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CHEMICAL TREATMENT

Results

Characterization
Figure 2 depicts the transmission 

electron micrograph (TEM) of the diami-
nododecane-modified graphene. The 
TEM pictures reveal the f lake-like form 
and wrinkled features typical of GO 
sheets. At increased magnification, GO’s 
folded and crumpled shape, which is con-
nected to the oxygen-containing func-
tional groups on the surface of GO,14 
could be made out. The folded and crum-
pled morphology is more obvious in the 
GO modified with diaminodecane and 
diaminododecane. This results from the 
amino functional groups of the function-
alized GO forming hydrogen bonds with 
one another.15 

Weight-Loss Measurement
Table 2 displays the weight-loss find-

ings for GO treated with diaminodecane 
and diaminododecane test solutions at 

high temperatures. The corrosion rate was 
calculated using Equation 1:

 Corrosion rate(mm/year) = 
A T D

W 8.76 104

# #
# #  (1)

where W refers to the average weight 
loss in grams (g), A refers to the total 
exposed surface area in square centimeters 
(cm2), T refers to immersion time in h, and 
D refers to coupon density in grams per 
cubic meter (g/cm3).

Percent inhibition efficiency or %IE was 
calculated using Equation 2:

 %IEWt Loss = 
CR

CR CR–
o

o I  × 100 (2)

CRo and CRI are the corrosion rates for 
the blank solution and inhibited test solu-
tion, respectively.

The modified GO-inhibited solution 
corroded at a slower rate than the blank. 
Exfoliated GO nanosheets tend to stay 
together by π to π stacking, generating large 
graphite oxide nanosheets. The grafting of 
diaminoalkanes on the GO surface stabi-
lizes the GO nanosheets, improving GO 
performance as indicated by the modified 
GO, as shown in Table 3, having a lower rate 
of corrosion than the blank. The corrosion 
rate values for both modified GO-inhibited 
solutions were lower than blank.

The inhibitor can be adsorbed on metal 
or steel surfaces through electrostatic 
attraction/physical mechanism (physi-
sorption) when the protonated inhibitor 
molecule has an interaction with adsorbed 
negative chloride ion or organic species on 
the metal surface. Chemical mechanism 
(chemisorption) can be undergone when 
the heteroatom in inhibitor molecules 
donate lon e pair/π-electrons from 

O (oxygen atom) to the vacant 3d-orbitals 
of (Fe) metal of the steel.15

Conclusions
The study used diaminodecane and 

diaminododecane functionalized GO to 
mitigate carbon steel corrosion in acid 
solutions (simulate oil well acidizing envi-
ronment). Graphite powder was used to 
create the GO. The results showed that the 
diaminodecane- and diaminododecane-
modified GO demonstrated high inhibitory 
efficiency at high temperatures. Because 
the GO was created from scrap graphite, 
this work offers the added benefit of solv-
ing both corrosion and waste disposal 
issues.

References
1 B. Alharbi, et al., “Recent Advancements of 

Corrosion Inhibitors Using Graphene Oxide-
Based Nanomaterial,” AMPP 2023, paper no. 
19268 (Houston, TX: AMPP, 2023).

2 M.A. Deyab, R. Essehli, B. El Bali, “Inhibition 
of copper corrosion in cooling seawater 
under flowing conditions by novel pyrophos-
phate,” RSC Advances 79, 5 (2015): pp. 
64,326–64,334.

3 M.F. Montemor, “Functional and smart coat-
ings for corrosion protection: A review of re-
cent advances,” Surface Coatings Technology 
258 (2014): pp. 17–37. 

4 S. Paul, et al., “The effect of thermally sprayed 
aluminum (TSA) coating damage on the 
mechanism of calcareous deposit formation 
on steel in boiling seawater,” CORROSION 
2016, paper no. 7486 (Houston, TX: NACE In-
ternational, 2016), pp. 1–11.

5 V. Saraswat, M. Yadav, I.B. Obot, “Investiga-
tions on eco-friendly corrosion inhibitors 
for mild steel in acid environment: electro-
chemical, DFT and Monte Carlo simulation 
approach,” Colloids and Surfaces A: Physico-
chemical and Engineering Aspects  599 
(2020). 

6 Y. Qian, et al., “The Application of Anti-Cor-
rosion Coating for Preserving the Value of 
Equipment Asset in Chloride-Laden Envi-
ronments: A Review,” International Journal of 
Electrochemical Science  10 (2015): pp. 
10,756–10,780.

7 P.B. Raja, M.G. Sethuraman, “Natural Prod-
ucts as Corrosion Inhibitor for Metals in Cor-
rosive Media: A Review,” Materials Letters 62, 
1 (2008): pp. 113–116. 

TABLE 2  DATA SHEET FOR 5% MSA
Coupon Inhibitor Name Wt. Before (g) Wt. After (g) Inhibition

192 None 12.0176 11.076

193 G1 11.9466 11.007 92.14 %

194 G2 12.0032 11.052 92.08 %

TABLE 3  DATA SHEET FOR 5% MSA + 5% HCL
Coupon Inhibitor Name Wt. Before (g) Wt. After (g) Inhibition

196 None 11.9621 10.031

197 G1 12.0341 10.671 88.67 %

198 G2 12.0079 11.499 95.76 %

FIGURE 2  TEM image of the prepared 
diaminododecane as an example.



43MATERIALS PERFORMANCE: VOL. 63, NO. 7 JULY 2024

Analytical Corrosion Evaluation of Carbon Steel in Seawater—Part TwoEfficient Corrosion Inhibition Using Graphene Oxide-Based Structures

8 J. Fu, et al., “Acid and Alkaline Dual Stimuli-
Responsive Mechanized Hollow Mesoporous 
Silica Nanoparticles as Smart Nanocontain-
ers for Intelligent Anticorrosion Coatings,” 
ACS Nano 7, 12 (2013): pp. 11,397–11,408. 

9 Z. Zheng, et al., “Self-Healing and Antifouling 
Multifunctional Coatings Based on pH and 
Sulfide Ion Sensitive Nanocontainers,” Ad-
vanced Functional Materials 23, 26 (2013): pp. 
3,307–3,314. 

10 Y. Feng, Y.F. Cheng, “An intelligent coating 
doped with inhibitor-encapsulated nano-
containers for corrosion protection of 
pipeline steel ,” Chem. Eng.  315 (2017): 
pp. 537–551.

11 G. Qiu, A. Zhu, C. Zhang, “Hierarchically 
structured carbon nanotube–polyaniline 
nanobrushes for corrosion protection over a 
wide pH range,” RSC Advances 7, 56 (2017): 
pp. 35,330–35,339. 

12 M. Bera, et al., “Nanotailoring of thermoplas-
tic polyurethane by amine functionalized 
graphene oxide: Effect of different amine 
modifier on final properties,” Composites 
Part B: Engineering 195 (2020).

13 D.S. Chauhan, et al., “Aminotriazolethiol-
Functionalized Chitosan as a Macromole-
cule-Based Bioinspired Corrosion Inhibitor 
for Surface Protection of Stainless Steel,” In-
ternational Journal of Biological Macromole-
cules 152 (2020): pp. 234–241. 

14 C.C. Caliman, et al., “One-pot synthesis of 
amine-functionalized graphene oxide by 
microwave-assisted reactions: an outstand-
ing alternative for supporting materials in 
supercapacitors,” RSC Advances 8 (2018): pp. 
6,136–6,145.

15 A. Espinoza-Vázquez, et al., “Adsorption and 
corrosion inhibition behaviour of new the-
ophylline –triazole-based derivatives for 
steel in acidic medium,” Royal Society Open 
Science 6, 3 (2019): p. 181,738

BADER GHAZI ALHARBI is petroleum 
engineering special ist with Saudi 
Aramco in Dhahran, Saudi Arabia, 
emai l :  a lharbbg@aramco.com. He 
joined Saudi Aramco EXPEC Advanced 
Research Center in 2006 as a petroleum 
engineer. He has authored and coau-
thored more than 50 technical papers. 
He has 10 granted patents and more 
than 40 submitted invention disclo-
sures. He received his Ph.D. in petro-
leum engineering from Heriot-Watt Uni-
versity, Edinburgh, Scotland, U.K.

NORAH ALJEABAN is a petroleum scien-
tist with Saudi Aramco in Dhahran, Saudi 
Arabia, email: norah.aljeban@aramco.com. 
She focuses on well stimulation and miti-
gation of scale and corrosion in oil and gas 

wells. She has a master’s degree in poly-
mer science from King Abdullah University 
of Science and Technology.

AHMAD SAMI BUSALEH is senior lab tech-
nician with Saudi Aramco in Dhahran, 
Saudi Arabia, email: ahmad.busaleh@
aramco.com. He joined Saudi Aramco 
EXPEC Advanced Research Center in 2014 
as a lab technician. He has coauthored 

more than 20 technical papers. He 
received his associate degree in industrial 
chemistry technology from Jubail Indus-
trial College.

TAWFIK A. SALEH is a professor at King 
Fahd University of Petroleum and Minerals 
in Dhahran, Saudi Arabia, email: tawfik@
kfupm.edu.sa.  

WATCH ON DEMAND NOW: 

www.materialsperformance.com/webinars

WEBCASTS

Shield Your Plant from CUI: World’s 
First Stone Wool Insulation with 
Built-In Corrosion Inhibitor

Five Ways to Streamline Your Field 
Data Collection 

Modeling Corrosion and Corrosion 
Protection Systems with COMSOL 
Multiphysics 

Sponsored By ROCKWOOL 

Introducing ProRox® PS 965 with CR-Tech™ (Corrosion Resistant 

Technology), the industry’s first stone wool insulation with an embedded 

corrosion inhibitor for industrial piping systems.

Sponsored By American Innovations  

PCS features built-in PHMSA and DOT compliance criteria and 

automatically flags inspection readings that don’t meet regulations. 

Learn five ways to seamlessly get your field survey data integrated with 

compliance schedules with confidence.

Sponsored By COMSOL  

The COMSOL Multiphysics® software platform, together with the add-

on Corrosion Module, provide a wide range of features dedicated to 

modeling corrosion processes. 


