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Many studies have been carried out in the direction of improvement of the effectiveness of commonly utilized
phosphate corrosion inhibitors. For this purpose various types of modifications are realized, e.g. introduction of
different cations to the pigment composition or replacement of phosphate anions with others. In the presented
work, anticorrosive pigments containing calcium hydrogen phosphate, and/or calcium hydroxyphosphate, and calcium
molybdate were obtained. The phase and chemical composition and the oil absorption number of those materials
were determined. The anticorrosive properties were investigated by an electrochemical noise method. The obtained
results were compared with previously published studies concerning pigments containing (NH,);AL(PO,); and/or
AIPO,, and CaMoO,. It was found that the pigment containing only calcium molybdate(VI) is not an effective cor-
rosion inhibitor. However, the pigments comprising a mixture of CaHPO, and CaMoQ, exhibited good anticorrosive
properties and they were characterized by higher effectiveness in the corrosion protection than compared materials.
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INTRODUCTION

Corrosion of metals is one of the major processes
that causes huge economic losses in many branches
of industry'. Statistics show that 90% of damage to
ship hulls is caused by this phenomenon?® Corrosion
of reinforcing steel placed in the concrete is also a big
problem®. According to the data, corrosion is the second
largest reason of failure of the pipelines transporting,
for instance, natural gas or water®.

At the present time, the utilization of coatings conta-
ining anticorrosive pigments is one of the cheapest and
effective methods of protection against corrosion. There
have been many studies performed in this area and there
is also an ongoing search for novel materials that would
work as the corrosion inhibitors. Phosphate pigments
have been widely reported in the literature with regard
to this issue, in particular, zinc phosphate, which is con-
sidered as a precursor of phosphate pigments™ 6. Until
recently, it has been successfully used as a substitute for
pigments containing lead or chromates(VI). Nevertheless,
according to the literature, its modification to improve
the anticorrosive properties by changing cation and/or
anion is highly advisable’™. Another reason to replace
zinc phosphate with other compounds is reported the
toxic effect on the aquatic environment of this pigment'’.
Over the years, many studies have been performed on
the modification of already available pigments. It may
be the introduction of other elements, particle size
reduction or the replacement of phosphate anion with
the others'-!,

In the presented work the experiments were per-
formed in order to reduce the content of phosphates
in the pigments by the addition of calcium molybdate
as an alternative corrosion inhibitor in a mixture with
calcium phosphate. According to the literature survey,
calcium molybdate is safe for the environment because
it does not dissolve in water and the molybdate anion
(MoO,*) exhibits a similar action to the chromate anion

(CrO,>)®. The obtained results were compared with
previously published studies on aluminum phosphates
modified with ammonium, molybdenum and calcium®.

EXPERIMENTAL

Materials and methods

For preparing pigments consisting of calcium phos-
phate and calcium molybdate, reagent grade substrates
such as: 85 wt% H;PO, (POCH Basic, Gliwice, Poland),
(NH,);Mo,0,, - 4H,0 (POCH Basic, Gliwice, Poland),
CaCl, - 6H,0 (POCH Basic, Gliwice, Poland) and an
aqueous, 28.5 wt% NaOH solution (CHEMPUR, Piek-
ary Slaskie, Poland) were utilized.

The syntheses were carried out in the unpressurized
reactor at ambient temperature. A solid ammonium
molybdate was added into an aqueous solution of
phosphate acid and stirred until a clear solution was
obtained. Subsequently, calcium chloride in the form
of an aqueous solution was dosed to the reactor. The
molar ratios of Ca**:PO,*:M0O,* in the substrates in
the consecutive experiments were: 1:1:0, 1:0.75:0.25,
1:0.5:0.5, 1:0.25:0.75 and 1:0:1. The pH of the reaction
mixture was adjusted to the desired value with an aque-
ous solution of sodium chloride, and the process was
continued for 30 minutes at constant stirring velocity.
The solid phase was separated from the liquid phase
using a vacuum filter followed by washing with distilled
water three times (the ratio of the liquid phase to the
solid phase was 2:1). The final stage of the process was
drying the precipitate for 3 h at 105°C.

Characterization methods

The phase composition of obtained materials was stud-
ied with X-ray diffraction (CuKo radiation, Empyrean
PANalytical). The identification of the crystalline phases
was performed using HighScore + software and the ICDD
PDF-4+ 2016 database. The calcium and molybdenum



content was determined by ICP-AES technique (Optima
5300 DV, Perkin-Elmer) and the content of phosphates
was determined spectrophotometrically (Spekol 11. Carl
Zeiss Jena). The oil absorption number (amount of oil
needed for complete wetting of tested substance in the
powder form) was measured according to PN-EN ISO
787-5 standard®. The anticorrosive properties of obtained
pigments were evaluated by an electrochemical noise
method®, which was described in detail in the previous
paper of the authors®. The plates made of low-carbon
non-alloy steel (CRS SAE 1008/1010, Q-Lab, Germany)
were used in this test.

RESULTS AND DISCUSSION

The series of pigments containing calcium phosphates
and calcium molybdate was obtained (Series 1). In the
further part of the text, the following acronyms for those
materials were introduced: CP for pigment containing
calcium phosphates, CMP for material composed of
calcium hydroxyphosphate and calcium molybdate and
CM for pigment consisting of calcium molybdate. The
properties of these materials were compared with the
properties of previously obtained pigments consisting of
aluminum phosphates modified with ammonium, calcium
and molybdenum (Series 2), named as follows: AACMP
for materials comprising ammonium and/or aluminum
phosphate and calcium molybdate and AAP for pigment
containing only aluminum phosphate modified with
ammonium. Table 1. presents the phase composition
of all discussed materials as well as their oil absorption
number and the molar ratio of individual elements in
the products.

With X-ray diffraction analysis, in the materials of
Series 1 were identified the crystalline synthesis products
such as: CaMoO,, CaHPO, and Ca4(PO,),;OH. Calcium
hydrogen phosphate was present only in material CP,
while in other cases it was a mixture of calcium molybdate
and calcium hydroxyphosphate (CMP 1-3). A pigment
containing only calcium molybdate (CM) was also obta-
ined in order to verify whether it has good anticorrosive
properties. The only crystalline phase identified in the
materials of Series 2 was CaMoO, (AACMP 1-3). The
remaining compounds had an amorphous form (proba-
bly (NH,);AL(PO,); and/or AIPO,). The material AAP
entirely consisted of an amorphous phase.
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The oil absorption number of products of Series 1
was significantly lower than that of products of Series 2.
The lowest value of this number was determined for
material CM which contained only calcium molybdate
and amounted to 36 g/100 g of product. Based on the
presented results, it can be noticed that the higher was
a fraction of MoO,* ion in the product the lower was
its oil absorption number. The value of this number was
in the range of 36-79 g/100 g of product for the entire
series of materials. The products of Series 2 were cha-
racterized by a high oil absorption number in the range
from 97 to 127 g/100 g of product. It was associated with
the presence of the amorphous phase in these products.

The contents of particular components in the obta-
ined materials were presented in Figure 1. As can be
noticed, in the materials of Series 1 molybdenum plays
a significant role in their composition. On the other
hand, the products of Series 2 contain from three to
five elements, among which molybdenum, calcium and
ammonium constitute rather an additive to the main
component which is a compound of aluminum and pho-
sphorus. The contents of the particular components in
the materials of Series 1 were in the range: 17.72-35.34
wt% Ca, 11.28-31.86 wt% Mo, 1.14-1.60 wt% Na and
10.05-45.57 wt% P calculated as P,0s, whereas for pig-
ments of Series 2 they were in the range: 4.82-14.37 wt%
Ca, 3.74-14.42 wt% Mo, 7.22-15.48 wt% Al, 1.60-6.60
NH,* and 25.40-46.38 wt% P calculated as P,Os.

The results of the crucial test, namely the determination
of anticorrosive properties of the materials concerned
were presented in Table 2. The examinations of the
anticorrosive properties by an electrochemical noise
method demonstrated that the products of Series 1
were characterized by better properties than those of
Series 2. However, the charge density for tested mate-
rial CM which contained only calcium molybdate was
the highest among all analyzed results (103.3 mC/cm?).
Hence, a pure calcium molybdate is not a good pigment
for application in the anticorrosive coatings. Neverthe-
less, promising results were achieved in relation to the
materials CMP 1-3, in which calcium molybdate occurs
in a mixture with calcium hydroxyphosphate. In the tests
performed the charge density for those pigments was
within the range of 7.3-9.2 mC/cm® The product CP
which contained only calcium phosphates (4.7 mC/cm?)
exhibited the best inhibiting properties among all tested

Table 1. Phase composition. molar ratios of individual elements in products and oil absorption number of obtained materials
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1 CP A A A A 1.37 0.00 0.00 0.10 0.00 1.00 74
o 2 CMP1 A A A A 1.54 0.27 0.00 0.16 0.00 1.00 79
i 3 CMP2 A A A A 1.95 0.94 0.00 0.22 0.00 1.00 58
3 4 CMP3 A A A A 4.10 2.34 0.00 0.35 0.00 1.00 50
5) CM A A A A 1.00 0.95 0.00 0.12 0.00 0.00 36
~ 6 AACMP1 A A A A 1.00 0.42 0.75 0.00 0.25 1.00 106
8 7 AACMP2 A A A A 0.58 0.28 0.75 0.00 0.33 1.00 97
S 8 AACMP3 A A A A 0.22 0.07 0.78 0.00 0.54 1.00 108
* 9 AAP A A A A 0.00 0.00 0.88 0.00 0.56 1.00 127

*probably (NH4);Alx(PO4); and/or AIPO4; A —the phase was found; A — the phase was not found
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Figure 1. Contents of individual elements in obtained materials

Table 2. The anticorrosive properties determined with an electrochemical noise method

& Current density [nA/cm2

8 2 Pigment acronym Charge density [mC/cmZ]
K3 w s after 6 h after 24 h average

1 CP 645.9 2.4 94.9 4.7
» 2 CMP1 97.1 48.1 114.3 7.6
2 3 CMP2 19.2 9.3 121.0 9.2
8 4 CMP3 86.4 34.2 103.3 7.3

5 CM 890.6 1434.0 1196.0 103.3
« 6 AACMP1 423.0 232.0 339.0 29.0
2 7 AACMP2 347.0 133.0 361.0 29.0
5] 8 AACMP3 197.0 36.0 386.0 26.0
@ 9 AAP 1506.0 370.0 1073.0 88.8

materials. In contrast, the materials of Series 2 performed
significantly worse on all tests. The charge density for
aluminum phosphate modified with molybdenum and
calcium and molybdenum ranges from 26.0 to 29.0 mC/
cm?, while for the unmodified material AAP the charge
density was up to 88.8 mC/cm?® Figure 2. presents the
graphs of changes in corrosion current density over time
of selected materials, which are CMP2 and CMP3. For
comparative purposes, a test in a reference solution,
which does not contain any anticorrosive pigment was
performed (marked in the graph as a Reference sample).
It can be noticed that the current density for solutions
containing described pigments is significantly lower than
that for reference sample and it decreases from the
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Figure 2. The graphs of changes in corrosion current density
over time of selected materials

beginning of the test. For a pure solution of NaCl, an
increase of current density is visible first.

In assessing the pigment from the point of efficiency
in corrosion protection, aside from the values of current
density and charge density, is also important the appe-
arance of steel plates themselves after tests. The images
of steel plates taken after the corrosion tests were shown
in Figure 3. The following photo numbers correspond to
experiment numbers presented in tables. For the majority
of tested materials, the value of the current density after
6 hours of the test was higher than that after 24 hours.
This could be associated with the deposition of a tight
layer of corrosion products on the surface of steel plates,
which provide additional barrier protection. This does
not change the fact that on the images of materials of
Series 1 a smaller amount of corrosion products is visible
than that on the images of materials of Series 2. For
sample No. 1 (CM), a protective layer is visible on the
steel plate, owing to which this sample was characterized
by the best protective properties among all obtained
pigments in the performed tests.

Figure 3. Photos of steel plates after the test of anticorrosive
properties of obtained pigments



CONCLUSIONS

Anticorrosive pigments obtained within the framework
of the planned experiments, contained crystalline calcium
hydrogen phosphate and/or calcium hydroxyphosphate
as well as calcium molybdate. These pigments were
characterized by lower oil absorption number than com-
pared with them aluminum phosphates modified with
ammonium, calcium and molybdenum. The products
of all experiments were characterized by differentiated
phase and chemical compositions which transferred
into their anticorrosive properties. It was demonstrated
in the studies by an electrochemical noise method that
the pigments containing only calcium molybdate or
aluminum phosphate are not the effective corrosion
inhibitors, while the materials being a mixture of calcium
hydroxyphosphate and calcium molybdate exhibited good
anticorrosive properties. They were characterized by
a higher effectiveness in the protection of steel against
corrosion in comparison to aluminum phosphate modified
with ammonium, calcium and molybdenum.
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search and Development Centre [Project Tango No.
TANGO1/266477/NCBR/2015] in the years 2015-2019.
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