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A series of metal-organic frameworks (MOFs), including aluminum terephthalate
(AlTp), bismuth terephthalate (BiTp), and chromium terephthalate (CrTp), was
synthesized for use as inhibitors to protect AM60B magnesium alloy from
corrosion in 30% ethylene glycol solution containing 0.5 M NaCl. The prepared
MOFs were characterized using the X-ray diffraction (XRD) spectrum, Brunauer,
Emmett, and Teller (BET), and scanning electron microscope (SEM) images.
Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
were applied to evaluate the inhibition performance of the MOFs in a concentration
range of 50-400 ppm. Inhibition efficiencies of 84.17%, 86.52%, and 89.64% were
obtained for BiTp, AlTp, and CrTp at an optimum concentration of 200, 400, and
400 ppm, respectively, indicating high potentials of the proposed inhibitors. Gibbs
free energy of adsorption obtained for BiTp, AlTp, and CrTp were as -30.016, 26.725, and -25.792 kJ mol-1, respectively. These results revealed that the
inhibitors were adsorbed on the metal surface through both physisorption and
chemisorption processes.
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environment, their usage for the protection of magnesium
alloys maybe not a proper method because of the
tendency of Mg to localized corrosion [4]. The protection
of AZ91 Mg alloy by organic-inorganic hybrid coatings
has recently been reported as an effective procedure [5–
11]. However, in the case of cooling systems of vehicles,
the addition of corrosion inhibitors is strongly
recommended [12–14]. It was reported that the Mg alloys
corrosion rate in aqueous ethylene glycol solutions is
dependent on the concentration of the solution [3]. A
diluted solution is more corrosive than a concentrated
one. Additionally, an ethylene glycol solution
contaminated by individual contaminants such as NaCl
was found to be strongly corrosive to Mg alloys. A
literature survey shows that the number of studies
performed on the corrosion resistance of Mg alloys in
ethylene glycol solutions is so limited [3,4,12,13]. On this
basis, in the present work, we introduce a series of metalorganic frameworks (MOFs) to inhibit the AM60B
magnesium alloy in ethylene glycol solution containing
0.5 M NaCl. MOFs are a promising class of components

1. Introduction
Magnesium alloys have some features, such as light
density, good mechanical properties, and high strengthto-weight ratio that make them promising alternatives to
aluminum and steel alloys for automotive, aerospace, and
electronic applications. In automotive industries, a
magnesium engine block has been targeted that can
significantly reduce the weight and fuel consumption of
an automobile. In the cooling system of such an engine
block, corrosion is always a significant problem. It was
demonstrated that many existing commercial coolants
exhibit no adequate corrosion inhibition to magnesium
alloys [1,2]. To solve this problem, inhibitors are usually
included in most brands of commercial coolants, where
the main components of a conventional coolant are 30
vol% ethylene glycol + 70 vol% H2O, and the added
inhibitors include phosphate, molybdate, nitrate, borate,
nitrite, silicate, and benzoate [3]. It should be noted that
although the application of corrosion inhibitors is the
simplest way to protect metals in an aqueous
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that have attracted much attention for their potential
applications. Their structure is characterized by metal
clusters and organic linkers. Having polar groups and
large surface areas could make these materials proper
candidates for corrosion inhibition. As far as our
knowledge is concerned, there is no report published on
the use of MOFs as corrosion inhibitors in the coolant.
Thus, results obtained here could hopefully help draw an
overall inference about the performance of MFOs in
ethylene glycol solution for the active protection of
magnesium.
2. Results and Discussion

2.1. Characterization of MOFs
XRD patterns of the BiTp, AlTp, and CrTp are shown in
Fig.1. This figure demonstrated the crystalline structures
of the prepared MOFs. Some main diffraction peaks of
the AlTp appeared at 2= 9.48°, 12.55°, 17.92°, 23.32°,
25.12°, and 27.28° [15]. BiTp exhibited its main
diffraction peaks at 2θ = 5.48°, 7.27°, 18.81°, 26.98°,
32.31°, and 46.21°, which were consistent with data
reported in the literature [16]. In the case of CrTp,
characteristic peaks appeared at 2θ = 8.69°, 9.31°, 16.77°,
and 19.15°, which were in agreement with data reported
previously [17,18].
SEM images of the synthesized MOFs are shown in Fig.
2. It is observed that they are entirely different in shape.
Accordingly, the AlTp species appear as layered cubes
with small pores. The thickness of such layers in some
areas is 20-60 nm. Sharp edges and directional fractures
indicate the high crystallinity of the AlTp. The CrTp
particles show an octagonal morphology with sharp edges
and fine porosity. The length of the base on each side is
found to be 300-500 nm. The BiTp is seen as filamentous
particles with a size distribution of 40-90 nm and fine
porosity.

Fig. 2. SEM images of the synthesized MOFs

2.2. Potentiodynamic polarization
Potentiodynamic polarization measurements were carried
out for the AM60B alloy in an aqueous ethylene glycol
solution. The corresponding plots in the absence and

Fig.1. XRD patterns of AlTp (a), BiTp (b), and CrTp (c).
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the blank solution to 1.99 µA cm2 in the presence of 400
ppm CrTp.

presence of various contents of inhibitors are depicted in
Fig. 3.

Table 1. Polarization parameters
Inhibitor
Bare
AlTp

BiTp

CrTp

Con.
(ppm)
-

E
(V)
-1.39

I
(µA cm-2)
5.96

IE
%
-

50
100
200
300
400
50
100
200
300
400

-1.28
-1.31
-1.31
-1.29
-1.28
-1.23
-1.28
-1.43
-1.34
-1.32

8.33
7.72
7.33
5.75
3.17
7.54
4.53
3.37
4.07
5.97

51.32
54.88
57.16
66.39
81.47
55.93
73.52
80.30
76.21

50
100
200
300
400

-1.35
-1.40
-1.43
-1.36
-1.35

5.86
5.11
4.24
3.89
1.99

65.11
65.75
70.13
75.22
77.26
88.37

Such a result indicated that the proposed MOFs were
effective to reduce the corrosion of magnesium.
Corrosion mitigation was due to the adsorption of
inhibitor molecules on the AM60B surface. This type of
adsorption was mainly due to the presence of the O=C–
O- group in the terephthalate structure, providing an
active site to attach to the metal surface. A charge transfer
between the adsorbed molecule and the surface plays a
critical role in the corrosion inhibition process. Such a
charge transfer could happen between the empty 2π* state
of the carboxyl group in terephthalate and the Mg-2s
states of the metal [6]. Table 1 showed that the Icorr values
of the AM60B alloy increased with increasing the MOF
concentration. This was an indication of increased
adsorbed molecules on the metal surface at higher
concentrations. Inhibition efficiencies (η) included in
Table 1 are calculated by the following equation[19]:
η=

0
𝐼𝑐𝑜𝑟𝑟
−𝐼𝑐𝑜𝑟𝑟
0
𝐼𝑐𝑜𝑟𝑟

× 100

(1)

Fig. 3. Potentiodynamic polarization plots of the AM60B
alloy in 30% ethylene glycol solution in the presence of
MOFs

0
where 𝐼𝑐𝑜𝑟𝑟
and 𝐼𝑐𝑜𝑟𝑟 are corrosion current densities in
blank and inhibited solutions, respectively. Maximum
values were obtained as 80.30%, 81.5%, and 88.37% in
the presence of BiTp, AlTp, and CrTp, respectively. The
inspection of Table 1 indicated that Ecorr had a value of 1.49 V in the blank solution, whereas it shifted to more
positive values in the presence of MOFs. Such a
replacement was a consequence of inhibitor adsorption
on the Mg surface, leading to the formation of a barrier
against corrosive agents. Furthermore, polarization
curves showed that the addition of MOF affected anodic
branches more than cathodic ones. This may indicate that
the proposed inhibitors reduced corrosion mainly by
decreasing the rate of metal dissolution reaction.

Corrosion potential (Ecorr) and corrosion current density
(Icorr) were determined from polarization curves by
Tafel extrapolation. Data obtained are given in Table 1.
It is well known that Icorr is a kinetic parameter indicating
corrosion rate. Table 1 revealed that Icorr in blank solution
was much higher than those in solutions containing MOF.
For instance, Icorr value decreased from 17.11 µA cm2 in
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2.3. EIS results
Fig.4 depicts the EIS spectra of the AM60B alloy after 2
h immersion in the corrosive solution (30% ethylene
glycol+ 70% water containing 0.5 M NaCl) containing
inhibitors. Accordingly, Nyquist diagrams illustrate two
characteristic loops, which are related to two specific
time constants. The low-frequency time constant is
attributed to the Faradic charge transfer process at the
electrolyte/AM60B interface, and the high-frequency
time constant could be assigned to capacitance and the
resistance of the oxide film on the metal surface. An
equivalent circuit shown in Fig.5 was applied to assess
EIS data. In this circuit, CPEf is the constant phase
element and Rf is the resistance of the oxide layer. CPEdl
is the double-layer capacitance of the oxide layer/metal
interface, and Rct is charge transfer resistance. The CPE
applied instead of a pure capacitor contains two specific
parameters: Y (constant of the CPE) and n (exponent of
the CPE with a value between 0 and 1)[20,21]. The CPE
impedance and Rtotal (sum of the charge transfer
resistance and oxide layer resistance) are calculated based
on the following equations[22]:

Z CPE  ( jC )  n

(2)

Rtotal  R f  Rct

(3)

where Z, j, ω, C and n are the impedance, square root of
−1, angular frequency, capacitance, and measure of the
non-ideality of the capacitor.
Table 2 contains various parameters achieved from fitting
EIS spectra by Zview2 software. Furthermore, Rtotal
values were used to calculate inhibition efficiencies
(IE%) using the following equation[23]:
0
Rtotal  Rtotal
IE % 
 100
Rtotal

(4)

where Rtotal and R0total are the sum of the charge transfer
resistance and oxide layer resistance in inhibited and
uninhibited solutions, respectively.

Fig. 5. Equivalent circuit used to fit experimental EIS data.

Fig. 4. Nyquist diagrams of the AM60B alloy in 30%
ethylene glycol solution in the absence and presence of
MOFs.
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According to Eq. (4), inhibition efficiencies of the BiTp,
AlTp, and CrTp were achieved as 84.17%, 86.52%, and
89.64% at an optimum concentration of 200, 400, and
400 ppm, respectively. Such high potentials of the
proposed inhibitors could be explained by the presence of
π-rich systems and lone pair electrons of O atoms, which
strongly interact with the metal surface [24,25]. The
active surface of each inhibitor that is available to interact
with the metal surface can be considered as a parameter
affecting inhibition performance (Table3). On this basis,
it could be expected that inhibitors with higher active
surface areas exhibit better inhibition efficiencies. BET
data revealed that the active surfaces of the studied MOFs
were in the order BiTp < AlTp < CrTp. Such a trend that
was in agreement with IE% results indicated that the
AlTp and CrTp particles with cubic and octagonal
morphologies provided higher corrosion mitigation than
the BiTp with a filamentous structure and an active
surface area of just 11 m2 g-1.

where Cinh is the inhibitor concentration, and Kads is the
equilibrium constant for the adsorption-desorption
process. Fig.6 shows plots of Cinh/θ versus Cinh. The plot
intercept can be used to determine Kads values, which
were attained as 0.1815, 0.0481, and 0.0330 L mg-1 for
BiTp, AlTp, and CrTp, respectively. Gibbs free energy of
inhibitor adsorption on the AM60B surface was
calculated using the following equation[28]:

Gads   RT ln(55.5K ads )

where 55.5 is the molar concentration of water, which is
replaced by 106 when inhibitor concentration is in ppm
[29]. ΔGads values obtained for BiTp, AlTp, and CrTp
were as -30.016, -26.725, and -25.792 kJ mol-1,
respectively. It is generally proposed that when ΔGads has
a value up to -20 kJ mol-1 or lower, inhibitor molecules
are adsorbed on the metal surface via electrostatic
interactions, and it is considered as a physisorption
process. On the other hand, ΔGads with a value of more
than -40 kJ mol-1 shows that inhibitor molecules are
adsorbed on the surface through charge sharing between
the inhibitor and the metal, and adsorption is considered
as a chemisorption process[30,31]. ΔGads values obtained
for the inhibitors investigated were between the above
two values, implying that the adsorption mechanism of
inhibitors involved two types of interaction,
chemisorption, and physisorption.

Inhibitor adsorption on the metal surface and inhibitormetal interactions can be studied by adsorption
isotherms. For this purpose, EIS data were used to obtain
surface coverage (θ=(IE%)/100) and, in turn, the
adsorption mechanism of inhibitor on the AM60B alloy
surface. To find a proper adsorption isotherm, Temkin,
Freundlich, and Langmuir isotherms were tried to fit
experimental data. Results showed that the Langmuir
isotherm best described the adsorption process. This
isotherm can be expressed by the following
equation[26,27]:

Cinh



 Cinh 

1
K ads

(6)

(5)

Table 2. EIS parameters obtained from fitting experimental data. The immersion time before all measurements was about 2 h

Inhibitors

Con.
(ppm)

CPEf

CPEdl

Y0×10-6
(Ω-1cm-2Sn)

n

Rf
(kΩ.cm2)

Y0×10-6
(Ω-1cm-2Sn)

Rf+Rct
(kΩ.cm2)

IE%

n

Rct
k(Ω.cm2)

Fitting
Error

Bare

-

255.13

0.72

0.012

417028

0.66

0.566

0.578

-

0.0001

AlTp

50

6.06

0.87

1.911

8.04

0.86

0.019

1.930

70.05

0.0003

100

10.29

0.85

2.323

3.00

0.94

0.024

2.347

75.37

200

11.37

0.64

2.669

8.07

0.93

0.024

2.693

78.54

0.0005
0.0002

300

6.22

0.88

2.705

5.17

0.93

0.015

2.720

78.75

0.0006

400

12.39

0.68

4.274

7.03

0.94

0.014

4.288

86.52

0.0007

50

11.35

0.91

1.244

9.80

0.91

0.090

1.334

56.67

100

9.97

0.81

2.646

5.19

0.96

0.016

2.662

78.29

0.0003
0.0009

200

19.81

0.51

3.559

8.77

0.94

0.093

3.652

84.17

0.0000

300

10.14

0.92

3.029

14.25

0.53

0.038

3.067

81.15

0.0001

400

20.00

0.61

2.317

7.54

0.95

0.027

2.344

75.34

0.0011

50

13.99

0.90

1.262

2528.20

0.80

0.695

1.957

70.46

0.0008

100

14.61

0.89

1.571

1735.10

0.80

0.591

2.162

73.27

0.0005

200

14.62

0.89

1.469

2469.10

0.76

0.779

2.248

74.29

300

13.07

0.89

1.868

663.91

0.54

0.868

2.736

78.87

0.0004
0.0003

400

12.78

0.89

2.445

765.33

0.52

3.133

5.578

89.64

0.0003

BiTp

CrTp
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To prepare CrTp, 13.7 mmol from Cr(NO3)3.9H2O was
mixed with 14 mmol terephthalic acid in about 70 ml
distilled water, and the reaction proceeded as described
above. To synthesize BiTp, 2 mmol terephthalic acid was
dissolved in 15 ml DMF and then added dropwise to 20
ml DMF solution of 1.33 mmol Bi(NO3)3.5H2O. The
synthesis was completed as explained above, and the final
product was washed and dried for further usages.
3.3. Corrosion tests
Electrochemical
impedance
spectroscopy
(EIS)
measurements were carried out by using an Autolab
PGSTAT30 in a cell with the three electrodes of Ag/AgCl
(3M KCl), AM60B sheet, and platinum wire as the
reference, working, and counter electrodes, respectively
in stagnant condition. The frequency range was from 10
kHz to 10 mHz with an AC voltage of 5.0 mV.
Potentiodynamic polarization was measured by the same
cell in a potential range of −250 to 250 mV versus open
circuit potential at a scan rate of 1 mV s−1. The immersion
time before all measurements was about 2 h. Corrosion
tests were carried out on the Mg alloy specimens with a
size of 1×1 cm and composition of Al:5.5-6.5%,
Mn:0.24-0.6%, Zn:0.22%, and Si:0.1%, which were
abraded with a series of emery papers and then washed
with double-distilled water, degreased with acetone, and
dried in air.

Table 3. Data obtained from BET analysis of the synthesized
MOFs.
MOF

Pore size
(nm)

AlTp

Active
surface
(m2 g-1)
975.72

2.00

Pore
volume
(cm3 g-1)
0.49

BiTp

11.04

4.82

0.013

CrTp

2731.00

2.12

1.45

Fig. 6. Langmuir isotherm to describe the adsorption process
of the synthesized MOFs on the metal surface.

3. Experimental
3.1. Materials and apparatus
All materials and solvents were purchased from Merck
Co. and used without purification. The purity of the
materials was terephthalic acid (98%), HNO3 (65%),
Al(NO3)3.9H2O
(99%),
Cr(NO3)3.9H2O
(99%),
Bi(NO3)3.5H2O (98%), and Ethylene glycol anhydrous
(99.8%). XRD patterns were obtained using Philips (XPro) in a scan range of 2θ=5-70°. The morphology of
synthesized MOFs was investigated by providing SEM
images via LEO 1430VP. BET data were obtained using
Belsorp II at 77 K.
3.2. Synthesis of MOFs
To synthesize aluminum terephthalate MOF under
hydrothermal conditions, 45 mmol Al(NO3)3.9H2O and
22.5 mmol terephthalic acid were mixed in 65 ml
deionized water with a magnetic stirrer for 10 min and
transferred to a PTF Teflon reactor. The pH of the mixture
was adjusted to 2–3 by adding concentrated HNO3. The
Teflon reactor was then inserted into an autoclave steel
capsule and transferred to an electric oven and incubated
at 250 °C for 3 days. The mixture was cooled to room
temperature, and a white precipitate of AlTp was
separated from the solution. The precipitate was rinsed
several times with deionized water to remove byproducts
and unreacted materials, and then it was dried in air at
room temperature. To remove terephthalic acid and water
molecules that are unreacted and encapsulated within the
cavities of the AlTp, the product was calcined for 72 h at
360 °C under air.

4. Conclusion
Three terephthalate-based MOFs were successfully
synthesized under hydrodynamic conditions. SEM
images revealed that the prepared MOFs had different
morphologies, which affected their inhibition abilities.
Such different structures resulted in different active
surface areas, as demonstrated by BET results.
Corrosion tests indicated that all the proposed
components exhibited inhibition efficiency higher than
84%, which could be considered as potential inhibitors in
ethylene glycol + water solution as the coolant of
magnesium engine blocks. It was also found that CrTp
with an inhibition efficiency of about 90% exhibited
better performance than BiTp and AlTp. Gibbs free
energy of adsorption showed that the studied inhibitors
were adsorbed on the AM60B surface by a mixed process
of chemisorption and physisorption.
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