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Abstract

In this study, guanidine chloride methylacrylate (GXMA), a newly synthesized compound
based on guanidine, was investigated as an effective corrosion inhibitor for steel in a 15%
hydrochloric acid (HCl) solution. Steel grade St-20 was selected for the experiments, and the
inhibitory effect of GXMA at various concentrations (100—300 mg/L) was evaluated using the
gravimetric method. The tests were conducted over a period of 300 hours within a tempera-
ture range of 343—-363 K. The experimental results demonstrated that GXMA significantly
reduced corrosion rates. Notably, at a concentration of 300 mg/L, GXMA provided a protec-
tion efficiency of 93.3% for St-20 steel. The corrosion rate inhibition coefficient was found to
be up to 15 times higher compared to the control. Based on weight loss measurements of steel
coupons, the effectiveness of GXMA was found to fully comply with the requirements of GOST
(RH)39.0-051:2007. To gain deeper insights into the adsorption mechanisms, graphical anal-
yses were conducted using the Langmuir, Temkin, Frumkin, and Flory-Huggins adsorption
isotherms. The obtained R2 coefficients confirmed that the adsorption of GXMA closely follows
the Langmuir model, indicating monomolecular and physico-chemical adsorption on the metal
surface. Thermodynamic analyses were carried out based on the Arrhenius equation, and the
observed increase in activation energy (Ea), along with a negative entropy change, indicated
the predominance of GXMA adsorption processes on the metal surface. The findings revealed
that GXMA exhibits maximum inhibitory performance within the concentration range of 250—
—300 mg/L. This study suggests that GXMA is a promising corrosion inhibitor for protecting
metal structures operating in acidic environments, particularly in the oil and gas industry. The
results confirm GXMA'’s potential as a highly efficient, economically viable, and environmentally
friendly corrosion inhibitor.
Keywords: corrosion, inhibitor, guanidine chloride methylacrylate (GXMA), HCI solution,
steel coupons, gravimetric method, adsorption isotherm, Langmuir model, activation energy,
thermodynamic analysis, physico-chemical adsorption, monomolecular layer, acidic envi-
ronment, metal protection, oil and gas industry
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1. Introduction

The corrosion of metallic structures op-
erating in acidic environments presents sig-
nificant technical and economic challenges.
Therefore, the use of effective chemical inhibi-
tors is crucial for mitigating corrosion-related
damage. In particular, when steel materials
used in the oil and gas industry are exposed
to strong acidic solutions, there is a pressing
need for specialized chemical compounds to
extend their service life (NarzullaevA.Kh.,
Beknazarov Kh.S., DzhalilovA.T., 2019).

In recent years, guanidine derivatives
have gained special attention among organic
corrosion inhibitors. This study investigates
the corrosion-inhibiting effectiveness of guan-
idine chloride methylacrylate (GXMA), syn-
thesized from guanidine thiocyanate, formal-
dehyde, and acrylic acid using locally available
raw materials, through the gravimetric meth-
od (Beknazarov Kh.S., DzhalilovA.T., 2015).
While guanidine chromate and its derivatives
with mineral acids have previously been ap-
plied as corrosion inhibitors, the behavior of
GXMA in acidic environments remains insuf-
ficiently studied. The aim of this research is
to evaluate the anticorrosion performance of
GXMA and to elucidate its adsorption char-
acteristics (YaroA.S., Abdul MasihN.Sh.,
Khadom A. A., 2000; Oguzie E. E., 2006).

During the corrosion process, the adsorp-
tion of inhibitors onto the metal surface plays
avital role. To understand these adsorption be-
haviors, mathematical models are employed.
Adsorption isotherms represent mathematical
relationships that describe the equilibrium dis-

Section 2. Chemistry

tribution of substances on the surface of the ad-
sorbent. Among these, the Langmuir, Temkin,
and Frumkin isotherms are widely used. In par-
ticular, the Langmuir isotherm, which assumes
monolayer adsorption where each adsorption
site binds to only one molecule, is frequently
applied (OdiongenyiA.O., Odoemelam S. A.
and EddyN. O., 2009; Olimov B. B., Yoldoshe-
vaN.J.). This study explores how these iso-
therms help explain the interaction of GXMA
with the metal surface and assesses their com-
patibility with experimental results.

2. Materials and Methods

An experimental investigation was con-
ducted to evaluate the corrosion-inhibiting
properties of the synthesized GXMA com-
pound. Various concentrations of guanidine
chloride methylacrylate were prepared using
hydrochloric acid (HCl) solution. Steel sam-
ples of grade St-20 were used in the experi-
ments. The steel coupons were polished us-
ing SiC abrasive papers, degreased in 96.6%
ethanol, and then dried with acetone (Pano-
evE.R., DustovH. B., AkhmedovV.N., 2021;
Bobir O., Mashhura S., Islom B., 2022).

The cleaned steel coupons were tied with
thread and immersed in 100 mL of test solu-
tions maintained at temperatures ranging from
343 to 363 K. A total of six metal coupons were
prepared for each test series. One coupon was
immersed in a 15% HCI solution without the
inhibitor, serving as the control, while the re-
maining five were placed in 15% HCI solutions
containing GXMA at concentrations of 100,
150, 200, 250, and 300 mg/L, respectively.

Table 1. Dependence of corrosion-inhibiting characteristics of GXMA on
its concentration. The experiment was conducted on St-20 steel
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1. 21 300 2352 227 0,813 - 1,29 - -
2. 21 300 2368 2348 0,193 100 0306 762 421
3. 21 300 23,76 23,6 0,158 150 0,25 80,6 5,16
4. 21 300 23,61 23,51 0,096 200 0,153 88,1 8,43
5. 21 300 23,65 23,57 0,082 250 0,131 89,8 9,84
6. 21 300 23,77 23,72 0,054 300 0,086 93,3 15
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To analyze weight loss due to corrosion,
the coupons were kept in the solutions for
a duration of 300 hours. At the end of the ex-
posure period, the following post-treatment
steps were performed:

— Coupons were cleaned with a soft

brush;

— Rinsed with distilled water;

— Washed with acetone;

— Dried until a constant mass was

achieved.

The difference between the initial and fi-
nal mass of each coupon was calculated using
the gravimetric method. The results of the
gravimetric analysis are presented in Table 1.

3. Results and Discussion (Part)

The effects on the surface of steel samples
(coupons) subjected to corrosion were exam-
ined over a 300-hour period in both a 15%
HCI solution containing guanidine chloride
methylacrylate (GXMA) and in an unin-
hibited 15% HCI solution. In the inhibitor-
containing solution, almost no visible chang-
es were observed on the metal surface. In
contrast, clear signs of corrosion were evi-
dent on the surface of the sample exposed to
the uninhibited acidic solution.

According to the results presented in Ta-
ble 1 and in compliance with clause 5.3 of
document NGH (RH)39.0-051:2007, the
protective efficiency determined by the grav-
imetric method on steel samples should not
be less than 90% at concentrations not ex-
ceeding 500 mg/L for general corrosion re-
sistance.

The determination of the corrosion inhib-
itor’s mechanism of action requires analyzing
the energy state of the thermodynamic sys-
tem. Accordingly, it is necessary to evaluate
the system’s thermodynamic energy during
corrosion in both inhibited and uninhibited
conditions at different concentrations. To an-
alyze energy changes, calculations were con-
ducted based on the Arrhenius equation:

-E
CR=A-exp| —*
RT

Where:

E — is the activation energy (kJ/mol),

R - is the universal gas constant,
8.314 J/mol-K,

T — is the temperature in Kelvin,
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A - exp — is the pre-exponential factor.

The application of a corrosion inhibitor
in the solution leads to observable changes in
activation energy (E ). When the inhibitor is
added, the activation energy of the corrosion
process increases, and this increase becomes
more pronounced with higher inhibitor con-
centrations. A higher value of activation en-
ergy indicates the predominance of physical
adsorption, whereas unchanged or lower val-
ues of E suggest chemical adsorption. A sig-
nificant increase in the activation energy com-
pared to the uninhibited system confirms that
the inhibitor is adsorbing onto the steel sur-
face. In the absence of an inhibitor, the activa-
tion energy of the corrosion process is deter-
mined based on the concentration of iron ions
released into the solution in their active state.

4. Results and Discussion

The newly synthesized inhibitor demon-
strated a protection efficiency of 93.3%,
as determined by the gravimetric method,
which meets the requirements of established
standards. In this study, the corrosion inhib-
itor was synthesized using locally available
raw materials. The inhibitory properties of
the synthesized compound were tested un-
der laboratory conditions in an artificially
created aggressive environment. Gravimet-
ric analysis revealed that at a concentration
of 300 mg/L, the GXMA inhibitor provided
a 93.3% protection efficiency for St-20 steel,
with a 15-fold reduction in the corrosion rate
compared to the uninhibited solution. The
investigation was carried out across a range
of inhibitor concentrations from 100 mg/L
to 500 mg/L. However, it was found that
the optimal inhibitory effect was achieved at
300 mg/L. The Langmuir adsorption iso-
therm is a specific mathematical model re-
lated to adsorption phenomena. It is primar-
ily used to describe the equilibrium state of
adsorption and helps in understanding the
nature of the bonding between the adsor-
bate and the surface. According to Equation
(1), the model assumes that adsorption oc-
curs on a homogeneous surface with a fixed
number of identical sites, where each site
can hold only one adsorbate molecule, and
there is no interaction between adsorbed
molecules. This equation describes monolay-
er adsorption, implying that the adsorption
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process occurs in a single molecular layer
(monomolecular adsorption). One of the key
assumptions of the Langmuir model is that
each adsorption site binds to only one mole-
cule, the adsorbate molecules do not interact
with one another, and they are uniformly dis-
tributed over the adsorbent surface.
cC 1

—=—+C

0 K ()

long(%j =long C—long K 2
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To evaluate the compatibility of the ex-
perimental results with theoretical models,
the data were tested using various adsorp-
tion isotherm equations. At temperatures of
343 K, 353 K, and 363 K, the relationship
between log(C/0) and log(C) was analyzed.
As shown in Figure 1, the resulting plots ex-
hibited a linear correlation, indicating that
the adsorption process conforms well to the
assumptions of the isotherm models at the
given temperatures.

Figure 1. Langmuir adsorption isotherm plots of GXMA inhibitor
on steel surface at: (a) 343 K, (b) 353 K, and (c) 363 K

a)

2,5 4

R?-0.99875

e

2,34

log(C)

214

204 I/

T
21 22 23 24 25

log(C/6)

R?- 0.09744

b)
24 e
N R? - 0.99833 /
ol 7
21 4
2,04
2.I1 Z.IZ 2:3 2:-‘- 2.IE
log(C/6)

//

-

Based on the data obtained at these tem-
peratures, the calculated R? values were
0.99875, 0.9833, and 0.99744, respectively.
These results indicate a strong correlation
with the Langmuir adsorption isotherm,
confirming the applicability of the model
to the adsorption behavior of GXMA on the

steel surface. The high degree of fit suggests
that the process follows a monomolecular
physico-chemical adsorption mechanism,
characterized by interactions between the
donor atoms of the inhibitor molecules and
the iron ions on the steel surface. This con-
clusion is supported by the assumptions of
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the Langmuir equation, which describes
monolayer adsorption without interaction
between adsorbed species.

In the Temkin isotherm, the relationship
between log C and 6 was analyzed at three
different temperatures. The calculated R?
values were 0.9744 at 343 K, 0.9780 at 353

Section 2. Chemistry

K, and 0.9692 at 363 K. These values indicate
areasonable correlation with the Temkin iso-
therm model, suggesting that the adsorption
process is moderately consistent with the as-
sumptions of this model at the investigated
temperatures (Figure 2).

Figure 2. Temkin adsorption isotherm plots of the GXMA inhibitor
on the steel surface at: (a) 343 K, (b) 353 K, and (c) 363 K.
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For the Frumkin isotherm, the rela-
tionship between log [C-(6/(1-60))] and
0 was examined. The obtained R? values
were 0.9891 at 343 K, 0.9892 at 353 K,
and 0.9691 at 363 K. These values reflect
a strong correlation with the Frumkin iso-
therm, indicating a good fit between the
experimental data and the model. This sug-
gests that intermolecular interactions be-
tween the adsorbed species may play a role
in the adsorption mechanism of GXMA on
the steel surface.

The adsorption process is characterized
by the adsorption of inhibitor molecules onto
the metal surface and the simultaneous de-
sorption of water molecules. This can also be
considered as an exchange process, in which
the inhibitor molecules displace water mole-

25

cules and adhere to the metal surface, form-
ing a protective layer. The surface coverage
(0) increases proportionally with the inhibitor
concentration, leading to enhanced inhibition
efficiency. The parameter 0 represents the
percentage of the metal surface covered by the
inhibitor and is expressed as a value from 0
to 1 (or 0% to 100%). The increase in 6 indi-
cates greater surface protection. The following
graph illustrates the change in corrosion rate
at various temperatures and inhibitor con-
centrations. The results obtained during the
study show that at inhibitor concentrations
of 250 mg/L and 300 mg/L, the calculated R?
values were 0.9989 and 0.9976, respectively.
These high values confirm the accuracy and
reliability of the experimental procedures and
the validity of the observed trends (Figure 4).
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Figure 3. Frumkin adsorption isotherm plots of the GXMA inhibitor
on the steel surface at: (a) 343 K, (b) 353 K, and (c) 363 K.
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Figure 4. Arrhenius plot for the activation energy of the GXMA
corrosion inhibitor in an aggressive environment
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This analysis emphasizes the importance
of thermodynamic and kinetic parameters in
gaining a deeper understanding of the corro-
sion inhibition mechanisms. The conclusions
derived from these calculations, along with
the results obtained from the previously dis-
cussed adsorption isotherms, confirm that
the adsorption of GXMA on the steel surface
follows a monomolecular pattern and is of
a physico-chemical nature.

4. Conclusion

In this study, the corrosion inhibition
performance of guanidine chloride methy-
lacrylate (GXMA), synthesized from locally
available raw materials, was thoroughly in-
vestigated using the gravimetric method in
a 15% HCI acidic environment on steel sur-
faces. At a concentration of 300 mg/L, GXMA
provided up to 93.3% protection, which fully
complies with the GOST standard (RH 39.0—
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051:2007). After 300 hours of exposure in
hydrochloric acid, a significant reduction in
corrosion rate was observed based on mass
loss measurements of the steel coupons.

The GXMA compound was found to form
an effective monomolecular adsorption layer
on the metal surface, acting as a strong physi-
cal barrier in an acidic medium. Detailed anal-
ysis of the adsorption process was carried out
using Langmuir, Temkin, and Frumkin iso-
therms. The high correlation coefficients, par-
ticularly for the Langmuir model (R2 = 0.99),
confirmed that GXMA undergoes monomo-
lecular adsorption on the metal surface. This
suggests that each inhibitor molecule occupies
a distinct active site on the metal, displacing
water molecules in the process.

Section 2. Chemistry

Thermodynamic evaluations, including
calculations based on the Arrhenius equa-
tion, indicated an increase in activation ener-
gy (Ea) and a negative entropy change, both
of which support a physico-chemical nature
of adsorption. These results imply that the
interaction between GXMA and the metal
surface is not only superficial but also in-
volves stable bonding at the ionic level.

It was also established that the optimal
inhibitory efficiency of GXMA was achieved
within the 250-300 mg/L concentration
range, highlighting the compound’s potential
as an economically viable and highly effective
corrosion inhibitor.
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