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The restriction on the use of toxic chromates necessitated the search for environmentally

safe and effective anticorrosive pigments for paint and varnish primers. The aim of the

study was to develop a non-toxic anti-corrosion pigment mixture of zinc phosphate

(ZnPh), calcium phosphate (CaPh), and crushed walnut shells (WSh) and a predictive

model describing the relationship between its composition and the effectiveness of

inhibiting corrosion processes, which will allow the development of optimal formulations

for water-based primers. The anticorrosive efficiency of extracts of different compositions

on Q215 steel samples was assessed by massometry. Using a simplex lattice design of the

experiment, a mathematical model was built that describes the dependence of the degree

of protection on the composition of the mixture. By optimization, the optimal composition

of the mixture was determined: 4.7 g WSh, 2.4 g CaPh, and 7.9 g ZnPh per 100 g of water,

for which the calculated degree of protection was 90.06%. Experimental verification

confirmed the high efficiency of the mixture, showing a degree of protection of 87.8%.

The resulting model can be used to predict the anti-corrosion properties of pigment

mixtures for the development of environmentally friendly water-based primers.
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phosphates, tannins, optimization.

DOI: 10.32434/0321-4095-2026-166-3-165-173

Introduction
The effectiveness of anticorrosive primers depends

primarily on the chemical nature and functional
activity of the pigments included in their composition.
With the transition to environmentally friendly
coatings, the search for effective, non-toxic pigments
is relevant. The ban on hexavalent chromium
compounds, which were once considered the gold
standard of corrosion inhibitors due to their strong
oxidizing and passivating properties, has significantly
accelerated the research into alternative anticorrosive
compounds. As a result, phosphate-based pigments
have attracted particular interest due to their lower
toxicity and ability to form protective phosphate-

containing films on the steel surface. Zinc phosphate,
the most common representative of this class, together
with calcium phosphate, has been shown to improve
the barrier properties of coatings for metal surfaces
[1–4].

Despite these advantages, simple phosphate
pigments generally exhibit lower inhibition efficiency
compared to chromate systems, which has led to
research into improving or modifying their functional
characteristics. One of the most effective approaches
is to create synergistic combinations of pigments.
Numerous studies have confirmed that mixtures of
zinc and calcium phosphates exhibit significantly
improved corrosion inhibition compared to each
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component used separately, due to their ability to
form mixed Ca/Zn-phosphate phases that are less
permeable [2,3]. These phases contribute to the
formation of passivating films with higher structural
stability on steel surfaces. At the same time, further
developments have been aimed at creating composite
pigments, including phosphate-modified natural
fillers, nanoengineered calcium-zinc compounds and
hybrid phosphate-silicate systems. These pigments
have demonstrated reduced porosity and improved
adhesion and barrier properties in various resin matrices
[4–10].

In parallel with these studies, there are current
trends in sustainable development that point to the
prospects for the use of renewable raw materials. Plant-
derived components, in particular those containing
polyphenolic structures, have been recognized as
promising corrosion inhibitors due to their natural
ability to chelate metal ions, adsorb on metal surfaces,
and inhibit anodic and cathodic reactions. Walnut
shells are one such promising additive, which is rich
in lignocellulosic compounds and tannins. These
polyphenolic compounds are known inhibitors that
can form low-solubility complexes with Fe3+, Zn2+,
and Ca2+ ions. Therefore, they have been successfully
incorporated into synthesized pigments such as calcium
and zinc tannates, which exhibit high anti-corrosion
performance in organic coatings [11–15]. Previous
work by the authors has also shown that walnut shell
powder, when used together with mineral pigments,
can significantly improve the corrosion resistance of
primers, forming stable hybrid organic-inorganic films
[12].

Thus, the combination of phosphate-based
pigments and plant materials containing tannins is a
promising research direction. Phosphate pigments form
protective inorganic phases, while tannins promote
the formation of metal–tannate networks, which have
the ability to densify protective layers and inhibit
corrosion processes. This suggests that a mixed system
containing both inorganic and organic inhibitor
components can outperform traditional pigments.
However, finding the optimal ratio of these components
requires not only experimental studies, but also
mathematical modeling, taking into account nonlinear
interactions that can affect the stability of protective
films on metal surfaces.

In this context, the present work focuses on
systematically evaluating the inhibitory efficiency of
mixtures based on zinc phosphate, calcium phosphate,
and finely ground walnut shells, and determining how
variations in the component ratios influence the
corrosion protection of steel. To achieve this, the
study combines experimental assessment of aqueous
extracts, statistical modeling using a simplex lattice

design, and subsequent optimization of mixture
composition. The purpose of the study is to determine
an environmentally safe and effective anti-corrosion
pigment mixture and create a predictive mathematical
model that describes the relationship between the
composition of the mixture and the inhibition
efficiency, which allows you to choose the optimal
formulation for use in water-soluble primer coatings.

Experimental
Reagents and equipment
The reagents employed in the study included

zinc phosphate with the chemical formula
Zn3P2O8⋅xH2O (ZnPh), calcium phosphate Ca3(PO4)2

(CaPh), both procured from Shanghai Macklin
Biochemical Co., Ltd., China, and finely ground
walnut shell (WSh) with a particle size of 75 µm,
sourced from Lingshou Fengfeng Mining Products
Processing Factory, China.

Based on pigments ZnPh and CaÐh, as well as
walnut shell powder WSh, the corresponding extracts
were prepared through ultrasonic treatment of an
aqueous suspension. This suspension comprised finely
ground walnut shell powder and/or aluminum
phosphate powder combined with water in varying
ratios. The suspension was subjected to processing
using an ultrasonic homogenizer WH003 (Jiagyin
Weiheng Industrial Technology Co., China). The
treatment regimen encompassed a total duration of
10 minutes, during which ultrasonic treatment at a
frequency of 20 kHz and a power of 1200 W was
applied for every five-second interval, followed by a
period of rest. Following ultrasonic treatment and
resting, the suspension was filtered.

Corrosion rate studies were conducted on samples
measuring 40×25×1 mm from cold-rolled steel grade
Q215 (standard GBT700_2006, China). The chemical
composition of Q215 steel included: carbon (C):
≤0.15%, silicon (Si): ≤0.35%, manganese (Mn):
≤1.20%, phosphorus (P): ≤0.045%, sulfur (S): ≤0.050%
(grade A). Elements such as chromium (Cr), nickel
(Ni), and copper (Cu) were present in trace amounts,
typically not exceeding 0.30% each.

The corrosion rate was ascertained through the
gravimetric method by exposing steel samples to
extracts. The entire duration of the corrosion process
extended to 120 hours (5 days). The variation in
mass of the samples during the corrosion examinations
was measured using an electronic balance with a
precision of five digits.

The preparation of samples for testing
encompassed the mechanical cleaning of the metal
surface using P-1920 paper (PRC) with a grain size
of 18 mm, followed by degreasing with ethanol, drying
with hot air, and then exposure for 24 hours in a
desiccator containing a moisture absorber. After one
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day, the mass of the samples was measured with an
accuracy of 0.00001. Subsequently, following the
corrosion tests, the samples were cleaned of corrosion
products for a duration of 1–2 minutes in a 5%
sodium thiosulfate solution, rinsed, dried, and the
change in mass was subsequently determined.

Based on the results of massometric analyses,
the corrosion rate (vcor) and the extent of inhibition
efficiency of the metal (IEWLM) [13] were determined
utilizing formulas (1) and (2), respectively.
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where w1 and w2 are the sample masses before and
after testing (g); A is the area of the metal sample
(m2); t is the sample exposure time in the corrosive
environment (h).

Modeling and optimization of the mixture
composition of walnut powder, zinc, and calcium
phosphates

To identify the most effective formulation of
the mixture utilized in the production of anti-corrosion
primers, a series of experimental investigations were
undertaken, a mathematical model was established,
and an optimization problem was articulated and
resolved.

The level of inhibition efficiency of the metal
IEWLM (%) was chosen as the optimization criterion.
Considering the selected criterion, an objective function
was compiled that describes the dependence of the
degree of protection (IEWLM) and the composition of
the mixture.

( )
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where x1 is the mass fraction of walnut shell powder
in the mixture; x2 is the mass fraction of calcium
phosphate; and x3 is the mass fraction of zinc
phosphate.

Subsequently, the optimization problem is
reduced to determining the maximum of function
(3), while adhering to the specified constraints.
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where xi (i=1, 3) are the mass fractions of the
components of the mixture under study.

The structural and parametric identification of
the coefficients of the objective function (3) was
conducted utilizing experimental and statistical
methodologies. Based on prior research by the authors
[14], it was presumed that the response surface possesses
a nonlinear character; consequently, a polynomial of
the subsequent form was proposed as the fundamental
mathematical model:

∑∑∑
≠
===

+++=
n

ij
ji

jiij

n

i

ii

n

i

iiWLM xxaxaxaaIE
1,1

2

1

0
   (6)

Results and discussion
Results of mathematical processing of experimental

data
To determine the coefficients, a simplex lattice

experimental design was devised and implemented
(Table 1). This design facilitates the calculation of
the model’s coefficients (6). In order to ensure uniform
coverage of the entire mixture space, equally spaced
fractions within the interval [0, 1] were selected for
each component, corresponding to a standard simplex
lattice design of degree m=3: 0, 1/m, 2/m, ..., m/m.
It encompasses all mixture variants, where each
component assumes the values 0, 1/3, 2/3, or 1,
including the central point. Thus, the selected
component ratios cover each edge of the simplex at
equal intervals and include internal points required
for evaluating interactions and for approximation using
polynomial models. The total mass of the mixture
components was 5 g per 100 g of water. Additionally,
each experimental condition adheres to the specified
design condition (5).

To achieve a more precise model, three parallel
experiments were conducted for each point of the design.
The average values of the initial parameter, the
inhibition efficiency IEWLM, are presented in Table 1.

The coefficients in equation (6) were evaluated
employing the Student’s t-test:

kpjp tt > ,   (7)

where 
aj

j

jp
s

a
t =  is the calculated value of the Student’s

t-test for the j coefficient of the equation; saj is the
standard deviation of the coefficient; têð is the critical
value of the test criterion for a significance level of
q=0.01.

After rejecting insignificant coefficients, the
subsequent equation was derived:
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The adequacy of the obtained level was evaluated
using the Fisher criterion, and the multiple correlation
coefficients R, along with the standard deviation s,
were calculated accordingly: F=11.71 (>FKP), R=0.96,
s=5.3.

The results obtained demonstrate that the model
accurately represents the experimental data to a
satisfactory degree. Consequently, the dependence (8)
may be employed as an objective function for the
resolution of the optimization problem.

Subsequently, a response surface study was
undertaken. As shown in Fig. 1a, the concentration
of walnut shell powder and calcium phosphate was
systematically varied from 0 to 5 g per 100 g of water;
the concentration of zinc phosphate was derived from
condition (5). Similarly, in Fig. 1c, the concentration
of walnut shell powder and zinc phosphate was varied
within the same range, with the concentration of
calcium phosphate calculated according to condition
(5). Additionally, in Fig. 1c, as the concentrations of
zinc phosphate and calcium phosphate were varied,
the concentration of walnut shell powder was
determined based on the corresponding condition (5).

As illustrated in Fig. 1, the response surface
appears relatively smooth; however, it exhibits a
nonlinear character concerning the content of WSh
powder, zinc phosphate and calcium phosphate.

To determine the limits of variation in the
concentrations of mixture components for the
identification of the optimal region, contour diagrams
were constructed. These diagrams depict the
relationship between the level of anti-corrosion
protection of the metal – ranging from 60% to 100%

– and the concentrations of WSh powder, calcium
phosphate, and zinc phosphate (Fig. 2).

It was found that the concentrations of
the mixture components should be varied from 2 to
10 g/100 g of water; therefore, the search for the
maximum value of the objective function (8) was
conducted within these limits. The optimization
problem was solved using the OPTIMIZ-M program
[12]; as a result, the following values were obtained:
õ1=4.7, õ2=2.4, and õ3=7.9. The calculated value of
the degree of anti-corrosion protection of the metal is
90.06%.

Experimental verification of the obtained results
showed that for the calculated values (õ1, õ2, õ3), the
degree of anti-corrosion protection of the metal is
87.8%. The calculated and experimental values of the
protection level are very similar; therefore, the model
(8) can be used for forecasting purposes.

Discussion of the mechanism underlying the anti-
corrosion efficacy of the mixture

The analysis of the literature sources presented
above has demonstrated that the extractive component
of combinations of phosphate compounds of zinc and
calcium has proven effective as a synergistic anti-
corrosion agent. Various studies have verified that
complex mixtures of iron phosphates and mixed
phosphates of zinc and calcium form on the surface
of iron. The latter tend to create denser, and
consequently less porous, frameworks (for example,
phases such as partially amorphous Ca–Zn-phosphates
or CaZn2(PO4)2-like aggregates). These structures
reduce the permeability of the protective film and
contribute to the overall stabilization of the phosphate
layer. This provides an explanation for the high
effectiveness of calcium- and zinc-based pigment
compositions in enhancing the corrosion resistance
of paint and varnish coatings.

Conversely, walnut shells were incorporated into
the examined pigment mixture, from which phenolic

Table 1

Experimental design and the degree of metal corrosion protection in the extracts

Experiment No. 
Mass fraction of 

WSh 

Mass fraction of 

CaРh 

Mass fraction of 

ZnPh 

Inhibition efficiency, 

IEWLM 

1 1 0 0 26.554 

2 0 1 0 54.802 

3 0 0 1 72.693 

4 0.67 0.33 0 47.269 

5 0.67 0 0.33 85.876 

6 0.33 0.67 0 53.861 

7 0 0.67 0.33 84.934 

8 0.33 0 0.67 85.876 

9 0 0.33 0.67 36.911 

10 0.33 0.33 0.33 63.500 
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compounds were extracted into the solution,
commonly referred to as tannins. These compounds
are renowned for their exceptional capacity to bind
iron ions generated during the corrosion process into
chelate complexes with low solubility.

This is corroborated by the findings of research
on the efficacy of artificially synthesized pigments of
calcium tannates [14] and zinc tannates [15], which
establish protective layers on metal surfaces. A
comparative analysis of the anti-corrosion performance
of calcium tannates versus calcium phosphates indicated
that calcium tannates are more effective when
incorporated into paint coatings [14]. Additionally,
an examination of the compounds constituting the
protective film formed on the metal surface, as
evidenced in the calcium tannate extract, revealed
that it contains iron tannates [14].

The probable composition of the protective film
formed in the extract of a mixture of calcium/zinc
phosphates and walnut shell powder is as follows.

Insoluble or sparsely soluble iron phosphates
(Fe-phosphates) develop on the surface of steel – a
well-established phase resulting from the reaction of
phosphates with steel: Fe3++PO4

3–
→insoluble iron

phosphates. These layers possess the capacity to
passivate the anodic regions of the metal surface [9,10].

Phosphate pigments, by generating the
corresponding Ca2+ and Zn2+ ions, facilitate the
formation of denser and less porous mixed
“frameworks,” such as phases including partially
amorphous Ca–Zn-phosphates or CaZn2(PO4)2-like
aggregates. This process results in a reduction in
permeability and promotes stabilization of the
phosphate film.

Fig. 1. Dependence of the inhibition efficiency on varying contents of components (g per 100 g of water): (a) for changes in

calcium phosphate and walnut shell powder; (b) for changes in shell and zinc phosphate; (c) for changes in zinc phosphate and

calcium phosphate

 

a b 

 

c 
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Fig. 2. Inhibition efficiency depending on component concentrations (g per 100 g of water): (a) for changes in calcium phosphate

and walnut shell powder; (b) for changes in shell and zinc phosphate; (c) for changes in zinc phosphate and calcium phosphate

 

a b 

 

c 

The phenolic constituents contained within the
extracts of the pigment mixture engage in the formation
of compounds with Zn2+, Ca2+, and Fe3+ ions, resulting
in the creation of polymer complexes of the metal-
tannate type, such as Zn-tannate, Ca-tannate, and
Fe-tannate [14,15]. These tannates may serve as an
organic-inorganic matrix that effectively «binds»
phosphate particles.

Therefore, it can be assumed that the protective
film formed on the steel surface in the extract of the
pigment mixture is a multilayered partially polymerized
organo-inorganic layer, where the phosphate «skeleton»
(Ca/Zn/Fe–P) is bound/filled with compounds of
the tannate type.

Therefore, walnut shell tannins function
concurrently as a chelating agent, adsorbent or barrier,
and «crosslinker» of the phosphate layer. In essence,
it can be asserted that they alter the protective film.
This elucidates the observed synergy within the three-

component mixture, which may be attributed to the
development of a film with a less porous structure,
thereby providing enhanced corrosion protection.

Conclusions

Based on the results obtained in this work, the
following conclusions can be drawn:

A combination of pigments derived from calcium
and zinc phosphates, in addition to finely ground
walnut shell powder, was examined. It was determined
that the aqueous extract of this mixture offers superior
anti-corrosion protection for steel compared to
individual double mixtures.

The optimal ratios of the mixture components
were determined through mathematical optimization.
The calculated and experimental values of the corrosion
protection degree at the optimal component ratio
concur with an acceptable level of accuracy.

The incorporation of walnut shells into the
mixture facilitated the development of a promising
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ecological pigment blend suitable for integration into
water-based paint and varnish coatings, which exhibit
high anti-corrosion properties. Tannins contained
within the plant component contributed to enhancing
the protective qualities of the film formed by the
extract on the metallic surface, likely due to its further
modification with Zn/Ca/Fe-tannates compounds via
adsorption, chelation, and the inhibition of the overall
metal corrosion process in a neutral environment.
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ÍÅÒÎÊÑÈ×Í² ÀÍÒÈÊÎÐÎÇ²ÉÍ² Ï²ÃÌÅÍÒÍ²
ÑÓÌ²Ø² Ç ÐÎÑËÈÍÍÈÌ ÊÎÌÏÎÍÅÍÒÎÌ ÄËß
¥ÐÓÍÒÓÂÀËÜÍÈÕ ÏÎÊÐÈÒÒ²Â

Î.Å. ×èãèðèíåöü, Î.Â. Ñàíã³íîâà, ª. Âó

Îáìåæåííÿ íà âèêîðèñòàííÿ òîêñè÷íèõ õðîìàò³â
çóìîâëþº íåîáõ³äí³ñòü ïîøóêó åêîëîã³÷íî áåçïå÷íèõ òà
åôåêòèâíèõ àíòèêîðîç³éíèõ ï³ãìåíò³â äëÿ ´ðóíòóâàëüíèõ
ëàêîôàðáîâèõ ìàòåð³àë³â. Ìåòîþ äîñë³äæåííÿ áóëî ðîçðî-
áëåííÿ íåòîêñè÷íî¿ àíòèêîðîç³éíî¿ ï³ãìåíòíî¿ ñóì³ø³
ôîñôàòó öèíêó (ZnPh), ôîñôàòó êàëüö³þ (CaPh) ³ ïîäð³áíå-
íî¿ øêàðàëóïè âîëîñüêèõ ãîð³õ³â (WSh) òà ïðîãíîñòè÷íî¿
ìîäåë³, ùî îïèñóº âçàºìîçâ’ÿçîê ì³æ ¿¿ ñêëàäîì òà
åôåêòèâí³ñòþ ³íã³áóâàííÿ êîðîç³éíèõ ïðîöåñ³â, ùî äîçâî-
ëèòü ðîçðîáèòè îïòèìàëüí³ ðåöåïòóðè äëÿ ´ðóíòîâîê íà
âîäí³é îñíîâ³. Àíòèêîðîç³éíó åôåêòèâí³ñòü åêñòðàêò³â ð³çíî-
ãî ñêëàäó íà çðàçêàõ ñòàë³ Q215 îö³íþâàëè ìåòîäîì ìàñî-
ìåòð³¿. Âèêîðèñòîâóþ÷è ñèìïëåêñíó ´ðàò÷àñòó ñõåìó
åêñïåðèìåíòó, áóëî ïîáóäîâàíî ìàòåìàòè÷íó ìîäåëü, ÿêà
îïèñóº çàëåæí³ñòü ñòóïåíÿ çàõèñòó â³ä ñêëàäó ñóì³ø³. Øëÿ-
õîì îïòèì³çàö³¿ áóëî âèçíà÷åíî îïòèìàëüíèé ñêëàä ñóì³ø³:
4,7 ã WSh, 2,4 ã CaPh òà 7,9 ã ZnPh íà 100 ã âîäè, äëÿ
ÿêîãî ðîçðàõóíêîâèé ñòóï³íü çàõèñòó ñòàíîâèâ 90,06%.
Åêñïåðèìåíòàëüíà ïåðåâ³ðêà ï³äòâåðäèëà âèñîêó
åôåêòèâí³ñòü ñóì³ø³, ïîêàçàâøè ñòóï³íü çàõèñòó 87,8%. Îò-
ðèìàíó ìîäåëü ìîæíà âèêîðèñòîâóâàòè äëÿ ïðîãíîçóâàí-
íÿ àíòèêîðîç³éíèõ âëàñòèâîñòåé ï³ãìåíòíèõ ñóì³øåé äëÿ
ðîçðîáêè åêîëîã³÷íî ÷èñòèõ ´ðóíòîâîê íà âîäí³é îñíîâ³.

Êëþ÷îâ³ ñëîâà: ëàêîôàðáîâ³ ìàòåð³àëè, àíòèêîðîç³éí³
ï³ãìåíòè, êîðîç³ÿ, øêàðàëóïà âîëîñüêîãî ãîð³õà, ôîñôàòè,
òàí³íè, îïòèì³çàö³ÿ.
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The restriction on the use of toxic chromates necessitated
the search for environmentally safe and effective anticorrosive
pigments for paint and varnish primers. The aim of the study was
to develop a non-toxic anti-corrosion pigment mixture of zinc
phosphate (ZnPh), calcium phosphate (CaPh), and crushed walnut
shells (WSh) and a predictive model describing the relationship
between its composition and the effectiveness of inhibiting
corrosion processes, which will allow the development of optimal
formulations for water-based primers. The anticorrosive efficiency
of extracts of different compositions on Q215 steel samples was
assessed by massometry. Using a simplex lattice design of the
experiment, a mathematical model was built that describes the
dependence of the degree of protection on the composition of
the mixture. By optimization, the optimal composition of the
mixture was determined: 4.7 g WSh, 2.4 g CaPh, and 7.9 g
ZnPh per 100 g of water, for which the calculated degree of
protection was 90.06%. Experimental verification confirmed the
high efficiency of the mixture, showing a degree of protection of
87.8%. The resulting model can be used to predict the anti-
corrosion properties of pigment mixtures for the development of
environmentally friendly water-based primers.

Keywords: paints and varnishes; anti-corrosion pigments;
corrosion; walnut shell; phosphates; tannins; optimization.
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