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Abstract⎯The effect of magnetization of acid before usage (pre-magnetization technique) on the corrosion
inhibition of carbon steel (CS) in 7.5, 10 and 12.5 wt % (2.2, 3.0 and 3.8 M) HCl solutions were investigated
by means of gravimetric weight loss method. Response Surface Methodology (Box-Behnken design) has
been used to study and modelling the effects of magnetic field (MF) intensity, acid concentration, and
elapsed time on inhibition efficiency. The experiments reveal that pre-magnetization is a suitable inhibitor in
HCl solutions. The maximum percentage inhibition efficiency was found to be 93% for 12.5 wt % HCl. The
results showed that the inhibition efficiency rises with increasing MF intensity. The surface structure of the
CS was examined by SEM (scanning electron microscopy) both in the normal and magnetized HCl solutions.
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1 INTRODUCTION

If a particle of charge q moves with velocity v in the
presence of a magnetic field B, then it will experience
a force that is called Lorentz force [1–3]:

F = q(V × B). (1)

The changes in the structure and properties of
materials when exposed a magnetic field are important
in various applications [4–13]. It has been reported
that water gives rise to many phenomena when it is
magnetized such as the growth in the compressive
strength of concrete and in the precipitation process of
calcium carbonate [14–16], reduction of the corrosion
rate of carbon steel in water [17–19], reducing corro-
sion rate of AISI316L SS in Ringer’s solution [20], and
decreasing corrosion of aluminum in NaC1 aqueous
solution [21]. A decrease of water viscosity under the
influence of magnetic field has been reported [22, 23].
An improvement of water vaporization rate as a result
of a magnetic field has been also observed [24]. The
electromagnetism, mechanics, optics and thermody-
namics of water will be changed after it is magnetized
[25, 26].

In addition to pure water, experimental study
showed that magnetic field changes the properties of
solutions [27]. Experimental study showed that mag-

netic field increases the heat conductivity and
decreases viscosity of ammonia–water [28]. Magnetic
nanofluids have also great potential for heat transfer
enhancement and are highly suitable for usage in prac-
tical heat transfer processes [29]. Apart from the
experimental studies, some simulation and modeling
investigations have been also performed such as Varia-
tions of internal energy and heat capacity of pure water
by an external magnetic field were studied via Monte
Carlo simulations [30–34]. Reduction of the self-dif-
fusion coefficient of the water molecules was also
examined by molecular dynamics (MD) simulation
[35]. These changes were correlated with the weakness
of the van der Waals bonds between water molecules
[33], and the weakness and enhancing of the hydrogen
bonds [31, 35].

Additionally, examinations showed that MF would
tend to reduce any concentrations of ions or anoma-
lous pH values and could thus minimize localized cor-
rosion effects [36–39]. Experimental studies displayed
that applied MF can change the corrosion rates of
pure metals such as Mg [40], Cu [41], Cr [42], Al [21],
Ag [43] and Zn [44] or alloys [45–47] in aqueous solu-
tions [44, 48, 49]. Research on corrosion behavior of
iron in sulfuric acid designate that MF reduces H+

reaction [50]. Iron corrosion rate in sulfuric and chlo-
ride acids has also been discovered noticeably declined
under the effect of MF [51]. A decrease of the corro-1 The article is published in the original.
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sion rate in electrode surface regions of high magnetic
flux density is detected. Discount of the dissolution
rate under MF is meaningfully grater in the existence
of Cl ions [52].

The MF effects on the corrosion of copper in dif-
ferent NaCl solutions are studied [53, 54]. Experi-
ments indicate that rotating electromagnetic signifi-
cantly improve the corrosion inhibition of copper [55].
The copper and iron dissolution in nitric solutions is
decreased by a MF [56]. Similarly, the preventing
effect of MF on corrosion of copper has been experi-
enced [57, 58]. It has been reported that MF modify
the corrosion resistance of T2 copper in NaCl [59].

Behavior of several alloys [60, 61] under MF
revealed the significant effect of MF on corrosion
mechanism. Studies on pitting corrosion in CS shows
that the MF diminishes the pit’s depth [62, 63] and
corrosion rate [63]. Similar results obtained on the pit
generation of Al–Mg [64] and corrosion rate of Al–
Mg-xR [65] alloy in NaCl under MF.

The corrosion reduction effect of a perpendicular
magnetic field on an AISI 303 stainless steel corrosion
in solution containing Fe3+ as a corrosion agent has
been reported in which the role of MF on corrosion
inhibition of an AISI 303 stainless steel has been stud-
ied [66]. The MF declined the corrosion of the steel in
sulfuric acid. Effectiveness of MF will be greater at
diluter acid concentrations and without inhibitor [67].

As mentioned, numerous papers exist on the corro-
sion of metals under imposed MF. However, no
papers are found concerning magnetization of acid
through the magnetizer system. To the best of the
author’s investigations, all of the previous researches
are deal with an external MF which applied on the
reaction cell. But in this paper acid magnetizer system
has been designed for the first time and the magneti-
zation of acid is done before contact with CS which is
more applicable in industry. No studies delved into the
effects of pre-magnetization of HCl solutions as an
inhibitor on the corrosion rate of CS.

In the current paper the impact of MF on corrosion
rate of CS in HCl is illustrated using the gravimetric
weight loss method. According to Lorentz force [2, 3, 68]
it is expected that the effect of magnetization on acid

is influenced by MF intensity and acid concentration
(which introduces the number of charged particles).
The mentioned variable as well as elapsed time were
verified in 13 tests. Elapsed time after magnetization of
fluid was examined to determine whether the f luid
preserves its magnetic property during time or not.
Experiments were done using design of experiments
(DOEs) technique by means of response surface
methodology (RSM), Box-Behnken design. Finally,
the dependency of inhibition on variable factors is
indicated in the extracted model. Due to the successful
performance of magnetization on inhibition efficiency
it can be proposed that magnetized HCl is a cost effec-
tive and eco-friendly alternative for regular inhibitor
addetives [69–71].

2. EXPERIMENTAL PROCEDURE
AND EQUIPMENT USED

2.1. Fluid Magnetizer Setup
Types of different magnetic devices can be based on

electromagnets (solenoids and yoke-based electro-
magnets) or permanent magnets. Although electro-
magnets can produce magnetic fields of great inten-
sity, their use is not practical, because they need an
electrical power supply, cooling, and also periodic ser-
vicing. The permanent magnetic material available
today (alnico, ferrite, and rare earth alloys) produces
sufficiently intense fields and it does not require a
power supply or servicing. There are several types of
magnetic systems that can be used for produce magne-
tized fluids. The magnetic field can be either parallel or
perpendicular to the flow direction (Fig. 1a, b). The
magnetic systems with closed magnetic circuits (Fig. 1c)
allow increasing the value of the magnetic field in the
working zone compared to magnetic systems based on
the same magnets, but with open magnetic circuits [72].

In this study the effect of the permanent magnetic field
on different HCl solutions is determined. A 37 weight per-
cent HCl used to produce 7.5, 10 and 12.5 weight per-
cent HCl in distilled water or 2.2, 3 and 3.8 molar
repectively. The design of magnetic system is perpen-
dicular to the f low direction with open magnetic cir-
cuit. The magnetic field values were measured using
the ‘TM-701’ tesla meter manufactured by Kanetec
Inc. The experiments were conducted using circula-
tion system as shown in Fig. 2. The circulation system
was composed of an anti-corrosion pump, a magnetic
system with variable magnetic fields, an invertor to
change f luid velocity through magnetic field and a
flow-meter. Plastic fittings were used to connect the
pump to the magnetic circuit, which in turn was con-
nected to the f low-meter.

2.2. Design of Experiments
Concerning the effective parameters in magnetiza-

tion of f luid, three factors have been selected for this
experiment, which are magnetic field intensity, mag-

1

Fig. 1. Orientation of the magnetic field (A) using a ring
magnet in open circuit (B) using two cylindrical magnets
in open circuit (C) using four block magnets in closed cir-
cuit.
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netization time, and elapsed time at three different
levels (Table 1).

To generate systematic experimental data for cov-
ering a wide range of operating conditions and to pre-
dict the maximum product yields, response surface
design (Box-Behnken design) was used as a systematic
experimental design method. Response surface
method (RSM) is a technique designed to find the
best value of response and the influencing factors [73].
It was successfully applied in experimental works [74–
76]. The full factorial experiment of 27 (33) trials can
be completed in just 13 runs (as illustrated in Table 2)
that entails a large number of tests, which are signifi-
cant in both experimental cost and time. Then, RSM
involving Box-Behnken design and regression of anal-
ysis was used to develop empirical model for inhibition
efficiency due to magnetization of acid. Based on this
model, response optimization (reduction in corrosion
rate) was carried out.

2.3 Corrosion Weight Loss Measurements

The CS rectangular coupons of N-80 carbon steel
with dimensions of 6.28 × 1.80 × 0.37 cm (composi-
tion indicated in Table 3 [77]) were abraded by mag-
netic emery paper and then washed with water,
degreased with toluene, and finally dried at room tem-
perature. After weighing using digital balance (±0.1 mg),
the specimens were immersed in glass beakers con-
taining 100 ml 7.5, 10 and 12.5 wt % (2.2, 3 and 3.8 M)
normal and magnetized HCl. To produce magnetized
acid in each test, the appropriate HCl poured to the
fluid magnetizer setup as shown in Fig. 2 and circu-
lates for desired period with velocity of 0.5 m/s. The
temperature was controlled at 21 ± 0.1°C using a water
thermostat bath. After 6 h, the specimens were taken
out, washed with water, dried with kleenex, and re-
weighed accurately. The corrosion rate   was calcu-
lated from the following equation [78]:

(2)

Where W is the weight loss (g), S the total area of
one specimen (m2), and t is the immersion time (h).
With the calculated corrosion rate, the inhibition effi-
ciency ( ) was calculated as follows [78]:

( )v

.W
St

=v

wη

(3)

where   and  are the values of corrosion rates of nor-
mal and magnetized HCl respectively.

2.4. SEM Surface Analysis

The surface morphologies of CS specimens after
immersion in 3.8 M normal and magnetized HCl
solution for 6 h were examined by SEM.

0

0

100%,W
−η = ×v v

v

0v v

Fig. 2. Schematic of experimental setup of f luid magne-
tizer.
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Table 1. Three factors and three levels selected in the DoE
study of magnetized HCl

Factor Factor Description
Levels

1 2 3

X1 Magnetic field intensity (Gauss) 0 3000 6000
X2 Acid concentration (M) 7.5 10 12.5
X3 Elapsed time (Hours) 0 24 48

Table 2. Factors and levels for Box-Behnken study

Trial

Factor

X1: Magnetic 
Field Intensity 

(Gauss)

X2: Acid 
Concentration 

(wt %)

X3: Elapsed 
Time (Hours)

T1 0 7.5 24

T2 6000 7.5 24

T3 0 12.5 24

T4 6000 12.5 24

T5 0 10 0

T6 6000 10 0

T7 0 10 48

T8 6000 10 48

T9 3000 7.5 0

T10 3000 12.5 0

T11 3000 7.5 48

T12 3000 12.5 48

T13 3000 10 24
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3. RESULTS AND DISCUSSION
3.1. Corrosion Inhibition Mechanism

The electrochemical reaction of iron corrosion
involves transfer of two electrons, then there are two
steps (  = 2) each one represents transfer of one elec-
tron and one of them may be considered the rate
determining step [79]. The mechanisms that are sug-
gested for iron dissolution in aqueous solutions con-
taining Cl– ions are as follow [80, 81]:

(4a)

(4b)

(4c)

Where [FeClOH]   are the adsorbed intermedi-
ates which is involved in the rate determining step
(Equation 4a) of mild steel dissolution according to
above mechanism.

Stideis on corrosion potential (Ecorr.) values of steel
in HCl, indicating that the polarization occurs mostly
at the anode, hence the corrosion rate is said to be
anodically controlled [79, 82, 83].

Accordingly corrosion rate reduction of magne-
tized HCl (as indicated in Table 4) can be explained on
the basis of Cl– ion activity and the extent of its contri-

sv

[ ]ads2Fe H O Cl FeClOH H e ,−− − −+ + ⇔ + +

[ ]ads adsFeClOH [FeClOH] e ,− −⇔ +
2

ads 2[FeClOH] H Fe Cl H O.+ + −+ ⇔ + +

ads
−

bution in acceleration metal dissolution [80]. Materi-
als will have a new molecular arrangement due to mag-
netization [84]. Many researches investigated the
effects of the magnetic field on the hydrogen-bonded
structure and found that the number of hydrogen
bonds increased [32, 34, 85]. It is also suggested that
the enhancement in the hydrogen-bonded strength
under the magnetic field of 10 Tesla in the hydrogen-
bonded molecules [86]. Increasing hydrogen bonds
number and strength, reduces the activity of the choler
molecules and may cause the discount in corrosion
rate of HCl. This results are in agreement with studies
on corrosion rate of AISI316L SS in Ringer’s solution,
corrosion rate of steel with water and the corrosion of
aluminum in NaC1 aqueous solution under magnetic
field [17, 20, 21].

3.2. Surface Morphological Observation and Analysis
The surface morphologies of CS surface unexposed

and exposed to normal HCl and magnetized HCl after
6 h immersion at 294K, were examined using SEM.
Before exposure to the corrosive solution, parallel fea-
tures on the clean polished N80 CS surface which are
associated with polishing scratches were observed
(Fig. 3a). Analysis of micrographs in Fig. 3 reveal that
the CS specimen exhibits a very rough surface in nor-
mal (non-magnetized) HCl. As expected due to corro-

Table 3. Chemical Composition of Carbon Steel

Element C Mn P S Si Cr Mo

wt % 0.28–0.33 0.7–0.9 0.035 max 0.040 msx 0.15–0.35 0.80–1.1 0.15–0.25

Table 4. Changes in corrosion rate of CS in HCl and pH due to magnetization of HCl

Trail Combination 
of Factors

WL of CS 
in Normal 

HCl, g

WL of CS 
in Magnetized 

HCl, g

CR of CS 
in Normal HCl, 

g/cm2 h

CR of CS 
in Magnetized 
HCl, g/cm 2h

Corrosion 
Inhibition 

Efficiency, %
pH of HCl

T1  0.0154 0.0154 0.0011 0.0011 0 –0.25

T2 0.0154 0.0071 0.0011 0.0005 53.898 –0.138

T3 0.2896 0.2896 0.02245 0.02245 0 –0.929

T4 0.2896 0.0525 0.02245 0.00386 82.813 –0.847

T5 0.0254 0.0254 0.00188 0.00188 0 –0.705

T6 0.0254 0.0040 0.00188 0.00030 68.959 –0.514

T7 0.0254 0.0254 0.00188 0.00188 0 –0.705

T8 0.0254 0.0097 0.00188 0.0007 61.616 –0.532

T9 0.0154 0.0032 0.0011 0.0002 74.903 –0.215

T10  0.2896 0.0195 0.02245 0.00146 93.476 –0.895

T11 0.0154 0.0011 0.0011 0.00008 92.857 –.0223

T12 0.2896 0.0201 0.02245 0.00150 93.323 –0.912

T13 0.0254 0.0040 0.00188 0.00029 84.16 –0.541

11 21 32X X X

13 21 32X X X

11 23 32X X X

13 23 32X X X

11 22 31X X X

13 22 31X X X

11 22 33X X X

13 22 33X X X

12 21 31X X X

12 21 31X X X

12 21 33X X X

12 23 33X X X

12 22 32X X X
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sive attack by the acid solution, the CS surface was
quite damaged in the normal HCl (Fig. 3b). The SEM
measurements were also applied to CS surface exposed
to magnetized HCl (Fig. 3c) which indicates that the
surface is comparatively smoother than in normal HCl
what points to the inhibiting effect of magnetization.

3.3. Analysis of Variance (ANOVA)
The order of experiments was randomized to lower

the uncontrolled effect of factors. A quadratic polyno-
mial equation was developed to predict the responses
as a role of independent variables involving their qua-
dratic interactions and squared terms. The basis of
forming a polynomial equation is given in Eq. (4):

(4)

Multiple regression analysis techniques comprised
in the RSM were used to estimate the models’ coeffi-
cients. The resultant second-order models for the cor-
rosion rate reduction is in Eq. (5):

(5)

The analysis of variance (ANOVA) is a statistical
method in which the main objective is to extract from
the results how much variation each factor causes rel-
ative to the total variation observed in the results
[87, 88]. Basically it computes parameter called as
sum of squares (SSQ), degree of freedom (DF), vari-
ance (V), F-value and percentage of contribution for
each factor [89]. The F value is a ratio of the mean
square due to regression to the mean square due to
error. If the calculated value of F is greater than the
value in the F table at a specified probability level (e.g.,
F0.05(9.3) = 8.81), a statistically significant factor or
interaction is obtained. From ANOVA results depicted
in Table 5, the value of F for model is 64.77. This
F value is higher than the F table, which is 8.81 and

3 3
2

0
1 1

3 3

1
.

j j jj j
j j

ij i j ijk i j k
j i j k

Y X X

X X X X X

= =

< < <

= β + β + β

+ β + β

∑ ∑

∑ ∑

1 2
4

3 1 2
5

1 3
6 2

2 3 1
2 3 2
2 3

31.03100 0.037437 8.30510

0.76268 9.63833 10

2.54965 10

0.075446 5.88768 10

0.48110 2.55707 10 .

X X

X X X

X X

X X X

X X

−

−

−

−

η = + −
+ + ×

− ×
− − ×

+ + ×

Table 5. Analyze of variance (ANOVA) for the determination of significant factors which influence CR due to HCl mag-
netization

Factor Degree 
of Freedom Sum of Squares Mean Square F-Ratio P-Value R2

Model 9 18639.90 2071.10 64.77 0.0028 0.9949
Residual 3 95.93 31.98
Total 12 18735.82

Fig. 3. SEM images for (a) unexposed carbon steel;
(b) exposed carbon steel in 12.5 wt % normal HCl solu-
tion, and (c) exposed carbon steel in 12.5 wt % magnetized
HCl solution after 6 h immersion at 294 K.

(b)

20 µm

20 µm

20 µm(c)

(a)



6

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

HASHEMIZADEH et al.

support that the model is highly significant. P-values
are associated with F values as they are useful to dis-
play whether F values are large enough to show the sta-
tistical significance. The P-value fewer than 0.05
shows the factor is significant at the 95% confidence
limit. Calculations of mean square of the model and
error are:

(6)

(7)

where MS, SS, and df are the mean squares, sum of
squares and degree of freedom, respectively. The F
value can be calculated by the following expression:

(8)

model
model

model

,ssMS
df

=

error
error

error

,ssMS
df

=

error

error

.MSF
df

=

High values of R2 for Eq. (4) mean a good fitting for
the experimental data and predicted values. Figure 4a
explains the observed relative to predicted values.
From the figure, most of the points of experimental
values lie close to the straight line, which are the pre-
dicted values. The linear pattern also shows that no
transformation of the response is required. Figure 4b is
a plot of the residuals versus the experimental run
order. It checks for lurking variables that may have
influenced the response during the experiment. The
plot shows a random scatter that provides insurance
against trends ruining the analysis.

3.4. Response Surface Plots and Contour Plots

Eq. (5) were used to set up the response surface and
contour plots for the reduction of HCl corrosion rate
(%) against magnetic field and acid concentration at
best value of elapsed time. These plots facilitate a clear
comparison of the dependent variable on the key pro-
cess variables. Figure 5 shows response surface plots of
the inhibition efficiency (%) as a design variables mag-
netized HCl. Besides main effects, the interaction
effects among the factors are explained. These figures
are based on holding the third variable at the best val-
ues. The inhibition efficiency significantly increased
with raising the magnetic field intensity.

We see a sharp increase in inhibition efficiency with
raising magnetic field intensity from 0 to 3000 Gauss,
which is expected. This value is higher for the first
level of elapsed time (=0 h). We assigned this to the
improving hydrogen bonds due to magnetization,
which is resistance to the activity of acid and decreases
its corrosion rate [17, 20, 21]. In other words, as pre-
sented in Fig. 5, by increasing magnetic field intensity,

Fig. 4. (a) Normal plot of residuals; (b) Residuals of each run.
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the [H+] concentration of HCl and therefore its corro-
sion rate due to magnetization decreases. This obser-
vation is a result of Lorentz force in which by increas-
ing the magnetic field intensity, the imposed force on
moving particle of charge q will increase [2, 3, 68].
Another justify is that passing acid through magnetic
field changes its molecular arrangement to a more reg-
ular form, which restrict its molecular movement and
consequently decrease its reaction rate with CS.

Figure 6 shows the response surface plots and
counter-lines maps of inhibition efficiency for magne-

tized acid. The reduction in corrosion rate decreases
during time smoothly. The results mean that magne-
tized acid preserve 80% of its property during first
48 hours after production. The best time for inhibition
efficiency is the first 24 hours.

Figure 7 indicates that by increasing the acid con-
centration from level 1 to level 3, does not affect the
inhibition efficiency very high. Concerning the
Lorentz force, if a particle of charge q moves with
velocity v in the presence of a magnetic field B, then it
will experience a force that is called Lorentz force
[2, 3, 68]. This force is independent of number of

Fig. 6. Inhibition efficiency (ηw) response surface plot and contour-lines map depending on magnetic field intensity (Gauss) and
elapsed time (hr), holding third variable at fixed level (acid concentration = 10 wt %) in % HCl at 21°C (weight loss method,
immersion time is 6 h).
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charged particles and the results are legal and display
that magnetic field affects the f luid in the first
instants. However acid concentration may influence
the magnetic memory of f luid in which it can preserve
its magnetic properties in a wide interval. The effect of
discussed variables on corrosion rate is presented in
Fig. 8.

4. CONCLUSIONS
The inhibition behavior of magnetized 7.5, 10 and

12.5 wt % (2.2, 3 and 3.8 M) HCl with CS was investi-
gated using weight loss technique and modeled by
means of response surface methodology. The follow-
ing points can be highlighted;

1. The obtained results indicate that, pre-magneti-
zation of HCl performs excellent inhibition activity
against the corrosion of CS in 7.5, 10 and 12.5 wt %
(2.2, 3 and 3.8 M) HCl solution. The determined high
inhibition efficiency is attributed to the changing
molecular arrangement of acid due to magnetic field.

2. ANOVA results depicted that the main factor
affecting inhibition efficiency is the magnetic field
intensity with about 81% of contribution. However,
the influence of acid concentration is also significant.
The effect of elapsed time is negligible and can be
ignored.

3. The inhibition efficiency was found as about
93% for 12.5 wt % HCl that magnetized in 3000 Gauss
magnetic field. The inhibition efficiency increases
with magnetic field intensity but decreases with the
elapsed time.

4. The smooth surfaces observed in SEM micro-
graphs for magnetized HCl means it effectively pro-
tects CS, against corrosion.

5. Due to reduction of corrosion rate under magne-
tization process, it can be proposed that magnetized
acid is a cost effective and reliable alternative of

retarder acids in matrix acidizing of hydrocarbon
wells.
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