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1. Introduction

Abstract

The presence of heavy metal pollutants in refinery effluent
significantly impacts the corrosion rate of carbon steel. The focus of this
research is to analyze the impact of various inorganic pollutants,
including copper, vanadium, nickel, and chromium ions, on the corrosion
of carbon steel across different solutions. After conducting a thorough
examination of various operating conditions, including pollutant
concentration (ranging from 300-3000 ppm), temperature (30-60° C), and
flow velocity (0-800 rpm). Our research shows that copper ions have the
highest corrosion rate, with vanadium ions being a close second.
Conversely, nickel and chromium had the most negligible impact on
corrosion rate and, in some instances, even exhibited corrosion inhibition
effects. It was also observed that an increase in flow velocity and
temperature significantly amplified the corrosion rate of the metal ions
investigated.

Keywords: Corrosion Rate, Carbon Steel, Inorganic Pollutants, Flow
Velocity, Wastewater.
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industry [1,2]. However, the concentration and type

Petroleum refineries face a significant challenge in
the form of corrosion. This issue has garnered
widespread attention in recent years as the global
economy continues to rely heavily on industries that
depend on oil and natural gas[1]. The petroleum
industry involves a range of environments that can be
corrosive, including some that are specific to this

of pollutants present in water depend on the plant
configuration, operation procedures,
processing [3]. During petroleum processing,
significant amounts of water are used in various
stages, including desalting, distillation, thermal
cracking, and catalytic cracking. This results in the
generation of a substantial amount of wastewater.

and oil
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Industrial wastewater from petroleum often has
varying concentrations of organic and inorganic
substances, including heavy metals, oils, grease, and
various salts[4]. Water pollution harms humans and
metallic equipment, such as pipelines, storage tanks,
pumps, and heat exchangers, by causing corrosion
attacks[5]. Industrial wastewater can cause water
pollution through corrosion, as it can result in the
presence of dissolved metal ions like Cu**, Cd**, and
Pb**.[6,7].

In addition, the wastewater contains a significant
quantity of aromatic organic compounds, including
polyaromatic hydrocarbons and phenolic substances.
These substances are challenging to degrade naturally
and pose a severe environmental risk [8]. The
presence of some kinds of pollutants in the water or
liquids with which industrial equipment deals can
cause an appreciable corrosion rate, which is
influenced by the pollutant’s chemical and physical
properties and operating conditions such as
temperature and flow rate [6]. The presence of
pollutants in wastewater can lead to significant
corrosion damage to structures, mainly when they
accumulate in some regions of process equipment or
when left in tanks for an extended period. Based on
the previous information, it is evident that various
compounds generated by the petroleum industry,
particularly  during  refinery  processes, may
significantly impact the corrosion tendencies of
equipment. Therefore, exploring and evaluating these
compounds from a corrosion perspective is essential.
It is important to note that crude oil frequently
comprises salt ions such as Cu, V, Cr, Ni, and Cd that
can dissolve in water, posing a significant risk of
corrosion damage to processing equipment [9]. This
study focuses on analyzing the corrosion rate of
carbon steel in wastewater from petroleum refineries.
The wastewater contains inorganic pollutants,
including copper, vanadium, chromium, and nickel.
The study will examine how different temperatures
and flow conditions impact corrosion rates.

2. Experimental work

In Figure 1, you can see the setup that was used
for the experiment. It involved a water bath to get
varying solution temperatures and a mechanical
stirrer from (Stuart, UK) which had a 2-bladed
impeller (Rushton turbine) to control the rotational
speed. A carbon steel sheet was cut and fixed to the
specimen holder in the solution to expose the
specimen to the corrosive environment. The
dimensions of the specimen were 40mm x 40mm x
0.7mm. A saturated calomel electrode (SCE) was
used to measure the corrosion potential. Distilled
water that was distilled once and solutions with
different concentrations of metal ions, such as Cu,
Ni, V, and Cr, were examined for their corrosive
properties. The study also investigated the impact of
temperature on corrosion rates in vatrious solutions
by vatrying temperatures between 30 °C and 60 °C.
Furthermore, the effect of flow velocity was
examined by altering the rotational speed from 0 to
800 rpm, which corresponds to a range of Reynold
numbers 0 to 33260 based on impeller diameter.
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Before each test, we prepared the specimen by
abrading it with grade numbers 120, 180, 220, 400,
and 2000 glass emery papers, then cleaned it with a
plastic brush and tap water. We then rinsed it with
distilled water, dried it with clean cloths, and
immersed it in 5% HCI containing organic inhibitor
(hexamine) for 30 seconds. After that, the specimen
was rewashed with distilled water and immersed in
ethanol for 2 minutes. We then placed it in an electric
oven at approximately 90 °C for 5 minutes to dry and
kept it in a vacuum desiccator with high-activity silica
gel until use. Using a digital balance, the specimen
was then weighted (wl) to determine weight loss.
After that, one face of the rectangular coupon was
exposed to a corrosion environment, while the other
face was completely insulated by insulating tape.
Upon completion of the corrosion test, the corrosion
products on the surface were cleaned using a plastic
brush, then rinsing the specimen with tap water,
brushing it with distilled water, and drying it with
clean tissue. It was then kept in an electric oven at a
temperature of 90 °C for 5 minutes for further drying
and then weighed (w2). As a result, the corrosion rate
may be calculated as follows:

CR (gmd) = W/At 1)

Where CR is the corrosion rate measured in gmd
(gram/m?2.day), W= wi-wz, A is the specimen atea,
and t is the exposure time. Table 1 presents the
experimentally measured pH and  electrical
conductivity values for various solutions.

2V

Figure (1): Experimental setup for weight loss
experiments. 1-water bath, 2-beaker 2L, 3- agitators,
4-carbon steel, 5-reference electrode (SCE), 6
electrical connection wires, 7-glass impeller, 8-
voltmeter.

Table (1): Measured pH and conductivity for
different solutions

Concentration Conductivity,
Components of pollutant, pH ps/em
ppm
Distilled water B 7 0

300 6.1 320
700 5.3 9220
CuClL.2H;0 1000 4.8 920
1500 4.6 1300
2000 4.5 1680
2500 5 2000
Cr0; 1000 21 2290
VOS0, 1000 4.6 500
2000 3.9 800
300 6.6 240
NiCl, 1000 6.6 720
2000 6.6 1400
3000 71 1830
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3. Results and discussions:
3.1 Corrosion Potential

In Figure 2, the change in free corrosion potential
versus the time is displayed for carbon steel in two
different concentrations of CuCl,.2H,O solution
(1000 and 2500 ppm) at 30°C and compared to
distilled water. It is evident that the addition of
copper ions causes the potential to shift to a more
negative value. This observation aligns with findings
from Mobin et al. [10] regarding metal ions. In the
beginning, the potential decreases sharply with time
to more negative due to the continuous corrosion.
and forming a fouling layer consisting of iron oxide
[11,12] and copper chloride. Then, the potential
becomes almost constant with time. When in a steady
state, the concentration of copper ions with higher
values results in a more positive potential than those
with lower concentrations. This means a higher
concentration of Cu ions will shift the potential
towards positivity. As shown in Fig. 2, it is noticeable
that the potential in copper chloride solution is more
positive than in distilled water at the beginning of the
corrosion interval. This suggests that the presence of
copper shifts the potential towards positivity, which
can affect the corrosion rate.

[CuCl,.2H,0 ,T=30°C|

—— 1000 ppm

—#&— 2500 ppm

-0.3 Distilled water

E,V (SCE)

0 50 100 150 200
Time (min)

Figure (2): Variation of corrosion potential vs. time
for CuCl,.2H»O solution at different concentrations

Figures 3 and 4 display the corrosion potential of
CS vs. the time at different temperatures under
stationary conditions with 1000 ppm CuCl>.2H>O
and NiCl,, respectively. It is crucial to note that the
corrosion potential shifts towards a more negative
value as the temperature increases. This is a direct
result of the decrease in oxygen concentration caused
by the rise in temperature [13,14].

In CuCl2.2H20 solution at 30°C, Fig.5 displays
the corrosion potential of CS versus the time for
various agitation speeds. As the velocity increases, the
potential shifts to more positive values because of the
increased transport of Cu ions and Oz from the
solution bulk to the surface[15,16]. It is imperative to
note that when dealing with CuCl2.2H>O solutions,
the potential of CS is considerably higher than that of
VOSO4 and NiCly solutions. This is due to the
presence of copper ions, which inevitably causes the
potential to shift positively.

The corrosion potential of Vanadium and Nickel
solutions is barely influenced by velocity and lacks
consistency, as illustrated in Figures 6 and 7. This
implies that these ions have a negligible impact on
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increasing corrosion potential. The fluctuation in
corrosion potential with flow velocity is due to
complicated phenomena arising from forming a
coating layer on the metal surface. This layer restricts
the amount of dissolved oxygen that can access the
surface of the CS [17], as shown in Fig 8.

0 1000 ppm CuCl,.2H,0, 0 rpm
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Figure (3): Variation of Corrosion potential vs. time
at different temperatures for CuCl.2H,O solution.

100 ppm NiCl,, Orpm

04 =30 C
e 4) C

0.45 s0c
=05 60 C

7-0.55
Z
» 0.6
=.0.65
0.7 1 T T T )
0 50 100 150 200
Time (min)

Figure (4): Variation of Corrosion potential vs. time

at different temperatures for NiCl, solution.
0

[1000 ppm CuCl,.2H,0 , T=30°C]

-0.1 —m-0rpm
—+—100 rpm

-0.2 200 rpm
400 rpm
0.3 S RN ——800 rpm
- s
= l T
9] A%, B R
v 04 L
- hae™
" A SO
=05 ~

0.7 4 ; . )
0 50 100 150 200
Time (min)

Figure (5): Corrosion potential vs. time with time
for CuCl,.2H>O solution at different agitation

velocity.
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Figure (6): Corrosion potential vs. time with time
for NiCl solution at different agitation velocities.
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Figure (7): Corrosion potential vs. time with time

for VOSOy solution at different agitation velocities.

@ | (b)

Figure (8): The pictures camera photos of carbon
steel (a. before corrosion b. after 3h in NiCl; at 30°C)

3.2 Corrosion rate (CR)

In Figure 9, the correlation between the
concentration of pollutants expressed in gmd and the
corrosion rate (CR) of CS is displayed. It is evident
that the CR the
concentration of CuClb.2H,O increases. However,
for other solutions, the increase in CR is minimal.

The reason for the high corrosion rate is due to
the high potentials caused by the presence of copper
ions, as demonstrated in Fig. 2. As iron metal is more
electronegative than copper metal, it is oxidized as a
Fe?t jon. In contrast, the Cu?" ion present in the
solution is reduced as Cu-metal. The standard
reduction potential of copper and iron are shown in
the following equations [16, 18]

Cuzt+ + 2e——Cu E°=+4+0337V (2
Fes+ + 2e——Fe E°=-0440V 3)

Since copper's reduction potential is more than
Iron's, Copper will be reduced, and iron metal will be
oxidized. The overall reaction is [16, 19]

Fe+CuCl,—FeCly+Cu 4

As the concentration of CuCl..2H,O increases,
more copper will be displaced from copper sulfate by
iron from carbon steel. This can result in a
considerable loss in the weight of carbon steel,
leading to an increase in corrosion rate. Additionally,
higher concentrations of CuCl2.2H»O lead to an
increase in the solution's electrical conductivity, as
shown in Table 1. This increased electrical
conductivity enhances the anodic and cathodic
reactions, causing an increase in the corrosion rate.
Figure 9 demonstrates that the corrosion rate caused
by NiCl; also increases at high concentrations.

significantly  increases  as
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Figure (9): Variation of corrosion rate with
CuCl2.2H20, VOSO4, NiCly, and CrO3
concentration.

Figure 10 demonstrates how temperature affects
the corrosion rate of carbon steel in the presence of
1000 ppm CuCl2.2H>0O, VOSO4, NiCly, and CrOs,
compared to distilled water in a stationary state. The
graph conclusively shows that CuCl..2H>O and
VOSO; solutions experience a significant increase in
corrosion rate with increasing temperature. This can
be directly attributed to higher temperatures leading
to increased O diffusivity, which in turn enhances
corrosion. It is also worth noting that the rate of
almost all electro-chemical reactions increases as
temperature rises. [20] When the temperature
increases, the oxidation of iron is increased. This
happens for two main reasons. Firstly, as the
temperature increases, the diffusion coefficient of
oxygen also increases, which promotes corrosion.
Secondly, as the temperature increases, the solubility
of oxygen decreases, which slows down the corrosion
process [20, 21, 22]. The dissolution of CuCl2.2H>O
results in elevated levels of chlorine and copper ions,
whereas the dissolution of VOSO4 raises the
concentration of vanadium and sulfur ions. It is
imperative to note that this can significantly expedite
the corrosion rate. It can be seen in Fig. 10, it is
evident that there is a significant reduction in CR for
Ni and Cr ions. This decline indicates that these ions
create a layer of coating on the metal surface, which
prevents Oz from reaching the metal surface.

250 - |1000 ppm of pollution, 0 rpml

200
& CuCI22H20
—+-VO0S04
150 Nic12
- Cro3
g —— Distilled Water
=0 100
I~ "
& =
50 1 "
‘T‘;‘i—_“’_/—d
0 T r .
30 40 50 60
T,°C

Figure (10): Variation of corrosion rate with
temperature for CuCl>.2H>O, VOSOq, NiCl,, and
CrOj3 solution.

In Figure 11, data is presented on the effect of
agitation velocity on the corrosion rate of carbon
steel in various solutions, including a 1000 ppm
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CuCl.2H,O solution. The results show that in the
CuClL.2H>O solution, as the agitation velocity
increases from 0 to 800 rpm, the corrosion rate
significantly increases from 128 to 2375.6 gmd (a
17.5-fold increase). In contrast, the vanadium
solution shows a noticeable but less extreme increase
of only about 2.7 times. Based on the analysis
presented in Figure 11, it appears that the inclusion
of NiCl; does not influence the rate of corrosion
caused by flow velocity. However, it is apparent that
an increase in velocity leads to a higher level of
exposure of the steel surface to oxygen and metallic
ions, accelerating the corrosion process[16, 25]. As
the agitation velocity rises, the corrosion product
layer begins to disintegrate partially, causing
accumulation at the bottom of the beaker, as shown
in Fig. 12. This exposes the surface to the solution
again, leading to further corrosion through oxidation
and reduction reactions. Figure 13 shows the camera
and microscopic images of the specimen before and
after corrosion for different flow velocities. It is
evident that a higher flow velocity results in the
formation of a corrosion product layer on the
surface. The microscopic image for the highest speed,
800 rpm (image h) indicates high surface damage due
to the high corrosive effect flow velocity.

2500 - [1000 ppm of pollution, T=30"C |

2000
=—a—Distilled water
~#-CuCl2.2H20
B 1500 A
5 —-VOS04
=1 NiC12
© 1000 4
500 +
K . " ! .
0 200 400 600 800 1000

U, rpm

Figure (11): Variation of free corrosion rate with
agitation velocity for distilled water, CuCl,.2H>O,
VOSOys, and NiCl; solution.

Figure (12): Beaker bottom at the end of the
experiment at 30 °C and 1000 ppm CuCl.2H>O, for
100 rpm.

According to Li et al[24], the medium's flow
affects induced corrosion in two ways: through mass
transfer and surface shear stress. The speed at which
the fluid flows plays a crucial role in erosion and
directly influences the corrosion mechanism caused
by flow. High fluid velocity increases wall shear
stress, which can rupture passive films and expose
fresh metal to corrosive media, increasing the
corrosion rate. [23, 24] conducted a study on the
results. The corrosion product layer sometimes
becomes very thick, which is visible through visual
observation. Figure 13 shows the removal and
separation of this layer, where it drops on the beaker
bottom under high corrosion rate conditions.

(a) before corrosion _(b) 0 rpm

()100 rpm __(d) 800 rpm

(e) before corrosion _(HO0rpm

(g) 100 rpm —(h) 800 rpm
Figure (13): The pictures (a, b, ¢, and d) are camera
photos of carbon steel in CuCl2.2H>O at 30 °C. While
(e, f, g, and h) are microscope images of the same
item.
4. Conclusions

After conducting thorough research, the
following conclusions are drawn:

1. The corrosion rate of catbon steel increases
when the concentration of CuCl,.2H2O solution is
increased from 300 to 2500 ppm. This leads to 4.6
times increase in corrosion rate at 30°C and
stationary conditions.

2. Increasing the temperature from 30 to 60 °C in
stationary conditions for CuCl.2H>O solution, the
the corrosion rate increases by 0.7 times.

3. The corrosion rate of carbon steel increases
when the stirring speed is increased from 0 rpm to
800 rpm in CuCl.2H>O solution. This leads to a 17.5
times increase in corrosion rate.

4. The corrosion rate of carbon steel in VOSOy
solution is slight at 30°C. It increases by 2.7 times
with a temperature increase from 30 to 60°C. The
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corrosion rate slightly increases with increasing
stirring speed from 0 to 800 rpm.

5. The corrosion rate in NiCl and CrOj solutions
is generally low, even at high concentrations,
temperatures, and speeds.

6. The corrosion potential in CuCl.2H,O
solution decreases sharply to a more negative value
and then becomes nearly constant over time.

7. In CuClL.2H>O and NiCly solutions with a
temperature range of 30-60°C, the potential for
corrosion is shifted to more negative values. It is
noticed that there is a corrosion inhibition effect of
the accumulated layer of NiCl, on the carbon steel
surface.

8. With increased speed and concentration of
copper ions, the corrosion potential tends to be more
positive. While it tends to be more negative with
increasing temperature.
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