lo Fe/Fe? ¥ 10

 2303RT

v F (35)

a

The oxidization agents for the reduction reactions involving in the
process of corrosion are Hs0", HCO3, H,0, PZH™, and DEAH*. The
total rate of reduction will be as in Eq. (36):

Z Ireduction = Ip,0° /1, + iHco; ez~ + in,0/00~ + ipz bz
+ IpgAH* /DEA (36)

For reduction reactions on the metal surface, the cathodic reactions
are considered to be under mixed control which take into account the
effect of mass transfer and charge transfer. Supposed that the rate of
H,0 is governed by charge transfer control because the water molecules
are found in unlimited quantities at the metal surface. For (k) reduction

Table 3
Comparison of the model results for rate of corrosion with experimental data for diethanolamine (2 mol-L™! DEA)
T/°C PCO, Experimental Model & &°
/kPa Ecorr (vS. SCE)/V CR /mm-a~! Ecorr (vS. SCE)/V CR /mm-a~!
40 0.96 —0.8100 0.212 —0.78468 0.2023 3.13 4.59
9.59 —0.7837 0.795 —0.79341 0.6289 1.23 20.90
47.89 —0.7687 1.033 —0.79136 1.1745 2.94 13.70
95.61 —0.7655 1314 —0.7868 1.4608 2.78 11.17
60 0.83 —0.8088 0.483 —0.79518 0.2177 1.69 54.93
8.31 —0.8063 1.499 —0.80296 0.8377 0.42 44.11
41.62 —0.7993 1.349 —0.80343 1.7887 0.51 32.60
83.41 —0.7939 2.221 —0.80098 2.3516 0.89 5.88
80 0.556 —0.8865 0.188 —0.79537 0.1720 10.28 8.52
5.54 —0.8485 1.106 —0.80951 0.7573 4.60 31.53
41.45 —0.7951 4.469 —0.8126 2.3579 2.19 47.24
55.64 —0.7917 4.637 —0.81225 2.7260 2.59 41.21

E —E
Note : g — EcortCa) ~Eeomexp)| 100, Sppp = 2.77%
Ecorr(Exp)

_ |CRal) ~CRexp |

6b
CRexp)

% 100, aap = 26.36%
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Table 4
Comparison of the model results for corrosion rate with experimental data (for 1.98 mol-L™' DEA + 0.01 mol-L™! PZ)
T/°C PCO, /kPa Experimental Model 5 &°
Ecorr (vs. SCE)/V CR /mm-a~" Ecorr (vs. SCE)/V CR /mm-a~
40 0.96 —0.8154 0.229 —0.7850 0.2041 3.72 10.87
9.59 —0.7760 0.738 —0.7936 0.6315 227 14.43
47.89 —0.7887 0.764 —0.7914 1.1763 0.35 53.97
95.44 —0.7678 1.287 —0.7868 1.4603 248 1347
60 0.83 —0.82481 0.56 —0.7959 0.2207 3.50 60.58
8.32 —0.81693 0.87 —0.8033 0.8433 1.66 3.07
41.54 —0.80293 1.63 —0.8036 1.7911 0.09 9.89
83.07 —0.79551 243 —0.8011 2.3499 0.71 3.29
80 0.55 —0.82810 0.35 —0.797 0.1754 3.76 -
5.55 —0.81680 1.363 —0.8103 0.7669 0.79 43.73
2791 —0.81587 3.071 —0.8131 1.9313 033 37.11
55.81 —0.81725 2.995 —0.8126 2.7383 0.57 8.57
Note : ¢ — [Feormca) ~Ecorrerp)| 100, anp = 1.69%
Ecorr(Expv)
CRca)—CR
o — [Rica) =Rpep) | 100, Sapp = 25.74%
CRexp)
Table 5
Comparison of the model results for corrosion rate with experimental data (for 1.9 mol-L™! DEA + 0.05 mol-L™! PZ)
T/C PCO, /kPa Experimental Model 5 &°
Ecorr (vs. SCE)/V CR/mm-a~! Ecorr (vs. SCE)/V CR /mm-a~
40 0.96 —0.8168 0.241 —0.7866 0.2124 3.70 11.88
9.59 —0.7708 0.651 —0.7945 0.6425 3.08 1.30
47.72 —0.7662 0.946 —0.7917 1.1823 3.34 2498
95.78 —0.7699 1.26 —0.7867 1.4637 2.20 16.17
60 0.83 —0.7979 0.424 —0.7989 0.2353 0.14 4451
8.31 —0.8006 0.952 —0.8050 0.8630 0.56 9.35
41.62 —0.7785 1.989 —0.8046 1.8084 335 9.08
83.41 —0.7593 1.718 —0.8017 2.3620 5.60 37.48
80 0.56 —0.7960 0.278 —0.8037 0.1967 0.97 29.26
5.58 —0.7959 0.893 —0.8136 0.8060 2.23 9.74
27.82 —0.7916 2423 —0.8151 1.9676 297 18.80
55.14 —0.7802 2.7 —0.8141 2.7565 4.35 2.09
Note : o¢ — Feoma) Eeoneo) | 100 5. 2 719
Ecorr(Exp )
CRca)—CR
o = IR =Rea)l 00 5,,, — 17.80%
Rexp,)
Table 6
Comparison of the model results of corrosion rate with experimental data (for 1.8 mol-L™! DEA + 0.1 mol-L™' PZ)
T/°C PCO, /kPa Experimental Model 5 &P
Ecorr(Vs. SCE)/V CR/mm-a~"! Ecorr (vs. SCE)/V CR/mm-a~"
40 0.96 —0.7801 0.30 —0.7887 0.2235 1.10 645.04
9.59 —0.7919 047 —0.7957 0.6572 048 39.84
47.72 —0.7569 1.29 —0.7921 1.1915 4.66 7.63
95.61 —0.7676 1.21 —0.7868 1.4646 2.50 21.04
60 0.83 —0.7638 0.54 —0.8029 0.2549 5.11 52.79
8.36 —0.7969 0.85 —0.8072 0.8928 1.29 5.03
41.28 —0.8032 1.95 —0.8058 1.8238 0.33 6.47
83.58 —0.7897 147 —0.8025 23747 1.62 61.54
80 0.56 —0.7977 0.70 —0.8113 0.2221 1.71 68.27
5.56 —0.7977 0.504 —0.8179 0.8535 2.53 69.35
27.74 —0.8190 0.96 —0.8176 2.0172 0.18 110.12
56.15 —0.8206 297 —0.8159 2.8251 0.56 4.88
Note : ¢ — [Feorn@a) ~Eeorreo)| 400 Saap = 1.84%
Econ’(Expv)
R —CR,
g — |Reca) =Rewp) | 100, a0 = 39.37%

CRexp,)
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reaction system, the rate equation is shown in Eq. (37): Where ﬁjim(k) is the diffusion limiting current density in A-m™2, and i,
(k) is the contribution of charge transfer to the current density without the

. k nacF existence of mass transfer resistance, which is given by Eq. (40):

e = lo(ky X {% X <_ R-IE (E—Erev) )} (37) & d

(_(E_Erev))
Where iy is of reduction reaction current density (A-m™2). i, is the act) = Gogy x 10 Be

current density of equilibrium exchange of a reaction (A-m™2). [k] is
the concentration of agent species on surface that are oxidizing
(mol-L™1). [k], is the concentration of the bulk of agent species that
are oxidizing (mol-L™1). o is the factor of cathodic symmetry. n is the
number of electrons transferred in the reduction reaction. F is the con-

(40)

Where iy is the current density of equilibrium exchange in A- m?,

and [3. is the cathodic Tafel slope in V/dec. Nernst equation is used to cal-
culate the reversible potential E.e, (V) of each reaction as described in

stant of Faraday (C- mol ™! ), and E is the potential (V vs. SCE). The deter- Eq. (41):

mination of concentration of surface on the electrode can be done from

the mass-transport equation as shown in Eq. (38): Erev = E + RT In <(1pr0d.> 41)
nF (react.

i = kmF { k], —[K];} (38)
Where E? is the standard electrode potential (V versus SCE) at any

Where ky, is the mass-transfer coefficient of reduction reaction ~ temperature given; R is the universal gas constant (J -mol ™" '.Kq.)? Tis
(m-s~1). Eq. (37) substitution into (38) as well as solving for [k]s pro- the absolute temperature (K); n is number of electrons contributing in

duces the final current versus voltage equation for reactions of reduc- ~ the reaction. @proq. and dreac:. are the reactant and product activities, re-
spectively; F is the Faraday's constant (C-mol™"). The E} was calculated

tion:
by using Eq. (42):
1 1 1
Ie  lacttk)  Him(k) G9) AGy = _anE?' (42)
-0.6 -
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S /
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Fig. 4. Effect of CO, loading on (a) carbon steel polarization behavior in solution of DEA-PZ ( 1.9 mol-L™! DEA+ 0.05 mol-L™' PZ) at 60 °C and (b) corrosion rate of carbon steel rate in
activated aqueous DEA solutions at 40 °C.
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Where AG? is the Gibbs free energy of formation any compound at a
given temperature, which can be determined using Eq. (43);

o | AG of1 1
AGT‘T[zgzs.ls*AHf T 29815 (43)

Where AG? and AH? are Gibbs energy of reaction (kJ-mol~1) at
298.5 K and standard enthalpy of reaction (k]-mol ') at 298.15 respec-
tively, and T represents the system temperature (K). The values of AG?
and AHY are shown in ST6. Whereas the exchange current density is
provided by Eq. (44):

G ) Ba(1_1
fo = loyref <Cox.ref> exp( K<T m>> (44)

Where E, is the activation energy in k]-mol~", and i)' is the ex-

change current density measured at reference temperature, Ter and ref-
erence concentration of oxidizing agent; Cox is the oxidizing agent
concentration, and n is the reaction order. Mechanisms and data were
found in the open literature related to the reactions which were
regarded in the current work only the exchange current density for
PZH* and DEAH™ reduction reaction which were supposed to be the
same as of MDEAH™ reduction. The total limiting current density is
shown in Eq. (45):

[ lim(k) = NFkml[k]}, (45)

Where ki, is the mass transfer coefficient ( s~!) and is presented into
Sherwood (Sh) number, for rotating electrode disc; the laminar mass
transport equation is considered by Levich [35]:

 knd

Sh=-5~=0621 Re%> 5c033 (46)
1

Where d is the diameter of rotating disc (m); D; is a reacting species
diffusion coefficient (m?-s~'); Re and Sc represent Schmidt and Reyn-
olds numbers respectively. The diffusion coefficient is determined by
Stokes-Einstein equation for various species as a function of tempera-
ture:

T et
D = Dpes X 7-— x =& 47
ref Tref u ( )

Where D,f is the species diffusion coefficient in water at the refer-
ence temperature (Tref); tref is the dynamic viscosity of mixed solution
of alkanolamine at reference temperature, and p is the viscosity of
mixed solution of alkanolmines at any temperature (T). The values of
diffusion coefficient for ionic species are given in ST7, and the diffusion
coefficients of the protonated alkanolamine have been considered equal
to that of molecular amine [36]. The equation of Weiland can be used for
the carbonated systems as given in Eq. (48):

wq %)
Hmix = W_l +Waolly o + W_] +Wally o (48)

Where L1, is the viscosity of carbonated aqueous activated DEA so-
lutions; 1y and 1, are the viscosities of the single alkanolamines in water
atloading o, and w; is the mass fraction of amine i. The viscosity of single
alkanolamine (Pa-s) can be calculated from the following equation [37]:

[(@iwy + bi)T + (w1 + dy)][ce(eswr + fiT + &) + 1wy
72

H; = Hy,o €XP
(49)
Where 4,0 is the water viscosity (kg- m~!-s~1) at any temperature

T; T is the temperature given (K), a is represent CO, loading (mol
CO,-(mol amine)™'); w; stands for amine mass percent, and the

constant values in Eq. (49) are provided in ST8. The determination of
value of 410 was carried out as a function of temperature as described
in Eq. (50) [38]:

1.3277(20—T)—0.001053(T—20)2>

T—105 (50)

:u'HZO = ’JHZO,ref X 10(
Where 44,0, 20°c is the water viscosity at 20 °C (0.001002 Pa-s).
The electrochemical model was solved using MATLAB software

2017a. Model-required inputs: temperature (K), oxidizing agent species

concentration (mol-L™!), and the hydrodynamic parameters for rotat-
ing disc (rad-s~') and diameter of disc (m). Once input parameters
found and selected, the model calculates total and individual anodic
and cathodic currents density. The total cathodic curve intersection
with the anodic curve to provide with corrosion potential (Eco) from

Eq. (51). The calculation of current density of corrosion (icor) is done

from anodic current equation at E = E,,. The carbon steel corrosion

rate (mm-a~!) was calculated from the corrosion current density

value icorr in (A-m~2), as described in Eq. (51).

iFe/FeZ' = iHaO*/Hz + iHco; ezt I,0/0H + Tpzp szt ivpEAH" /MDEA (31)
Tafel method for extrapolation was used for the determination of

current density of corrosion, which gives the calculation of rate of the
corrosion as shown in Eq. (52):

icorrMFe
CR = 52
Pre nF ( )
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Fig. 5. Effect of temperature on rate of corrosion of carbon steel in aqueous solutions of
DEA-PZ at (a) low CO; loading and (b) at high CO, loading.
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Applying Eq. (52) for carbon steel (MW = 55.854 kg-kmol™!, p =
7800 kg-m>) by having transfer of 2 mol of electrons. Moreover, this
equation can be changed to more traditional and convenient sets of
units shown as in Eq. (53):

CR = 1.155 x icorr (53)

4. Results and Discussion
4.1. DEA-PZ system speciation in carbonated solutions

To validate the VLE model, experimental data for the loading of CO,
and pH have been taken from literature. The comparison was made
under a wide range of operating conditions as shown in Tables 1 and
2. The amounts of CO, absorbed in a range of solutions are calculated
through model and measured through experiments are compared in
Table 1. The deviation between measured and calculated values is less
than 9.81%. This difference could be caused by the parameters of inter-
action between molecules and ions, which were regarded as a parame-
ter of default from the work of Austgen [22]. This can be attributable to
the fact that the Henry's constants were applied in this study, which
were taken from the study of Austgen [22]. Low partial pressure data
of CO, show relatively large errors, which may be because of limitations
in the experimental technique/setup used for VLE.

The VLE model was used for the determination of concentration of
all chemical species in DEA-PZ solution bulk under a wide range of op-
erating conditions. The data were obtained under operating parameters
like CO,, loading of solution, temperature of solution, and concentration
of PZ.

Low PZ species have been found compared to DEA due to low con-
centration of piperazine in DEA solutions to that of DEA. Fig. 2 reflects
the predicted carbonated aqueous solution speciation of 1.8 mol-L™!

—f— At high loading, 7=313.15K
—o— At low loading, 7=313.15K (@
== At high loading, 7=333.15K

A~ 0

[\S]

Corrosion rate/mm-a’!
W

[T

0 0.2 0.4 0.6 0.8 1
PZ concentration in the solution /mol-L-1

At low CO: loading
== At high CO: loading

(b)

Concentration HCO; /mol-L-!
coococoocoocooo o

oy

S~ Wwh oo~

T T T T
0 0.2 0.4 0.6 0.8 1
PZ concentration in DEA-PZ solution /mol-L-!

Fig. 6. Effect of PZ addition: (a) on the rate of corrosion of carbon steel in solutions of DEA-
PZ at low and high CO, loading. (b) on the concentration of HCO3 in the bulk solution of
DEA-PZ at 333.15 K.

DEA + 0.1 mol-L™! PZ at 40 °C. Both PZ and DEA form carbamate species.
PZ have a faster reaction than DEA with CO,. No major variations in be-
havior of species of DEA in the mixture to that of its alone were ob-
served. Whereas, the predicted speciation of piperazine in mixture
reflects a slight difference to that of only its carbonated aqueous solu-
tion, specifically at low CO, loadings. The behavior of the PZ species con-
centration follows a similar behavior to that of MDEA-PZ system.
However, in case of DEA the reaction is faster with CO, to that of
MDEA. Generally, the bicarbonate formation gives a high loading of
CO,, but due to the little carbamate formation, the reaction kinetics is
slow. A free and higher amine concentration relatively counteracts the
kinetics that is slow, but the whole rate absorption could be slower
than amines that are secondary.

As seen in Fig. 2, the concentration of bulk of H;0", HCO3,
DEACOO~, DEAH ™ PZH*, PZCOO~, H"PZCOO~ and PZ(COO™), in-
creases with CO, loading. Nonetheless, H;0" and HCO3 have higher
sensitivity towards the loading of CO, than PZ and DEA species which
show dependence on the amine concentration in the solution. With
the common information that corrosion rises with the loading of CO,,
this indicates that Hs0% and HCO3 may play a vital role in corrosion.
It must be noted that HCO3™ have more impact on the rate of corrosion
than H30™" because the HCO3 quantity is higher in the solution than
H;0% (i.e. the HCO3 concentration is 0.00438 to 1.04 whereas the
H;0% concentration is 4.6x10™'! to 3.2x10°® in the 1.8 mol-L™! DEA +
0.1 mol-L™! PZ).

4.2. The corrosion rate of carbon steel in carbonated system of aqueous
DEA-PZ

The developed model for the rate of corrosion was applied to model
the process of corrosion and to foresee the corrosion rate of carbon steel
in carbonated aqueous systems of DEA-PZ. The predicted results
through model were compared with those of the experimental results.
Comparison have been exhibited through making polarization curves
and kinetic data of electrode, current density of corrosion (ico), poten-
tial of corrosion (E,r), and the corrosion rate, as illustrated in Fig. 3 and
Tables 3-6.

A detailed comparison in predicted results against experimental
measurements for rate of corrosion is exhibited from Fig. 3 and
Tables 3-6. A similar trend has been observed in most of the simulated
curves of polarization from the models to that of experimental curves of
polarization. However, the simulated curves slightly differ at the bigger
current densities direction (ic) and smaller potential of corrosion
(Ecorr)- This indicates that the predicted rates of corrosion are larger
than those of obtained through experiments. The nonconformity of pre-
dicted polarization curves may be because of the values of concentra-
tion of iron in the bulk solution, which were obtained from [39] as an
ionic temperature and strength function. The polarization curves gener-
ated from the model have closeness to the experimental curves. The
lower rates of corrosion predicted in the system of DEA-PZ from the
model due to exchange current density of the values of protonated
DEA and protonated PZ used in this model have similarity to protonated
MDEA.

4.3. Effect of CO-, loading on the corrosion rate

The effect of CO, loading is shown by comparing the model results
with those of experimental measurements in aqueous solutions of
DEA-PZ. Fig. 4 shows that CO, loading has the direct effect on the rate
of corrosion on the carbon steel. A high of CO, loading of the solution
has more corrosiveness than that at low CO, loading. The corrosion
rate increases with increase in CO, loadings of activated systems of
DEA (1.9 mol-L™! DEA+ 0.05 mol-L™! PZ). The Fig. 4b illustrates that
the rate of corrosion rose from 0.42 to 1.72 mm-a~! on increasing the
CO, loading from 0.20 to 0.67 (mol CO, - (mol alkalinity)~!). Such rise
in the rate of corrosion is because of the increase in dissolved CO,
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which forms protonated and bicarbonate diethanolamine ions, which
stimulates more dissolution of iron that in turn accelerates the process
of corrosion.

Acids react with amine by a transfer reaction of proton due to pres-
ence of a free pair of electrons on the nitrogen of amine group. The
abundant acidic ions present in the solution react with the metal. In
the case of solutions of DEA, Shahid & Faisal [7] reported that DEAH™
ions have more concentration than the hydrogen ions and thus the
metal dissolution mechanism for DEA corrosion of solutions can be rep-
resented better by the reaction of reduction of DEAH ™. Furthermore, in-
crease in the rate of corrosion is attributed to the increase in
concentration of DEAH™ ions in the solution; hence, the higher the
quantity of DEAH™ ions, the higher will be the iron dissolution leading
to more corrosion.

Although the mechanism of corrosion is different in activated DEA
and MDEA, both amine systems reflect a rise in the rate of corrosion
with rise in the CO, loading. This is reported to happen because of the
concentration of HCO3™ ions in the system. The bicarbonate ion is the ox-
idizing agent for the two systems, which are carbonated. Gray et al. [40]
proposed that the charge transfer that controls the reduction of bicar-
bonate ion might be the cathodic reaction at a dominant pH of 6 to 10
in corrosion caused by CO,. Hamada et al. [41] found that the rate of cor-
rosion of carbon steel in DEA + K,COs3 solution increases with increasing
CO,, loading. They reported that the rate controlling step of corrosion of
carbon steel in the solution is the phase diffusion of liquid HCO3™ across
the layer of diffusion formed at the interface of metal-solution. Frolova
et al. [42] explored bicarbonate ion concentration effect on the rate of
corrosion of high and low strength steel in 1 mol-L™! solutions of sodium
and carbonate. They found that the rate of corrosion increases with in-
creasing the concentration of bicarbonate. Banks [43] reported that
high rate of corrosion in system of carbonate is because of high concen-
tration bicarbonate.

At low CO,, partial pressure, the addition of PZ yields higher amount
of HCO3', which in turn dissociates due to the increase in CO, loading,
which drives the corrosion process to proceed faster. This causes in-
crease in corrosion rate due to corrosion reaction between iron and bi-
carbonate as shown in reaction (54) [44].

Fe’* + HCO; =FeCO; + H* (54)

Carbamate formation takes place when DEA reacts with CO,. The
carbamate turns into bicarbonate by hydrolysis based on carbamate re-
version reaction of diethanolamine and increasing bicarbonate concen-
tration in the system of DEA-PZ. Similarly, Chakma & Meisen [45] found
that at the CO, partial pressure of 1.38 MPa, the rate of corrosion was
0.61 mm-a~!, which increased to 0.8 mm-a~! at CO, partial pressure
of 4.13 MPa.

4.4. Effect of temperature on the rate of corrosion

It is obvious that increase in temperature increases the rate of reac-
tion. Based on this theory, the rate of corrosion increase may be pre-
dicted when the temperature is increased. The solution temperature
effect on the rate of corrosion of carbon steel was examined by simulat-
ing six various activated DEA concentrations at different temperatures
of solution. For the system of activated DEA low loadings ranged from
0.01 to 0.36 mol of CO, per mole of alkalinity, while the high loading
ranged from 0.17 to 0.77 mol of CO, per mole alkalinity.

The increase in solution temperature decreases the CO, loading of
activated DEA solutions and thereby reducing the oxidizing agent con-
centration in the solution. Corrosion depends on oxidizing agent flow
to interface of carbon steel solution. The results of corrosion as shown
in Fig. 5, reflects that the temperature of solution has a direct relation
to the rate of corrosion, a rise in the temperature of solution resulted
an increase in the rate of corrosion. This can be indicated by the reaction
kinetics dependence on temperature. For high CO, loading the rate of

corrosion of carbon steel increased with increasing temperature. This
is because of high carbamate concentration in the solution. The carba-
mates are the primary cause for the iron chelate formation, which
helps to cause the increase in the rate of corrosion, by increasing con-
centration of oxidizing agent (mainly HCO3) in the solution. Primary
carbamates of amines form strong chelating agents and can form a che-
late soluble compound with Fe?* [46]. Furthermore, because higher vis-
cosity of the fluid that causes the electrochemical species diffusion
(which is included in corrosion phenomenon) between the strenuous
electrodes. It is predicted that at high CO, loading and high temperature,
the rate of mass transfer of CO, is affected positively by the driving force
that is increased to rise the rate of corrosion in DEA-PZ as illustrated in
Fig. 5.

4.5. Effect of addition PZ on the rate of corrosion

The effect of addition of PZ on the rate of corrosion of carbon steel
was simulated for 2mol-L™! total solution alkalinity for three different
temperatures of solution at different CO, loadings. Results in Fig. 6a re-
flect that at low CO, loading the rate of corrosion of carbon steel in-
creased with the increase in concentration of PZ at the three
temperatures of solution. The increase in corrosion rate is anticipated
to the increase in concentrations of oxidizing agent for the systems. At
low partial pressure of CO, and solution temperature the PZ affected
on DEA as an activator to increase the loading of CO, which increased
the HCO3™ and protonated concentrations of amine in both systems
which resulted in rise of the rate of corrosion. Whereas, at high CO,
loading the rate of corrosion of carbon steel increased with the increase
in concentration of PZ as illustrated in Fig. 6a. This is because of the in-
crease in HCO3™ concentration from CO, that is dissolved, and hydrolysis
DEA carbamate as illustrated in Fig. 6b.

5. Conclusions

A mechanistic model for corrosion of carbon steel in carbonated
aqueous solutions of activated DEA was developed successfully.
The use of e-NRTL model to develop rate model for corrosion pro-
vided with improved accuracy for prediction of corrosion rate. The
carbon steel corrosion rate in activated DEA systems is influenced
by CO, loading, solution temperature and concentration of activator
(PZ). Hydronium ion Hs0™" contributed least to the rate of corrosion
of carbon steel in activated DEA systems, in comparison to other ox-
idizing agents (H,0, HCO3', PZH*, and DEAH ™). The partial contribu-
tion of bicarbonate, water reduction, and protonated amine to the
rate of corrosion depends on the concentration of activator. At low
concentration of activator, protonated and bicarbonate amine reduc-
tion contribution are significant in comparison to the water reduc-
tion contribution. The order of corrosiveness of carbon steel in
aqueous solutions is mainly controlled by their absorption capacity
of CO,, where high corrosion rate is found at high CO, loading. CO,
loading effected on the anodic and cathodic reactions. HCO3™ reduc-
tion is more sensitive to CO, loading than other oxidizing agents.
Temperature of solution changes the iron dissolution kinetics but
slightly affects reactions that are cathodic. The deviation between
measured and predicted values of CO, loading is less than 9.81%. Ab-
solute average deviations in experimental and predicted values of
corrosion potential and corrosion rates are obtained as 2.77% and
26.36% respectively for 2mol-L~! DEA. Whereas, AAD in experimental
and predicted values of corrosion potential and corrosion rates for
the blend of DEA and PZ ranged from 1.6% to 2.17% and 17.89% to
39.37% respectively.
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