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Abstract. The paper examines the impact of hydrogen sulfide (H>S) on the adhesion strength of internal polymer coatings
designed to safeguard oil pipelines against corrosion. The analysis focuses on the mechanisms of coating destruction in
aggressive environments, including the chemical reaction of H,S with inorganic fillers such as iron oxide (Fe;O3), which
leads to the formation of sulfides and a sharp decrease in adhesion. Experiments were conducted under autoclave

conditions with varying H»S concentrations, temperatures, and holding times. The results showed that even minimal H»S
concentrations significantly deteriorate the adhesive properties of coatings. A model of adhesion reduction is proposed that
allows to predict the service life of coatings under specific operating conditions. Particular attention is given to comparing
various types of coatings, including duplex, liquid, and powder systems, as well as the role of phenolic primers in their
stability. The processes of diffusion and chemical interaction with the coating components were found to play a key role
in durability. These findings are crucial for developing more effective anti-corrosion solutions in the oil and gas industry.
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Annoranusi. Mccnenyercst BiausiHue cepoBopopona (HpS) Ha aare3noHHyro NPOYHOCTh BHYTPEHHHX MOJIMMEPHBIX
MOKPBITUH, UCTIOJIb3YEMBIX JUIS 3alUTh HEPTIHBIX TPYOONIPOBOAOB OT KOppo3uu. OCHOBHOEC BHUMAHHE YACICHO aHATU3Y
MEXaHU3MOB pPa3pYIICHUS MOKPHITUH B arpeCCHBHBIX Cpelax, BKIFOYAs XUMHYecKHe peaknuu HoS ¢ Heopranmueckummu
HAIOJHUTEISIMH, TaKUMH Kak okcua xese3a (FepO3), uTo mpuBOIUT K 00pa30BaHHIO CYJIb(UIOB U PE3KOMY CHIKEHHUIO
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aare3ud. DKCIEPUMEHTHI MPOBOIMIACH B aBTOKJIABHBIX YCJIOBHSX C BapbHpOBaHHEM KOHIeHTpauuu H»S, Temmeparypsr

U BPEMECHH BBIICPXKKH. Pe3ympTaThl mokaszaiu, 4YTO Jake MHHUManbHBIE KoHIeHTpanuu HoS (> 300 Ila) BBI3BIBaroT
3HAYUTEIIbHOE YXY[IICHHE AaJre3HOHHBIX CBOWCTB MOKpBHITHH. IIpenymoxkeHa MOIETb CHIKEHHS a[re3uH, KOoTopas
MO3BOJISIET TPOTHO3MPOBATh PECYPC MOKPBITHH B KOHKPETHBIX YCIOBHSX 3KCILTyaTaruu. Ocoboe BHUMaHME YIEIEHO
CPaBHEHHUIO PA3JIMYHBIX TUIIOB IMOKPBITHH, BKIOYAs IYIUIEKCHBIC, JKHIKHE W IIOPOIIKOBBIE CHUCTEMBI, a TAaKX€ POIU
(beHONBHBIX NMPaliMEPOB B UX YCTOHUYMBOCTH. Y CTaHOBJIEHO, YTO Tpouecchl AU(PGY3Ud U XUMHUUYECKOTO B3aUMOACHCTBUS
C KOMIIOHCHTaAMU HOKpI)ITI/lﬁ HUI'paroT KIHOYEBYIO POJIb B UX JOJTOBEYHOCTH. HonyquHMe JAHHBIC BaXXHBbI I pa3pa60T1<1/1
Oosee A PEeKTUBHBIX aHTUKOPPO3NOHHBIX PEIICHUH B HETera3oBoii oTpaciu.

KiroueBble cjI0Ba: SMOKCUIHBIC MOKPHITHS; ABTOKJIABHBIN KOMIUIEKC, pPECypc IOKPBITHSA; ITUTEIbHAS BBIICPIKKA;
aJIFe3MOHHAsl TPOYHOCTh, KOPPO3HMOHHBIE MPOLECChl; AUGPY3UOHHBIE TPOLECChl; MPOTHO3 CHWKEHHS aAre3MOHHOU

MIPOYHOCTH.
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1. Introduction

Solving the problem of internal corrosion in oil
pipelines is essential to maintaining the industry’s
integrity and safety. In this regard, there is active
development in creating protective coatings for
pipelines, including those with various polymer
compositions [1-3]. Typically, the protective
properties of polymer coatings are examined in NaCl
solutions. However, in the oil and gas sector,
corrosion is primarily caused by H;S and CO,
dissolved in water reacting with metal [4]. This type
of corrosion is generally classified into two main
categories: "sweet" and "sour" corrosion. "Sweet"
corrosion occurs in environments with elevated

partial pressures of H,S and CO, (PH,S and PCO,),
while "sour" corrosion occurs in environments with

a PCO,/PH,S ratio below 20:1. These environments
are further divided into three categories depending on
the PCO,/PH5S
(PCO,/PH;S > 500), "sweet"-"sour" corrosion
(PCO,/PH,S in the range from 20 to 500), and "sour"
corrosion (PCO,/PH,S < 20:1) [5].

PH,S and PCO; levels, temperature, and pH are
critical factors affecting corrosion. These variables
significantly influence gas dissolution, thereby
affecting the rate and mechanism of corrosion
product formation in sweet and sour environments.
Temperature accelerates chemical reactions, but it
also reduces gas solubility, which affects corrosion
rates. pH levels determine the environment's acidity
or alkalinity. Low pH accelerates corrosion, while
high pH can trigger localized corrosion mechanisms.
Dissolved CO, and H;S gases form corrosive acids in
water that react with metal surfaces to form less
porous corrosion products, thereby accelerating
corrosion. "Sweet" corrosion typically involves the

ratio: "sweet" corrosion

formation of metal carbonates (MeCO3) [6], while
"sour" corrosion involves various metal sulfide
formations [7].

In this regard, it is advisable to evaluate the
barrier properties of polymer coatings for oil
pipelines in environments containing hydrogen
sulfide (H,S) and/or carbon dioxide (CO,). Currently,
few studies in the literature address the impact of H,S

and/or CO, on metals protected by polymer coatings
[8-13]. Even fewer publications study the
mechanisms by which polymer coatings are
destroyed or how aggressive components penetrate
them and cause metal corrosion. The authors
investigated the anticorrosion protection of a bipolar
coating based on epoxy resin filled with SiO, particles
modified with hexadecyltrimethylammonium bromide
(Si0,-CTAB) and sodium dodecylbenzenesulfonate
(Si0,-SDBS). Depending on the application
sequence, when the inner layer is a p-type
semiconductor containing SiO,-CTAB particles and
the outer layer is an n-type semiconductor containing

Si0,-SDBS particles (CS) or vice versa (SC), the
protective action of the bipolar coating with a double
electric layer changes [8].

A p-n junction is a region of space charge
formed at the interface between n-type and p-type
semiconductors. It exhibits high resistance. In the
case of an SC coating, the inner coating adjacent to
the metal substrate had fixed negative charges, such
as sulfonate ions [-SO3] , as well as mobile cations
similar to those of a p-type semiconductor. The outer
coating, which is adjacent to the solution, has fixed
positive  charges, such as ammonium ions
[—N(CH3)3]+, as well as mobile anions that are
similar to those of an n-type semiconductor. When
the sample was immersed in the solution, the mobile
ions in the coating began to diffuse due to the
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concentration gradient. This led to the formation of
a p-n junction at the phase boundary between the
inner and outer layers of the coating. When
a corrosive environment, such as water and oxygen,
penetrates the metal/coating phase boundary, the
metal under the coating begins to oxidize. Due to the
coating’s cation selectivity near the metal, Fe’" jons
diffuse to the inner coating. However, the electric
field’s direction in the space charge region opposes
the direction of Fe>~ diffusion, limiting Fe’" diffusion
and metal corrosion. Corrosive anions, such as HS

and Szf, diffuse into the coating and into the space
charge region. Thus, for SC coatings, corrosion
occurs initially before a p-n junction forms to prevent
charge transfer.

In a CS coating, the layer near the metal is
positively charged and contains mobile anions, while
the layer near the solution is negatively charged and
contains mobile cations. When the sample is
immersed in a solution, a p-n junction space charge
region forms. An electric field is generated from the
n-type to the p-type. Thus, the outer coating prevents
anions, such as HS and Szf, from penetrating the

solution, and the inner layer prevents Fe’" from
diffusing into the coating [5].

In [9], the authors studied the protective effect of
a superhydrophobic, anti-corrosive coating on a Q235
carbon steel substrate in an environment containing
3.5 % NaCl and hydrogen sulfide. The coating consisted
of an wupper layer of hexadecyltrimethoxysilane
(HDTMS)@Si0O, and a lower layer of epoxy resin.
They demonstrated that the coating's surface creates
a cushion that traps air, provides hydrophobization,
and reduces contact with the corrosive environment.
This prevents the formation of a local acidic state and
corrosion of the metal beneath the coating.

Depending on the  polymer
composition, its permeability to H,S can vary greatly.

Work [14] points to the abnormally low H,S
permeability in fluoropolymers, which is primarily
caused by their low H,S solubility. The authors
suggest that the extremely low solubility of H,S in
fluoropolymers, in addition to low permeability, will
not cause plasticization of polymer coatings.
The diffusion of H,S into polymers can also be
slowed by creating barrier layers containing ZnO or

coating's

Fe,O3, which react with H,S, or by filling polymers
with ZnO particles.

This study aims to determine how hydrogen
sulfide-containing environments affect the adhesive
strength of internal epoxy coatings on oil pipelines
and pump-compressor pipes.

2. Materials and Methods
2.1. Materials

Various types of polymer coatings on steel plates
measuring 100x50x¢ mm (¢ is sample thickness) were
used as research objects:

1) A duplex coating consisting of a layer of iron-
zinc  intermetallic  compound (obtained by
thermodiffusion zinc coating) at the boundary with
a metal plate with a thickness of ~80 pm, and
a second layer in the form of a thermosetting polymer
coating based on epoxy-novolac resins with
a thickness of ~ 160 pum [17] (Fig. 1).

The microstructure and elemental composition
of the polymer coatings were studied by scanning
electron microscopy using a TESCAN VEGA3 SBH
microscope with an X-act energy dispersive analysis
attachment.

2) A thermosetting polymer coating based on
epoxy-novolac resins with a thickness of ~ 160 um
(Fig. 2).

3) Powder coatings: Coating 1 and Coating 2
(basic powder coatings used to protect the inner
surface of oil pipeline and pump-compressor pipes),
applied over a phenolic or epoxy-phenolic primer
layer (Primer 1 and Primer 2, respectively) (Table 1,
Fig. 3). These coating systems were selected due to
their widespread use in protecting pipe interiors.
Primer 2 and Coating 1 are standard versions, while
Primer 1 and Coating 2 are heat-resistant and can
withstand maximum operating and test temperatures
of up to 130 °C.

SEM HV: 20.0 kV
SEM MAG: 500 x
BI: 15.00

WD: 15.90 mm
Det: BSE
Date(midly): 08/14/23

100 ym

Performance in nanospace

Fig. 1. Microstructure of the cross-section
of the duplex coating on a metal plate
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Table 1. Coating systems used
as experimental samples

AN A 2 LG g el L e T Number of the
PG : : h : system tested

experiment Primer 1 Primer 1 Primer 2
Primer Phenolic Phenolic Epoxy-
phenolic
Primer
thickness, tm 7-32 8-22 13-31
Powder coating
layer thickness, 350-800 350-800 350-800
SEM HV: 20.0 kV WD: 17.20 mm | VEGA3 TESCAN
SEM MAG: 500 x Det: BSE 100 pm um
Bl: 15.00 Date(midly): 08/14/23 Performance in nanospace Glass transition
. . t ture Tg, 110+3 160 + 6 110+3
Fig. 2. Microstructure of a cross-section of a polymer Oempera ure te

coating based on epoxy-novolac resins on a metal plate

Marking in the ~ Coating 1 / Coating 2/ Coating 1/

11.19 ym

Primer

SEM HV: 20.0 kV WD: 14.88 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 15.08 mm
SEM MAG: 100 x Det: BSE 500 pm SEM MAG: 500 x Det: BSE 100 pm
Bl: 13.00 Date(m/diy): 03/15/21 Performance in nanospace Bl: 12.00 Date(m/dly): 03/15/21 Performance in nanospace

17.77 pm

¥
SEM HV: 20.0 kV WD: 15.06 mm VEGA3 TESCAN|
SEM MAG: 1.00 kx Det: BSE 50 pm
Bl: 15.00 Date(midly): 01/18/21 Performance in nanospace
Mass content, %
No C 0] Ti Si Al Fe Zn Cr P
1 62.88 28.06 8.29 0.42 0.35 - - - -
47.77 25.67 0.11 1.24 0.10 21.55 2.48 0.62 0.26

Fig. 3. Microstructure of the cross-section of the Coating 1 / Primer 2 coating at different magnifications:
1 and 2 — areas of elemental analysis (* the values of inorganic inclusions may be underestimated due
to the small thickness of the layer and the capture of adjacent areas of the polymer coating during analysis)
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Fig. 4. Autoclave complex designed to simulate the operating conditions
of tubular products during the extraction of petroleum fluid

2.2. Methodology for testing adhesive strength

In a laboratory setting, an autoclave complex
(Fig. 4) was used to test the adhesive strength of the
duplex coating. The tests were conducted depending
on the concentration of H,S and the adhesive strength
of the coatings after exposure to various time periods
in environments containing or lacking H,S [18].
The test samples were placed in the autoclave
complex. Nitrogen was blown through for five
minutes to remove adsorbed oxygen from the surface
of the samples and from the electrolyte solution.
Then, the nitrogen pressure was reduced to
atmospheric pressure. H,S was fed into the autoclave
at a temperature of (20 = 5) °C and at the set pressure.
The test medium was maintained until equilibrium
was reached while keeping the H,S pressure constant
in the system. The samples were heated to the
required temperature. After reaching operating mode,
nitrogen was added to the total pressure. After the
specified holding time, the heating was turned off,
and the pressure was released. Then, the samples
were removed from the autoclave and dried at 40 °C
for 24 hours. After drying, the adhesion strength of
the coatings was tested according to Russian Standard
32299-2013.

Three plates were tested in each experiment.
The test result was taken as the arithmetic mean of
six indicators obtained after the samples had been
kept in the autoclave complex for the same time,
following an identical period of exposure to the test
environment.

The conditions for exposing the samples to the
H;S-containing environment were as follows:

— pressure of corrosive H,S gas in the autoclave
(1£0.1) MPa H,S;

— total pressure in the system (N3) (10 + 0.5) MPa;

— temperature (80 = 3) °C;

—sample exposure time: 10; 20; 30; 40; 50; 60;
70; 80; 90; 100 days;

— a solution of sodium chloride in distilled water
with a mass fraction of 5% was used as the
electrolyte, with an electrolyte volume of (4 = 0.1) L.

3. Results and Discussion

The dependence of the changes in adhesive

strength over time in an H)S environment was
identical for a polymer coating based on epoxy-
novolac resins (liquid coating — LC) and a duplex
coating (thermodiffusion zinc coating TDZ + LC)
(Fig. 5).

During the first stage (the first 10 days), there is
a sharp drop of more than 50% in coating adhesion in
an H,S environment. This may be due to the
interaction between hydrogen sulfide and the
inorganic components of the coating. The kinetics of
the chemical reaction will be discussed below.
This section of the experimental curve can be
described by a reverse exponential function with high
R? correlation coefficients (0.91 and 0.98). A change
in color is observed in the coating, from pink (due to

the red hues of Fe;O3 in its composition) to black
(characteristic of FeS).
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18-
16 1 y=-0.74x+18.64
o - R?=0.6348
S 144
c 12-
O ] y=12.54-exp(-x/5.28)+7.54
8 10- R?=0.91 y=-0.0172:x+8.58
S o] \ges
< I T T S S e
64 y=14.57-exp(-x/4.29)+3.62
] _ R*=0.98 y=-0.0139.x+4.44
a{ T
2 _
0 20 40 60 80 100
Time, days

Fig. 5. Dependence of the adhesive strength of epoxy-novolac coatings on the holding time in an H»S environment
(For comparison, the dependence of the adhesive strength of a duplex coating on the holding time in an environment
without H»S is shown (black curve))

SEM HV: 20.0 kV WD: 13.96 mm SEM HV: 20.0 kV WD: 13.80 mm VEGA3 TESCAI
SEM MAG: 2.00 kx Det: BSE 20 pm SEM MAG: 2.00 kx Det: BSE 20 pm
Bl: 14.00 Date(m/dly): 10/02/23 | Bl: 14.00 Date(m/dly): 10/02/23 Performance in nanospace

Mass content, %
No. C o S Al Fe
1 7.42 13.20 10.71 8.66 60.01
2 7.45 3.61 5.16 - 83.78

Fig. 6. Corrosion products represented by iron sulfides at the metal-coating interface
after 100 days of exposure in a hydrogen sulfide-containing environment

This indicates that reactions are occurring within ~ The presence of corrosion products in the form of
the polymer matrix. In the second stage, adhesion FeS confirms prolonged exposure (more than
decreases linearly and at a slower rate. This may be 70 days) (Fig. 6). The presence of an iron-zinc
due to electrolyte diffusion saturated with hydrogen  intermetallic sublayer does not alter the trend of
sulfide and reactions at the metal-coating interface. ~ decreased adhesive strength during this experiment.
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This confirms the hypothesis that the dominant
processes of adhesive strength reduction occur within
the polymer matrix rather than at the metal-polymer
interface.

During similar autoclave tests of the TDZ + LC
sample in a hydrogen sulfide-free environment
(Fig. 5, black curve), a gradual, linear decrease in
adhesion occurred. This indicates that hydrogen
sulfide decisively influences the initial decrease in
coating adhesion during tests in an HjS-containing
environment.

Microstructural and elemental analyses of
TDZ + LC coatings revealed that the initial sulfur
distribution corresponds to the distribution of BaSO4
particles in the polymer coating. These particles serve
as fillers in paint and varnish materials (PVM).
In areas with elevated iron content, the sulfur
concentration remains at background levels (Fig. 7).

After 70 days of exposure in an H,S-containing
environment, the maximum sulfur concentration is

(b)

observed in areas with localized iron (Fig. 8),
indicating the occurrence of chemical reactions that
lead to the formation of FeS.

SEM EDS analysis corroborates the results of
local energy-dispersive analysis (Figs. 9 and 10),
indicating nearly complete conversion of Fe,O3 to
FeS. Notably, there are no morphological signs of
chemical transformation: no change in the density
(volume) of the filler is observed (Fig. 11a), and there
are no cracks at its boundary (Fig. 115). This may be
due to the small (7.5 %) difference in density
between Fe,O3; and FeS, as well as the polymer’s
good relaxation capacity, which compensates for
stresses in the material and prevents cracks at the
filler-polymer matrix interface. However, the
formation of FeS contributes to the disruption of the
primary adhesive bonds. The residual adhesive

strength of the polymer coating is provided by zones
free of FeS and subsequently varies according to
a linear law.

(c)

Fig. 7. Results of the mapping mode elemental SEMEDS analysis of the TDZ + LC section
in the initial state in the characteristic radiation: « — Fe; b —Ba; ¢ — S

(b)

(c)

Fig. 8. Results of the mapping mode elemental SEMEDS analysis of the TDZ + LC section
after 70 days of exposure in an HyS environment in characteristic radiation: a — Fe; b — Ba; ¢ — S

Yudin P.E., Bogatov M. V., Lozhkomoev A.S.

35



Journal of Advanced Materials and Technologies. 2026. Vol. 11, No. 1

SEM HV: 20.0 kV
SEM MAG: 5.00 kx
Bl: 11.00

WD: 15.97 mm

SEM HV: 20.0 kV
SEM MAG: 5.00 kx
BI: 12.00

WD: 15.36 mm
Det: BSE 10 pm
Date(m/dly): 04/17/25

VEGA3 TESCAN

Performance in nanospace

21.06]60.89|14.29] 1.98 0.80/0.99

No Mass content, % No Mass content, %

IO Fe Si C |Mg|Al|Ti|Ca| K |S ’ Si S Fe C O Al Ti
1 [21.80|71.19] 1.17 | 5.83 | — — — - - |- 1 2.50 | 27.02 | 41.92 | 18.56 | 745 | 1.29 | 1.27
2 28.62(40.68| 7.82 |12.41(2.76|3.33|2.94]|0.76]0.69 | — 0.85 | 32.11 | 4392 | 13.62 | 8.17 | 0.64 | 0.69
3 [23.17]|56.03| 4.22 {10.69|0.74[2.40|1.58]0.62]0.56 | — 3 0.45 | 3430 | 54.62 | 6.74 | 3.52 | 0.38 —
4 _ _ _

Fig. 9. Results of the energy dispersive analysis
of inorganic fillers of the TDZ + LC system’s polymer
coating in the initial state

SEM HV: 20.0 kV
SEM MAG: 10.0 kx
BI: 10.00

WD: 15.31 mm

Det: BSE 5 pm
Date(midly): 04/17/25

(@)

Performance in nanospace

VEGA3 TESCAN  SEM HV: 20.0 kV
SEM MAG: 10.0 kx

Fig. 10. Results of the energy dispersive analysis
of inorganic fillers of the TDZ + LC system’s polymer
coating after exposure to a hydrogen sulfide-containing
environment for 70 days

B Cracks at the SiO; boundary

oo

No cracks at the FeS
boundary

wD: 1538 mm |

Det: BSE 5pm
Date(m/dly): 04/17/25

(b)

VEGA3 TESCAN

BI: 9.00 Performance in nanospace

Fig. 11. Microstructural studies of TDZ + LC:
a — in the initial state; b — after exposure to a hydrogen sulfide-containing environment for 70 days

After 70 days of exposure to H,S, isolated

cracks are detected at the boundaries of SiO; particles
in the polymer coating. These cracks do not
significantly affect the reduction in coating adhesion
(Fig. 11).

Thus, the sharp decrease in epoxy-novolac
coating adhesion during the first ten days of testing is
directly linked to chemical reactions between
hydrogen sulfide and the coating's fillers (primarily

Fey03). In this regard, the dependences of adhesion
on test duration in an H,S environment obtained
(Fig. 5) can be correlated with the kinetics of the
coating’s chemical reactions. Initially, adhesion
changes are determined by the rate at which H,S is
supplied to the coating, diffuses to the Fe,O3
particles, and  undergoes  direct  chemical
transformation. In this case, the formation of
a surface layer of iron sulfide on the particle surfaces,
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which likely occurs within the first 10 days,
is sufficient to maximize the reduction in adhesion.
Meanwhile, the reaction of the filler particles with
hydrogen sulfide continues. Assuming that the
adhesion value (o) is a function of H,S consumption
when interacting with coating components (Q), the
data in Fig. 5 can be used to plot Q as a function of
autoclave test time (f), with Q equal to o(#y) — o(?).
In this case, o(#) is the initial adhesion and o(¢) is the
adhesion at time 7 (see Fig. 12).

In the case of a pseudo-first-order reaction, the
initial segments of the obtained curves can be
expressed in differential form as follows (1):

do,
£zkl(Qmax_Qt)a (1)

dt
where k| is the first-order rate constant, min_l; Omax
is the maximum H,S consumption; Q; is the H3S
consumption at time ¢, and ¢ is time, min.

Integrating equation (1) under the boundary
conditions Q;=0 at t=0 and Q;= Q; at ¢t = ¢ yields
a linear relationship, and plotting the values of
In(Qyax /(Omax — ©O;)) as a function of 7 gives a slope

that can be used to determine the first-order reaction
rate constant (2):

h{ﬂ] =Iyt. )
Qmax - Qt

A pseudo-second-order
described by equation (3):

reaction can be

d t
5%=kAQWR—QJ? 3)

dt

Q, arbitrary units

40 60 80 100
Time, days

Fig. 12. Kinetic dependences of the parameter O
(duplex coating TDZ + LC — red curve;
polymer coating LC — blue curve)

Integrating equation (3) using the boundary
conditions O;=0at =0 and Q;= QO at t = t yields:

1 1

- =kt “4)
Qmax - Qt Qmax
or
Ql%l xk2t
Q=— (5)
1+ Qmaxk2t
The linear form of equation (5) is as follows
t t 1
— = — (6)
Qt Qs Qmaka
or
t t 1
—=—, ()
O Oy m

where m denotes the initial diffusion rate coefficient
and is equal to Qéaxkz.

By plotting the graph ¢/Q, = f(¢), one can
determine the initial diffusion rate m, Qnax, and the

pseudo-second-order rate constant k.

Figure 13 shows the linearized forms of the first-
and second-order QO versus t dependences. Higher R
values are observed for second-order kinetic models
compared to first-order kinetic models. This indicates
that the second-order model is more suitable for

describing changes in adhesion in an H,S
environment and that the process consists of multiple
mechanisms.

When obtaining the dependence at three
different temperatures, the slopes of the lines in
Figs. 13¢ and 13d will change. It is then possible to
determine the activation energy and the Arrhenius
constant by plotting graphs of In(k,) versus 7.

Using the TDZ + LC coating as an example,

an assessment of H,S concentration was conducted
during autoclave tests for adhesive strength after
336 hours of treatment. The system parameters
during the tests were as follows:

—the H,S concentration was varied by injecting
0.1, 0.5, 1, or 1.5 MPa of corrosive gas into the
system;

— the total pressure in the system was regulated
by nitrogen to (10 + 0.5) MPa;

— temperature (90 + 3) °C;

—the electrolyte was a 5 % sodium chloride

solution in distilled water, with a volume of
4+0.1)L.
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Fig. 13. Linear forms of pseudo-first-order (a, ) and pseudo-second-order (¢, d) kinetic equations
for the interaction of hydrogen sulfide with epoxy-novolac coatings

The test results are presented in Fig. 14. As can
be seen, the adhesive strength function as a function

of H,S concentration in the system is described by an

equation of the form y=a xxb, where a =3.255,
b=-0.205, with a correlation coefficient R*=0.98.
A significant decrease in adhesive strength, from 13.8
to 5.0 MPa, is achieved even at the minimum H,S
content under experimental conditions. An increase in
hydrogen sulfide concentration from 0.1 to 1.5 MPa
does not significantly decrease adhesion. These
results indicate the need to evaluate the barrier
properties of coatings intended for wells with low
partial pressures of hydrogen sulfide, starting from
300 Pa. At such H,S concentrations, wells are
classified as corrosion-prone.

Figure 15 shows the dependence of the adhesive
strength of powder coatings on exposure duration to
a  hydrogen  sulfide-containing  environment.
The obtained data can be approximated by linear
functions corresponding to the 10-100 day range for
LC (Fig. 5).

16
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14 n Equation y =a*x"b
a 3.25548 + 0.12589
i b -0.20494 + 0.01206
R-Square (COD) 0.98086
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@ 8-
< |
©
< 6
4 -
2
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H,S pressure in autoclave, MPa

Fig. 14. Change in the adhesive strength of the TDZ + LC

coating depending on the concentration of HpS
in the autoclave
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Fig. 15. Dependences of the adhesion strength of powder coatings on the treatment time in an H,S environment
(Coating 1 / Primer 1 —straight orange line, Coating 2 / Primer 1 straight blue line, Coating 1 / Primer 2 — straight black line)

Table 2. Adhesion reduction after an autoclave test of three types of coatings
in hydrogen sulfide-containing environment

Coating system / Test temperature

Coating 1 /80 °C  Coating 1/90°C  Coatingl / Primer 2 / 80 °C

Adhesion value, MPa

Adhesion reductionas compared to initial value, %

17.0+3.5

202+2.9 94+£22

19 62

In this case, it can be assumed that no chemical
reactions occur in the coating or at the metal-coating
interface during the initial stages of treatment.
Instead, there is gradual diffusion of corrosion-active
components, with reactions occurring within the
polymer volume and at the metal-coating interface.
This is confirmed by a change in the nature of
corrosion, from predominantly cohesive to fully
adhesive. For the 0-10 day period, significant
deviation from the straight line is observed for the
Coating 1/Primer 1 system. This deviation may be
due to chemical reactions occurring during this time.
Of interest is the tangent of the slope of the
approximating straight line. The gray line plotted for
the Coating 1/Primer 2 system has the highest slope
(0.495), which corresponds to the empirical data.
Systems with a simple phenolic primer of the Primer
2 type have a service life that is 30-50 % shorter than
similar powder coatings with Primer 1. Additionally,
it is evident that using a high-temperature material
does not provide any additional benefits.

Powder coatings typically use a phenolic primer

containing up to 50 % iron oxide (Fe,O3) (Fig. 4).

At a diffusion rate significantly higher than the
diffusion coefficient (D), the coatings in Fig. 3 are
characterized by chemical reactions between the
primer and hydrogen sulfide.

One telling example is the experiment that
evaluated the reduction in adhesion of a powder
coating with and without a primer. The experiment
involved autoclave treatment of Coating 1 with
Primer 2 and without a primer at 80 and 90 °C,
as described in Section 2. As shown in Table 2, the
decrease in adhesion is 32 % and 19 % at 80 and
90 °C, respectively, for the system without a primer,
while it is 62 % for the system with a primer at 80 °C.
This significant difference in adhesion change is due
to the primer's reaction with hydrogen sulfide to form
iron sulfide (Fig. 16). The values for the experiment
at 80 and 90 °C fall within the confidence interval.
The typical composition of a primer similar to Primer 2
is presented in Table 3. As can be seen, the iron oxide
content reaches 33 %, and its reaction with hydrogen
sulfide leads to a significant drop in adhesion.
This mechanism is similar to that described above for
the liquid epoxy-novolac coating.
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20kV  X1,000

20kV X500

, Reaction products (FeS) of primer
with H,S (coating 1/primer 2 after
autoclave test)

* Primer (coating 1 / primer 2 before
autoclave test)

* No corrosion products (coating 1
after autoclave test)

Fig. 16. State of the metal/coating interface before and after the autoclave test at a temperature of +80 °C

Table 3. Typical primer composition

Approximate mass

Primer component .
P concentration, %

Butyl cellosolve 25
Phenolformaldehyde resin 19
Toluene 32
High-molecular-weight epoxy resin 9
Iron oxide pigment 14
Aerosil R 974 1

Substances forming the dry residue are written in italics.

In summary, the decrease in coating adhesion in
environments containing hydrogen sulfide can be
described by equation (8) for the general case:

G(t)zkl e_t/kz +k3t+60. (8)

The ratio of the coefficients kj, k>, and k3
depends on the amount of fillers that react with
hydrogen sulfide. In their absence, the relationship
becomes linear. Knowing the tangent of the angle of
inclination of the segment described by the line

allows one to predict the exposure time before the
peeling process begins (i.e., the limit values at which
the coatings retain their protective properties).
Considering that coating degradation proceeds
identically under laboratory and field conditions, this
equation can also be used to estimate the remaining
service life of pipes with anticorrosion coatings when

the coefficients ky, k», and k3 are selected.

4. Conclusion

A pattern has been established for the first time
for the decrease in adhesion of polymer coatings
following exposure to a hydrogen sulfide-containing
environment. This decrease is caused by the reaction
of iron oxide, a component of the coating’s inorganic
fillers, and the diffusion of water containing
dissolved corrosive gases toward the metal. At the
beginning of exposure, the change in adhesion is
determined by the rate at which H,S is supplied to the

coating, diffuses to the Fe,Os filler particles, and
undergoes direct chemical transformation.
The dependence of the change in adhesion on the

partial pressure of H,S has been shown to be
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inversely  proportional. For coatings whose
components react with hydrogen sulfide, even low
partial pressures of H,S (>300 Pa) are critical,
regardless of the initial values of adhesive strength.
For steady-state modes of adhesive bond disruption,
H,S's contribution is insignificant; in this case, water
absorption and mass transfer processes dominate.

After the chemical reactions have completed, the
decrease in adhesion is linear. Given the slope of the
line for specific operating or test conditions, one can
predict how long it will take for the adhesive strength
to drop to zero. Considering the similarity of
degradation processes under laboratory and field
conditions (except for process intensity), the obtained
results allow to predict the remaining service life of
pipeline coatings.
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