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Abstract

Intercalation of kaolin by urea molecules via mechanical grinding resulted in partial delamination with some broken bonds between kaolin
layers. This permits subsequent modification by either active APTES (3-amino propyl triethoxy silane) or urea-formaldehyde polymer chains.
Therefore, this study aims to develop new active fillers thatdepend on modified kaolin and encapsulated modified kaolin, which are
considered new encapsulated corrosion inhibitors. A type of these encapsulated active fillers, the intercalated kaolin by urea (UK) was
silylated with APTES and then coated by a shell of urea-formaldehyde polymer through an in-situ polymerization method. Another type, UK,
was modified by urea-formaldehyde polymer and then coated by an APTES layer. All the prepared fillers were characterized by FTIR, X-ray
diffraction, thermal analysis, SEM, and EDX measurements. Then, varnish formulations containing 10% of prepared fillers and alkyd resin
were coated on mild steel surfaces to study their efficiency as anticorrosive fillers by electrochemical impedance spectroscopy (EIS). The
results indicated that APTES was successfully grafted onto the surface of kaolin and in between its exfoliated layers, and urea-formaldehyde
polymer formed a continuous shell encapsulating the active silylated kaolin molecules. Additionally, the encapsulated filler UK-UF-AP has
superior anticorrosive properties for steel protection.
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1. Introduction

Clay minerals have attracted a great attention recently in industrial and environmental protection because they are pristine,
easy and available nano-materialst™ 2. Kaolin is a type of clay mineral which is classified as 1:1 layered alumina/silicate with
the chemical formula AlsSisO10(OH)s®4. It has two layer units, one alumina octahedral and one silica tetrahedral. These
layers are held together by formed hydrogen bonds between oxygen atoms from the silica layer and hydroxyl groups on the
surface of the alumina layer!5l. Kaolin is the most popular mineral used as a filler or a pigment in industrial applications
such as anticorrosive paint production BI due to its fine particle size, platy shape, physical and chemical properties, non-
toxicity [, high brightness, surface chemistry and crystal structure characteristics®®71. Silylation of kaolin (or silane grafting)
is an efficient method of kaolin modification by silane coupling agents to advance its properties (especially anticorrosive
properties). Successful silylation depends on the external surface, internal surface and the broken edges of kaolin. Kaolin's Al-
octahedral outer hydroxyl groups act as possible active sites for organo-silane grafting reaction on the surface by condensation
reaction with alkoxyl groups and/or the hydroxyl groups in the hydrolyzed silane (no need for pre-intercalation) . However,
it isn't an easy method to modify the inner hydroxyl groups of kaolin by direct reaction (need pre-intercalation) using large
molecules of organo silane like 3-amino propyl triethoxy silane (APTES)E 1%, Hence, intercalation of kaolin is a successful
strategy to obtainaneasy path or reactive sites at the inner surface. The intercalation takes place through many of mechanisms,
depending on the region of reaction between organo-molecules and the kaolin surface. The active guest molecule enters
between the stacked kaolin layers to separate them apart. Therefore, breaking the H-bonds between the OH groups of the
octahedral layer and the oxygen atoms of the siloxane tetrahedral layer is necessary!*7l. Intercalation of kaolin layers with
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organic molecules can create novel bonds with the hydrophobic siloxane layer and/or with the hydrophilic hydroxyl group in
the octahedral layerf]. Active organic molecules can be separated into two groups. Group 1 contains organic molecules (such
as urea, hydrazine, formamide and acetamide) that can form strong H-bonds with the siloxane layer of kaolin as studied in this
paper. Group 2 contains organic molecules with strong dipole moments (such as dimethylsulphoxide "DMSO™" and pyridine-
N-oxide) that can also react with the siloxane layer®™°l. Mechanochemical intercalation -or by other words- dry grinding of
kaolin with active urea molecules causes intercalation of kaolin's layers in order to generate many broken bonds or active sites
in the interlayer space of kaolin 12 to provide such opportunity for silane agents (for example) to react under mild
conditions. Insertion of urea molecules may be through the NH2 groups' reaction (as H-donors) —possible forming weak H-
bonding with the inner OH groups or reacting with the oxygen atoms at the tetrahedral layers-as well as the carbonyl groups'
reaction (H-acceptors) with hydroxyls of the octahedral layer forming H-bondst7). Encapsulation of kaolin is an achievable
technology to control active ingredients release through the shell in the applied field media. Since interest in self-healing
corrosion protection coatings has increased, it has been used. Fast recovery of the corrosive regions in metal substrate could
happen by rupture of capsule walls incorporated in a coat and releasing active components insidel*3%4l, Obviously, in most
literature, the capsule wall material consists of amino resins such as urea or melamine formaldehyde polymer with regarding
to the material availability, economy and cheap raw materials*>l, When silylated kaolin with functional groups, such as
amino or mercapto and alkoxy groups, reacts with the polymer, a network of covalent bonds is formed between the polymer
chains, kaolin, and silane coupling agents. This significantly improves the characteristics of the resulting kaolin polymer
nanocompositestt®Sl,  Mild steel is recognized as the most metal that has exceptional qualities, environmental solidity or
resistance, low cost and accessibility™*]. Hence, it is commonly used in many sectors, such as manufacturing, marine and
transportation. Steel suffers from the extended corrosion problem like pickling, acidizing etc., during industrial processes.
Encapsulated corrosion inhibitors act as a key function for solving the steel corrosion problem with their unique properties -
23] Xiang Liu et al. (2022)P4 used an electrochemical method for fast hydrophobic modification of kaolin applied in
corrosion protection for magnesium alloys study. Zhe Li et al. (2022)[?] developed an anticorrosive coating with antibacterial
ability by means of urea-formaldehyde resin. Mahdavi F., et al. (2014)*4 used a dry grinding technique to intercalate urea
molecules inside a kaolin layer as preparation for controlled release fertilizer. In the field of corrosion inhibition studies, this
research is a supplementary contribution to the work of other earlier authors. Advancing new active fillers based on kaolin,
modified kaolin, and encapsulated kaolin is the main objective of this paper study. These active fillers were added to alkyd
varnish coating to protect steel from corrosion. The performance of steel protection was investigated by EIS compared with
using a reference pigment known with its anticorrosive properties

2. Materials and Experimental Techniques

2.1. Materials

Urea supplied from EI-Nasr Pharmaceutical Chemicals Company, Cairo, Egypt.Formaldehyde solution (liquid 34-38%)
(Formalin)ymanufactured and packed by PIOCHEM Company for laboratory chemicals, Cairo, Egypt.Ethanol absolute
>99.8% supplied from Sigma Aldrich. Sodium carbonate anhydrous (Soda ash) supplied from EI-Nasr Pharmaceutical
Chemicals Company, Cairo, Egypt.Kaolin (Aluminum silicates) white powder supplied from Riedel-deHaen brand,
Germany.Citric acid (monohydrate) supplied from EI-Nasr Pharmaceutical Chemicals Company, Cairo, Egypt.Propan-2-ol
(Isopropyl alcohol > 99.5%) supplied from Fisher Scientific Chemicals Company, USA.Tetra ethyl orthosilicate
(TEOS)supplied from Sigma Aldrich. 3- (Triethoxy silyl)-propyl amine (APTES) >98% supplied from Sigma Aldrich. Alkyd
resin (KRMO-100/60WS) was provided by KAPCI coatings, Egypt. Zinc phosphate (ZP) was supplied from BASF, Germany.
Note: Zinc phosphate (ZP) is known by its high anticorrosive properties and promotes the adhesion of coating. It was used in
this paper as a reference pigment in varnish formulations to study the efficiency of the new active prepared fillers via EIS
measurement. In brief, we aimed to advancing the prepared fillers' anticorrosive properties to be similar to the anticorrosive
properties of ZPR6-29,

2.2. Experimental Techniques

2.2.1. Washing of Kaolin

Washing of kaolin from impurities was done by a wet soaking method in warmed distilled water described by Aroke et al.
(2013)B01, 100 gm of kaolin sample was soaked in 1liter of warmed distilled water for 48 hr. The distilled water was decanted,;
washed kaolin was dried in 100°C for 3 days and was symbolized by K.

2.2.2. Intercalation of Kaolin by ureal’]

A mixture of dried washed kaolin and solid urea in a 1:1 weight ratio was ground by dry grinding (mechanochemical
intercalation) process for 2 hr. The mechanochemical activation (e.g., dry grinding) of kaolin increases the surface area, ion-
exchange capacity, crystal structural deformation and intercalation reactivity. The dry grinding was carried out by a Retsch-
laboratory planetary mill. The rotation speed was 375 rpm. Then, the obtained mixture was washed with isopropanol several
times to remove excess urea, dried at 90°C for 48 hr. and symbolized by UK.

2.2.3. Madification of urea-intercalated kaolin (UK)
Four samples were prepared based on intercalated kaolin (UK) as follows:
(A) Modification of urea-intercalated kaolin by silane coupling agent (APTES)

Intercalated kaolin UK(2 gm) was dispersed in 50 ml of anhydrous ethanol in a 250 ml three-necked round flask and was
stirred for 1 hr. at room temperature. Ammonia (5-20 ml) was added to the mixture and was stirred for another 1 hr. at 60°C

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6895666/#bib43
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6895666/#bib43

Development Of Active Modified Kaolin As Anticorrosive Fillers 401

(pH=7.5-8). TEOS (5 ml) was being inserted gradually into the solution with constant stirring at 60°C for 6 hr. The solution
was filtered and washed several times with ethanol.

The previous residue was dispersed in 50 ml of anhydrous ethanol. Hydrolyzed APTES (2-6 gm) was added drop-wise with
continuous stirring for 2 hr at 80°C. The solution was filtered, washed several times and dried for 24 hr. at 110°C. The product
was denoted by UK-AP.

NOTE: Treatment the UK first with TEOS coupling agent (with its small molecules) as an intermediate step for the
intercalation. TEOS gives more opportunities for grafting APTES silane coupling agents inside kaolin layers with free
functional groups of urea. Additionally, providing more Si-OH bonds inside, at edges and on the surface of kaolin for APTES
(with its large molecules) to be grafted!®: 24 31,

(B) Encapsulating the UK by urea-formaldehyde (UF) polymer

Step 1: weight ratio of 1:2 urea to formaldehyde were placed in three necked baffled stainless steel tank reactor capacity of
250 ml. The pH of the mixture was adjusted to 8-9 with sodium carbonate (1N), stirred using a mechanical stirrer at 300 rpm,
for 30 min. at 75°C to prepare UF pre-polymer (methylol-UF).

Step 2:A pre-determined amount of UK was dispersed in a mixture of poly vinyl alcohol (PVA) solution and sodium lauryl
sulphate solutions. The mixture was stirred vigorously in a homogenizer for 15 min.

The mixed UK solution was added drop-wise to the methylol-UF solution with vigorous continuous stirring at 75°C for 10
min., followed by adding distilled water while stirring is continuous for 30 min.

Step 3: The previous solution pH was adjusted by citric acid solution to 3.5-4 to complete the polymerization step with
continuously stirring at 75°C for 2 hr. The encapsulated powder could be obtained by centrifuge (2500 rpm, 5 min. at room
temperature). The encapsulated powder was washed several times with distilled water and dried at 90-100°C for 48 hr. The
product was symbolized by UK-UF.

(C) Encapsulating of UK-AP by urea-formaldehyde (UF) polymer

Encapsulating of UK-AP was following the same steps as described before in (B) but in this case, UK-AP was used instead of
UK. The product was symbolized by UK-AP-UF.
(D) Encapsulating of UK by urea-formaldehyde (UF) polymer followed by APTES silane coupling agent

Both steps 1 and 2 were carried out as similarly as those procedures in (B) preparation until step 3inwhich; the mixed UK
solution's pH was adjusted to 5-5.5 with citric acid solution with continuous stirring at 75°C for 30 min. APTES was added to
the solution drop-wise with constant stirring for 1 hr. Then, the pH of the solution was adjusted again to 3.5-4 with the same
constant stirring at 75°C. The product was donated by UK-UF-AP.

2.2.4. Preparation of varnish formulations

Eight varnish formulations were prepared based on a 10% concentration of the prepared active fillers (ZP as reference, K, UK,
UK-AP, UK-AP-UF, UK-UF and UK-UF-AP) and alkyd resin. These formulations were prepared to study the efficiency of
these active fillers as anticorrosive fillers compared with ZP pigment. All ingredients were mixed with solvent by the
appropriate quantity using a dispersing machine in order to obtain the desirable varnish mixture with a proper consistency
(ASTM D 1210-05:2022)F21. This varnish mixture was coated on mild steel (MS) panels by a film applicator to finally obtain
a dry film with a 120 = 5 um thickness®. Table (1) indicates the varnish formulations used in the coating system.

Table (1): the constituents of the prepared varnish formulations
Component F1(g)% F2(g)% F3(@)% F4(9)% F5(0)% F6(g)% F7 F8
(9)% (9)%
82 82

Alkyd resin (60%) 89.3 82 82 82 82 82
Cobalt Octoate (12%) 10.7 9.8 9.8 9.8 9.8 9.8 9.8 9.8
p4-J— 82 e e e e

K e 82 e e e

UK e e e 82 e e

UK-AP e e e I —
UK-AP-UF = oo e e 8.2
UK-UF e e e e e 8.2
UK-UF-AP oo oo e e 8.2
Total 100 100 100 100 100 100 100 100

2. 3. Characterization

2.3.1 X-Ray Diffraction Analysis (XRD)

Interlayer spacing of all prepared samples was determined by X-ray diffraction using (a Shimadzu 600). X-ray diffraction
patterns between 20 of 2° to 10° were obtained at a scan rate of 2° min* by X-ray irradiation of a Cu Ko tube having
wavelength of 0.1546 nm by a generator voltage of 40 kV, and a generated current of 40 mA at room temperature.
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2.3.2. Fourier Transforms Infrared Spectroscopic Analysis (FTIR)
FTIR spectra were obtained using a Bruker Vertex 80 (Germany) combined by a platinum diamond comprises ATR. A
diamond disk is with an internal reflector in the range 4000-400 cm™* with resolution 4 cm™ and refractive index 2.4.

2.3.3. Thermal Analysis

Prepared samples were investigated through thermogravimetric analysis (TGA) by using a Shimadzu TGA-50
thermogravimetric analyzer, Columbia, EUA, in a nitrogen atmosphere at a 10°C/min heating rate in the range from room
temperature to 1000°C.

2.3.4. Energy Dispersive X-Ray Analysis (EDX) and Scanning Electron Microscopy (SEM)

EDX is used for determining the elemental composition of prepared samples and the morphology of all prepared samples was
studied by a Quanta FEG-250 scanning electron microscope.

2.3.5. Visual corrosion test

Mild steel panels (57 cm?) were used as the substrate for the varnish formulation coating with a desirable thickness. These
panels were left to dry for one week at least and then were used in the immersion for corrosion tests. The coated panels were
edged by wax to protect the coated area from the edges. A scratch 1mm wide was done by a sharp blade in the coated face
area in order to uncover the metal for immersion. The immersion of coated steel panels was in 3.5 wt% sodium chloride
(NaCl) solution for 28 days®. Degree of rusting and degree of blistering were visually estimated at the end of immersion
time (ASTM D610-08:2019 and ASTM D714-02:2017)34 351,

2.3.6. Electrochemical Impedance Spectroscopy (EIS)

The performance and durability of the coat on mild steel were investigated by EIS in 3.5wt% NaCl solution at room
temperature +25 °C. The testing cell consists of three-electrodes. The coated steel sample considers the working electrode
with a measured area of 4.5 cm?, Ag/AgCI as the reference and Platinum as the auxiliary electrode. The cell connected to
Potentiostat/Galvanostat, AUTO LAB 302N, with FRA32, the Netherlands. The spectra were measured at potential (V)
connected to open circuit potential (OCP) in a range of frequency 35 to 100 kHE6],

3. Results and Discussion

Figures of all prepared samples are divided into three groups in XRD, FTIR and thermal analysis. Group A is a comparison
between urea molecules (U), washed Kaolin (K) and urea-intercalated kaolin (UK). Group B is a comparison between urea-
intercalated kaolin (UK), treated UK with APTES silane coupling agent (UK-AP) and treated UK with APTES silane
coupling agent and encapsulated by urea-formaldehyde polymer (UK-AP-UF). Group C is a comparison between urea-
intercalated kaolin (UK), urea-intercalated kaolin encapsulated by urea-formaldehyde polymer (UK-UF) and urea-intercalated
kaolin encapsulated by urea-formaldehyde polymer and then by APTES silane coupling agent (UK-UF-AP).

3.1.XRD Analysis

XRD patterns of Group A are indicated in Fig. (1). U molecules' XRD pattern profiles show three characteristic peaks: one
sharp peak at 20 22.42° with d-value 3.9623 A° and two broad peaks at 20 24.71° and 31.54° with d-values 3.6000 and 2.8431
A°, respectively. As for raw kaolin XRD patterns, the most specific three peaks appear at 26 12.33°, 24.98° and 26.41° with
basal doosreflection value 7.1776, 3.5613 and 3.3681 A°, respectivelyl® ¥71. After dry grinding of raw kaolin with urea
molecules, a much broader peak appears at 26 8.38° with a basal dooireflection value 10.5503 A°. Also, a peak appears at 26
25° with basal doosreflection value 3.5609A°.This change of position from raw kaolin indicates intercalation happened by dry
grinding and kaolin layers expanded with the presence of urea molecules, causing structural disorder in kaolin layer
stacking[4v7’11’12’38].

In groups B and C, the comparison between XRD patterns in the two groups depends on the basic peaks that appeared in the
UK XRD pattern at 26 8.38° and 26 25° with a remaining stability of other peak values at 26 26.6° (d-spacing 3.3269 A°) ,
36.5° (d-spacing 2.4599 A°) and 39.5°(d-spacing 2.2823 A°) (Peaks of K).

Group B is presented in Fig. (2). The XRD pattern of UK-AP indicates shorter intensity and an increase in broadening of the
peak at 26 8.38° in comparison with the UK pattern. The peak at 26 25° shifted to 26 24.7° with a basal doosreflection value
3.5942 A Silanization of UK, in which APTES reacts and grafts to the surface, edge and probably inside layers, causes more
expansion between layers of UKE], The characteristic peak at26 8.38° seems to have disappeared and the peak at 26 25° shifted
to 20 24° with d-spacing 3.7022 A° in the UK-AP-UF pattern. This is a proof of coveringUK-AP with a shell of urea-
formaldehyde polymer, as free functional groups in treated kaolin (UK-AP) reacted with the polymer, masking kaolin
completelyl®l,

In group C, the XRD pattern of UK-UF shows the same peak at 26 8.38° corresponding to UK but with low intensity and
broadness(with a stable peak at 26 25°),which confirms the encapsulation of UF polymer on the modified UK surface. The
UK-UF-AP pattern also shows the same characteristic peak at 26 8.38° with much lower intensity and much broader width
(with a stable peak at 26 25°) compared with UK, which proves the success of APTES molecules in reaction and grafting on
the surface of UK-UFE,

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



Development Of Active Modified Kaolin As Anticorrosive Fillers 403

8] 10 20 30 40 50 S0 7O 80
222 -

148 |-

74 -

Infensity (a.u.)

M *12.33° T
260

240 |-

120 -

Intensity (a.u.)

23.7 |-

[96-100-B786] H4 N2 O Urea
15.8 |-

u

Intensity (a.L.)

e X
o 0

8] 10 20 30 40 50 80 o 80

2
Fig. 1: Group (A HRIT» patterns of U, K. and UK

O 10 20 30 40 50 S0 7O 80

6 F v L v T v | v Ll v L v | v Ll v 1

—— UK-AP-UF |

Intensity (a.u.)

Intensity (a.u.)

*g8.38°
243 |- -

oy
=

o

=

=

= - 1
a3

=

@

=

=

=%

o

N
T
1

3]
=
I

— UK

=
I
]

0 10 20 30 40 50 60 7O 80

26
Fig. 2: Group (B): XRD patterns of UK, UTK-AP. and UTK-AP-UF

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



404 Walaa W. Diab et al.

0 10 20 30 40 50 60 70 80

——— UK-UF-AP

Intensity (a.u.)

—

o » O N

o w o o
I

__15.6 |- .

10.4 -

o
N
T

Intensity (a.u

o
=]
r

261 *8.387 —

=

3

A
T

o9
~
I

Intensity (a.u.)

=]
I

(o] 10 20 30 40 50 60 70 80

26
Fig. 3: Group (c): XRD patterns of UK., UK-UF, and UK-UF-AP

3.2. FTIR Spectroscopic Analysis

Fig. 4 represents the infrared spectra of group A. As for urea molecules (U) spectrum in the high frequency region shows two
main important peaks at 3428 and 3328 cm representing N-H bond strong stretching vibrations of urea molecules. In the
middle frequency region, the spectrum shows one peak at 1674 cm™ corresponding to N-H bond vibration of the amide group
of non-bonded urea molecules as presented in Fig. (5a). Two peaks appear at 1590 cm™ belongs to C=0 bond stretching
vibration and 1460 cm™* belongs to C-N bond anti-symmetric stretching vibration[®4],

The infrared spectrum of kaolin K shows three main characteristic peaks at 3695, 3650 and 3620 cm. The peaks at 3695 and
3650 cm* are assigned to the surface hydroxyl groups (-OH) stretching vibration of the alumina sheet surface. The hydroxyl
groups at alumina sheet surfaces are active sites acting as H-donors or acceptors at intercalation reactions forming hydrogen
bonds (H-bonds). The peak at 3620 cm™ is related to the stretching vibration of inner ~OH groups at the kaolin structure. The
bands at 1114, 1030 and 1005 cm* correspond to Si-O-Si bond anti-symmetric stretching vibration transformations of kaolin.
The observed band at 910 cm™ corresponds to Al-O-H bond vibration and bands at 788, 750, 530 cm™ are attributed to the Al-
O-Si bond transformations in the structure of kaolin. The peaks in the low frequency region at 685 cm™ corresponds to
Mg/Al-OH vibration and those at 460, 425 cm™ correspond to Si-O bending vibrational modest*#7:11.38],

The infrared spectrum of kaolin intercalated with urea UK, in the high frequency region shows a decrease in the intensity of
the peak at 3695 cm™ and the peak at 3650 cm™ disappears, which indicates urea intercalation by forming H-bonds between
surface —~OH groups of kaolin and urea molecules. The peak at 3620 cm™ is still in its place in the high frequency region with
lower sharp intensity. This is a proof that the crystal structure of kaolin isn't completely destroyed or changed after dry
grinding with urea molecules. Hence, the presence of urea molecules during the dry grinding process for intercalation prevents
deformation of the crystal structure of kaolin. Moreover, two new peaks characteristic of the UK spectrum at 3500 and 3410
cm? (compared with the site of the NH2 group for urea) refer to N-H bond stretching vibrations resulting from interaction
betweenNH2 groups (as H-donors) of urea molecules and kaolin's oxygen of the based tetrahedral layer through H-
bonding[1,4,7,11,12]_

In the middle frequency region, the peak of the N-H bond of urea shows a shift from 1674 to 1665 cm* during dry grinding of
urea with kaolin. There is a new peak that appears at 1621 cm™ which is attributed to NH2 group deformation vibrations.
These two peaks indicate that the interaction of NH2 groups of urea with —~OH groups of kaolin. The peaks at 1585 c¢m?
correspond to C=0 group vibration and the peaks at 1472 cm™ correspond to C-N group vibration compared with urea
spectra. There is a decrease in the wavenumber of the C=0 group and an increase in the wavenumber of the C-N group; these
changes prove that the C=0 groups of urea molecules are active sites to interact by forming H-bonds with —OH groups of
alumina layers for kaolin and respectively strengthen the stretching vibration of C-N groups (shown in Fig. 5b,c). The peak at
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1114 cm? of pure kaolin spectrum shifts to 1120 cm™ in the UK spectrum due to the urea intercalation reaction. In the low
frequency region, the weak intensities of peaks at 788 and 530 cm™ are also evidence for intercalation of urea in kaolin
without completely crystal structure deforming or destroying*47:11.12],
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Fig. 5: The suggested mechanism of forming H-bonding between urea and kaolin: (a) free non-bonded urea molecules (b) H-
bond between urea NHz group and oxygen of silica layer with free C=0 group and (c) H- bond of urea NH2 with oxygen of
silica layer after conjugation occursl],

Fig. 6 shows the FTIR spectra of group (B). In the high frequency region of the UK-AP spectrum is decreasing in the intensity
of the peaks at 3695 cm™ and 3620 cm™ (corresponding to inner —OH groups in kaolin) compared with the UK spectrum. It
proves that grafting of APTES silane coupling agent with most available —OH groups of intercalated kaolin with urea. Also,
decreasing in intensity at the band 3500 cm™ (which corresponds to —~NH group vibration) and the disappearance of the other
peak at 3410 cm indicate the complete reaction of the APTES silane coupling agent with UK. In the middle region of
frequency, the peak of —~NH vibration for UK at 1665 cm shifts to 1674 cm™ in UK-AP and decreases in intensities. This is a
confirmation of a reaction of active —~NH groups from intercalated urea inside kaolin layers with APTES silane coupling
agent. Moreover, the broadening and low intensity of peaks of Si-O bonds at 1030 and 1005 cm prove successful grafting of
silane. Decreasing intensity of all peaks representing the C=0 bond at 1585 cm™, the C-N bond at 1472 cm™ and the Al-OH
bond at 910 cm* confirms grafting of the APTES silane coupling agent(®1,

Al peaks for UK-AP-UF nearly exist in the same region of frequencies but with low intensities compared with UK and UK-
AP peaks. This is due to grafting of the APTES silane coupling agent with most active sites available in the UK, which are
coated by urea-formaldehyde polymer as a shelll,
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Fig. 7 represents infrared spectra of group C. The UK-UF spectrum has nearly the same positions as UK with low intensity of
—OH and -NH groups. Beaks at 3500 cm* and 3410 cm correspond to the —-NH bond of the urea structure having a low
intensity at 3410 cm™ and at 3500 cm™ almost disappearing. The peak for C=0 shifts from 1585 to 1545 cm™ with low
intensity and the peak for C-N at 1472 cm* nearly disappears. These observations about the UK-UF spectrum confirm that the
reaction of free active groups in the urea structure inside kaolin layers with active polymer chains, which formed a coated
layer, covered the intercalated kaolinf®l.

After treatment of UK-UF with APTES above the shell of urea-formaldehyde polymer, the spectrum of UK-UF-AP is almost
similar to the UK-UF spectrum. A change happened to C=0 for a low wavenumber and with a low intensity from 1585 cm
to 1545 cm™. There is an appearance of new peaks corresponding to APTES (silane coupling agent). The new peaks at 2925
and 2855 cm* are attributed to —CH and —CHz groups stretching vibration, respectively. Also, a new peak at 1260 cm™
belongs to the Si-C stretching vibration of APTES. These three new peaks are the most characteristic ones for UK-UF-AP
spectrum, with increased intensities suggesting that more APTES covered the UK-UF surfacel>89],
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Fig. 7: Group (C): FTIR spectra of UK. UK-TUF and UK-TUF-AT

2.3.3. Thermal analysis TGA

Thermogravimetric analysis generally depends on chemical structure of materials and its nature on forming links such as
crosslinks, bond energy is the responsible for thermal stability. Fig. (8, 9 and 10) show the TGA curves, DTA curves and
their differences in temperature respectively for all specimens in groups A, B, and C. Table (2) indicate the initial
decomposition temperature Tinitet, the final decomposition temperature Trina and the maximum peak decomposition
temperature Tmax for prepared specimens.

In Fig. (8), urea molecules (U) generally after the temperature reached to the melting point of urea molecules 133°C gases
begin to evolve such as NHs, then molten urea decomposes gradually®®4! and show two decomposition stages. The first
decomposition stage for U molecules starts from 143°C to 267 °C (Tmax= 246°C), the second decomposition stage starts from
299°C t0 481°C (Tmax=395°C).
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Kaolin (K) curves show one decomposition stage starts from 364°C to 735°C (Tmax= 535°C) at which the dehydroxylation of

kaolin occursf®71.

Urea intercalated kaolin (UK) curves indicate two stages of decomposition. One stage starts from 115°C to 290°C (Tmax=

213°C), corresponds to remove coordinated and adsorbed water. The other stage starts from 289°C to 375°C (Tmax=
corresponds to dehydroxylation of kaolint71,

334°C),

TGA and DTA curves for group B (Fig. 9) show that UK-AP has two stages of decomposition. The first stage is in the range
from 135°C to 282°C (Tmax= 203°C), the second stage in the range from 339°C to 609°C (Tmax= 506°C). Coating of UK-AP by
urea-formaldehyde (UF) polymer increases the decomposition stages to three stages for UK-AP-UF. First stage is in the range
from 164°C to 316°C (Tmax= 243°C), second stage is in the range from 380°C to 586°C (Tmax= 507°C) and the third stage is in

the range from 586°C t0 667°C (Tmax=626°C).

TGA and DTA curves for group C (Fig. 10) indicate that UK-UF has two decomposition stages. First stage is in the range
from 146°C to 333°C (Tmax= 280°C) and second stage is in the range from 351°C to 592°C (Tmax= 517°C). UK-UF-AP show
also two stages, first stage is in the range from 170°C to 325°C (Tmax= 263°C) and second stage is in the range from 413°C to

556°C (Tmax-485°C).

These previous results obviously show that dry grinding of urea with kaolin for intercalation causes decreasing in thermal
stability for kaolin (K Tmax=535°C/ UK Tmax= 334°C). This is because of amorphization or the distortion of kaolin structural
morphology. Also, mechanochemical dehydroxylation resulted in increasing the amount of adsorbed/co-ordinated waterf*71,

Treatment of UK with APTES silane coupling agent increases thermal stability (UK Tmax= 334°C/ UK-AP Tmax= 506°
is due to presence of amino ends groups at APTES helps in successful grafting on edges, surface and inside kaolin |
Coating of UK-AP by UF polymer increases thermal stability (UK Tmax= 334°C/ UK-AP-UF Tmax=626°C). Thermal
for UK-AP-UF resulted from presences of UK-AP which has better compatibility with UF polymer. Also, the net
crosslinked UF polymer around UK-AP can prevent molecules from releasing and escapingt®!.

Encapsulating of UK by UF polymer increases thermal stability compared with UK (UK Tmax= 334°C/ UK-UF Tmax=

C). This
ayerst,
stability
work of

517°C).

This is due to presence of active groups inside kaolin layers enables UF polymer for constructions of crosslinked network that
improving thermal stability for UK-UF. Grafting of APTES silane coupling agent molecules on the surface of UK-UF also,

increases thermal stability compared with UK due to the presence of large molecules of APTES with its functional groups
above the crosslinked polymerf®1,
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Table (2): Temperature of Different Decomposition Rates for Prepared Samples

Specimens T itiat (°C) T Finat (°C) T max (°C)
U
1%t peak 217 259 246
2nd peak 355 410 395
K
1%t peak 469 619 535
UK
1%t peak 153 253 213
2" peak 301 354 334
UK-AP
1%t peak 148 261 203
2nd peak 415 574 506
UK-AP-UF
15t peak 175 310 243
2nd peak 440 565 507
3rd peak 589 645 626
UK-UF
1%t peak 236 307 280
2nd peak 451 556 517
UK-UF-AP
15t peak 180 311 263
2" peak 438 523 485

2.3.4. Energy Dispersive X-ray Analysis (EDX)

Elemental analysis of prepared samples resulting from the EDX analysis technique is presented in table (3) and Figs. (11, 12
and 13). EDX results show the basic elements (C, O, Si and Al) present in all prepared samples ¥ but, (N) present in all
samples by a noticeable weight percentage except K. This observation confirms the success of the treatment of K and the
beneficial preparation of all powder samples.

Table 3. EDX analysis of prepared samples

Elements C (@) Si Al N Mg Fe Ca K Ti
K (Weight%) 16.95 48.89 16.09 16.65 0.02 0.63 001 069 0.08
UK 14.34 43.08 16.31 14.96 10.02  0.01 0.44 0.05 063 0.15
(Weight %)
UK-AP (Weight 12.55 51.14 21.76 9.64 2.14 0.18 1.12 0.11 1.02 0.35
%)
UK-AP-UF 12.41 50.12 25.72 8.92 1 0.77 0.2 055 031
(Weight %)
UK-UF (Weight 10.51 52.83 15.68 15.27 3.33 0.35 0.79 0.06 1.06 0.12
%)
UK-UF-AP 32.43 39.82 13.36 10.21 2.45 0.81 0.14 062 0.16
(Weight %)
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2.3.4. Scanning Electron Microscopy (SEM)

Morphological variations of all prepared samples were studied by SEM images and illustrated in Fig. (14). Fig. 14A clearly
indicates the kaolin's platelets with a sharp, irregular shape up to a diameter of 4uml*781938l Dry grinding of the urea
molecules with kaolin causes cracks in the layers or platelets of kaolin to a smaller size than original kaolin, as indicated in
Fig. (14B)["l. After treatment of UK with APTES silane coupling agent, small spherical and spheroid particles of organic
silanes appear on the SEM picture in Fig. (14C) indicating the success of grafting of silanes?*l. Picture of the UK-AP-UF
shows that the small particles of organic silanes and whole particles were coated by a thin film of urea-formaldehyde polymer,
forming a shell (Fig. 14D)B1013],

As for the picture of UK-UF, it shows that the sharp edges of kaolin's layers convert to smooth ones, which is a confirmation
of the surrounding of urea-formaldehyde polymer around treated kaolin Fig. (14E)[l. The same observation is dedicated in the
UK-UF-AP SEM picture in the same diameter but with more noticeable small particles of organic silane and with more
surrounding by polymer shellFig. (14F)®10],

C) UK-AP

D) UK-AP-UE E) UK-UF F) UK-UF-AP

Fig. 14: SEM pictures of all prepared samples
2.3.5. Visual immersion corrosion test
The visual immersion corrosion test is a qualitative test to investigate the performance of the prepared fillers via recording the

rust and blisters degree. The coated steel panels immersed in 3.5% NaCl solution for 28 days that were coated by the prepared
varnish formulations presented in Fig. 15. F1 (alkyd resin as blank) shows a high degree of rusting and some blisters. F2
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(alkyd resin with ZP pigment as blank)exhibits a less degree of rust and blister. Zinc phosphate added to alkyd resin slows the
corrosion degree and inhibits the corrosive anodic reactionf?62°1F3 (alkyd resin with K)also shows less degree of rust and
blisters due to the platy shape, crystal structure, surface chemistry and fine particle size of kaolin®71.F4 (alkyd resin with UK)
indicated a high degree of rust with less blistering due to the partial deformation of the kaolin crystal structure™.F5 (alkyd
resin with UK-AP) showed less rust and blisters than F1, F3 and F4 because of the grafting of APTES on the surface of UK
and in between its layers, which made the kaolin the finest in particle size>1%.F6, F7 and F8 (alkyd resin with UK-AP-UF,
UK-UF and UK-UF-AP, respectively) exhibited the lowest degree of rust and blisters. This is evidence that the encapsulated
fillers have superior anticorrosive properties and protect the mild steel from corrosion similar to ZP [& 13 4. 431 Table (4)
indicates the rust and blister degree after 28 days of immersion in 3.5% NaCl solution.

Fig. 15: Corrosion test photos of coated steel panels after immersion for 28 days in 3.5%0 NaCl solution

Table (4): Rust and Blisters degree of varnish formulations after immersion for 28 days in 3.5% NaCl

solution.
Formula No. Degree of rust (DR) Degree of blister (DB)
F1 4G ™
F2 9s 9F
F3 5S 9F
F4 3G 8F
F5 8S 9F
F6 9s 9M
F7 9S 9F
F8 9S 9F

(S) Spot rusting, (G) General rusting, (M) Medium and (F) Few.

2.3.6. Electrochemical Impedance Spectroscopy (EIS)

According to preliminary reliable corrosion resistance of coated steel panels immersed in 3.5% NaCl solution for 28 days (at
visual immersion corrosion test), the immersion time was extended to 40 days in the EIS study. EIS measurement is a non-
destructive and quantitative method for estimating the anticorrosive varnish coating performancel®l. Increasing solution
penetration through the varnish coating by extending the immersion time leads in general to corrosive damage or crack points
on the coat/steel substrate surfacel*l. Illustration ofthe role of the prepared new active fillers in repairing the corrosive damage
points was indicated in data recorded from the electrical equivalent circuits fitting (Fig. 16) of Nyquist plots (Fig. 17, Fig. 18
and Fig. 19) at table (5). The fitted parameters are Rs is the 3.5% NaCl solution resistance, Rc is the formulated varnish
coating resistance (indication for porosity of coating and its barrier effect), Cc is the capacitance of coating (quantitative
indication for the coating water uptake), Rct is the charge transfer resistance (indication for the value of anticorrosive
protection of the substrate), Cdl is the capacitance of the double layer (indication for the delamination of varnish coating), and
Zw is Warburg impedance (simulation ofthe mass-transport effect)6 471,

Figs. 17, 18 and 19 show the Nyquist plots for steel blanks, with the suitable equivalent circuit model for each recorded plot.
The plots wererecorded after 3, 20 and 40 days of immersion in 3.5% NaCl solution. In Fig. 17, the mild steel was in direct
contact with corrosive ions in the solution during the soaking time, so it exhibits the lowest coating resistance (Rc range from
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0.22 to 0.44 Q.cm?). F1 (alkyd resin as blank1) shows Rc 14.5Q.cm? and decreases to 6.6Q.cm? after 40 days of immersion.
Furthermore, F1 shows Rct 5.32Q.cm? and increases to 13Q.cm? after 40 days. After adding ZP as a known anticorrosive
pigment to alkyd resin (F2 alkyd resin with ZP as blank2), Rc and Rct values after 20 days of immersion equal 46.5 and
59.7Q.cm? respectively, and then decrease to 39.6 and 19Q.cm? after 40 days of immersion, respectively. Through EIS results
of the three blanks (steel, Fland F2), alkyd resin provides a protective varnish coat to prevent steel from direct connection
with undesirable ions in solution. Butthe addition of ZP to alkyd resin enhanced the inhibition of penetration of corrosive ions
inside the coat interfacef-2°],

In Fig. 18, the Rc value for F3 (alkyd resin with K) equals 40.6Q.cm? after 3 days of immersion and decreases to 21.4Q.cm?
after 40 days of immersion. Likewise, Rct value equals 53.5Q.cm? after 3 days and then decreases to 10.3Q.cm? after 40
days[*-48], As for F4 (alkyd resin with UK), the Rc value increases from 8.62Q.cm? (after 3 days) to 27.8Q.cm? (after 40days),
but the Rct value decreases to 16.1Q.cm? after 20days of immersion. F5 (alkyd resin with UK-AP): Rc value decreases from
30.8Q.cm? (after 3 days) to 7.04Q.cm? (after 40 days) and Rct decreases from 38.8 Q.cm? (after 3 days) to 8.78 Q.cm? (after
40 days). Decreasing varnish coating resistance (Rc) value and charge transfer resistance (Rct) resulted from increasing the
days of immersion. Comparing the effect of K, UK and UK-AP with ZP pigment, the three fillers exhibit the required
decreasing of penetration of corrosive ions®Y,

In Fig. 19, F6 (alkyd resin with UK-AP-UF) has Rc and Rct values of 27.7Q.cm? and 28.2 Q.cm?, respectively (after 3 days),
that decrease to 11Q.cm? and 15.2 Q.cm? (after 40 days). Also, the values of Rc and Rct for F7 (alkyd resin with UK-UF)
decrease from 32.1Q.cm? and 50 Q.cm?, respectively (after 3 days) to 11.2Q.cm? and 7.36 Q.cm? (after 40 days). F8 (alkyd
resin with UK-UF-AP) exceeded expectations, as Rc and Rct values after 3 days of immersion equaled 13x103Q.cm? and
7.36*10%Q.cm? respectively, but after a long time of immersion the Rc and Rct values decreased due to the penetration of
corrosive ions into the steel substrate. Comparing the three encapsulated fillers with ZP pigment, the performance of F6 and
F7 is nearly the same as the modified kaolin coated with a shell of urea-formaldehyde polymer (UF). F8 has superior
anticorrosive properties to protect steel in corrosive mediums5:-5],

Data and results of EIS measurements showed that these new active fillers can be used as anticorrosive fillers, especially UK-
UF-AP. The encapsulated filler UK-UF-AP has two layers, a layer of UF polymer covered with a layer of APTES (silane
coupling agent). This causes better adhesion of the varnish coating to the mild steel substrate surface due to the presence of Si
bonds and N2 atoms in APTES and UF polymer. The APTES layer hinders corrosive ions' movement through the varnish
coating interface and develops the barrier properties of the coating.

2.5%0 MNacl

Solution

(QC.a)

Warnish Coating Steel

Rc

Cc

Fig. 16: Eguivalent circuits used to simulate the
sarnish formulations coating/mild steel systemn

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



Development Of Active Modified Kaolin As Anticorrosive Fillers

413

180 168 176 180 i 0 20 0 80 85 90 951001051 101151201251301 351401451 50155160
0075 |- vy 7Ty QC.a- — ad0| QCh | REF QC.e
e v E ‘E A
Gooso - "v T £ am| "ﬂ'w"'" E 7T " 1
£ v £ "y v E p4
Soos| 4 o v 5 nmal v, J
= N 24} 1 = w
A N
omol ¥ Steel (40 days) . R el F1 (40 days) | s7| T2 (40 days)
—~ 0162 L R | C.a el [
. - QCa 3% . J
% - - 5 S 0ch € -
£ 0.108 - " 7 £ aszl " E E [ QC.e]
8 . o £ e . 5 ;
= . - 4 - - - -
A 0.054 = \ '\.' a6 | : -. .l i i 21
o000 £ Steel (20 days) ] = ' 1l 1
. . . 284 | L~ F1(20 days) | F2 (20 days)
32 EP) 36 & ; y . . . . 1
Pl — "-o\_. QCa | . o LR 4 QEZC 0 100 150 200
£ - ) . Tl oo ~ ] R ]
£ 010 E o« .'. 4 g * * ‘g” ¢ ."'-c.___. QC.b
s & .. S4f . % ‘g 87 .-..-."o ¥
& 005 { - T i . .. :3 \.I.=2 (3 days)
£ B33 B N osal . E
%0 steel (3 days) , ] F1 (3 days) \v'
ol . .
32 34 a6 38 28k L A n L L =
Z' (ohm cm?) h ;;ohm omd) = 15 ;25 30 35 40 45
’ 2" (ohm.cm?)
Fig. 17 : EIS Nyquist plots of steel blank, Fland F2 immersed in 3.5% NaCl solution
20 40 L 25 30 35 40 45 350 S5 680 ©5 TO VS 10 15 20 25 30
10— T T 9.0 FT T T T T T T T T 413 T T T T
-« T » ol ; ™ QC.h
AR o] B T -
E -~ = - E A
s ¢f 1 £ eof - 1 Soeest - o g
’“.' v = . i "iﬂ,’ ‘
| Ihel 1 o=l '
2l ) F3 (40 days) F4 (40 days) ) ) F5 (40 days)
B85
o -'-.--.-Eb ﬁé_ss_ -’"-- QC.b/ &é\ﬂ-.s- . T
S o b - - ~
£ sz & . Q E sl . 1 Bsal " -I' QC.b/
=2 - £ = E L] .
T 1 £ - Last " I 1
' 'l\.J BT " 1 Fu --Uf
26 - ) F3 (20 days) | aal 4 (20 days) | ET3S E5 (20 days) -
o 22 SZE 0 @ s - $I°15 ;R N 30 35 40 45 50 86 162“’ 15 20 25 30 35 40 45
5 . - 2 ) i
5 . s 1 QC.e{ o . L
Emor * QC.€ &g‘ b 513.5 - P b T
2 ™ E 38| L 4 E - - . i
R L . ..0' ] 1‘5.2 %o, o - Siwoal| & hY ; QC.b |
L AT F3 (3 days) | Fg24r - - -
nep . : "'---P"F-t @ ays)] Mgl W F5(3days) ]
30 B0 o0 1.2k L L N
Z (ohm.cm?) 10 15 20 2 0 35 7520 25 30 35 40 45 50 55 60 65 70 75 50 85 80 85100
Z (ohm.em?) Z' (ohm.cm?)
Fig. 18: EIS Nyquist plots of F3, F4 and F5 immersed in 3.5% NacCl solution
2 25 30 35 4 45 50 55 60 10 20 30 40 S0 100 150 200 50
s T T T T T T , : . . .
% . v :-354_ v “I TV, c.d )
Emﬁ I ! § “‘. J ? 33 Ty Qe
v 5 L 1 L i
E 3 QC b g% " QC.d g v,
Saef G v E v
] =288 - ¥ b 5 2r v Yer
- : : hd
2arr N 240 A Yo v
F 4ot g = E
04 _ Fouoday] . F7 (40 days) . . B (40 days
C. b - 000 - . Ll 1
E10t Q «E“-‘t r '-Vn" "n QC.d A - - QC.d
L L] L]
£ G E4s00 o u, J
S sef E33r ] g s
= s Esono | - ]
Nl fa22r aete | 2 f
F6 (20 daySh " F7 (20days)| NS0T F& (20 days) |
- By - 1 1 1 1 | 1 1 1
1529 22 3 35 40 45 50 55 60 65 70 i3 0. @ 2B W 35 eedl 45 w0l O 10000 20000 30000
e s C. a P e
& . QCcl Eosl o ‘QCd & .*
1.4 | ‘. b 31 8700 | o ]
- . E -
-E ., . s . -E . = - QC.e
=76} % o 1 =Mor * . 5800 | o’ ]
IT\.J . Pl f\.J .""C.Vg. R~ "
L N ] 10.5 - ]
38 l | - FE (3 days]l . F7 (.3 days) 2000 d. F8 (3 days)]
30 35 40 45 50 55 €0 65 70 75 80 0 50 100 ) 10000 20000 30000 40000
Z (shm.cnv’) Z (shm.cn?®) Z' {ohm.cn’)

Fig.19 : EIS Nyquist plots of F6é, F7 and F8 immersed in 3.5% NaCl solution

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



414 Walaa W. Diab et al.

Table (5): The fitted data of EIS equivalent circuits

Sample Time/day Rs (Q.cm2) Rc(Q.cm?) Cc Rct Cct Zw[mMho*s™(1/2)]
(Q.cm?)

Steel 3 3.35 0.33 985 puF
20 3.19 0.40 451 mF .

40 1.61 0.22 630mF ... L

F1 3 11 14.5 154 nF 5.32 1.77 mF 92.7
20 13.9 6.59 3.03 pF 10.1 170 L

40 13 6.62 5.97 uF 13 1.38mF ...

F2 3 16.8 23.6 154 nF 18.7 486 F L
20 34 46.5 440 nF 59.7 45.3 PF 12.1

40 75.8 39.6 224 nF 19 130 pF 45.4

F3 3 23.9 40.6 162 nF 53.5 16.1 pF 35.7
20 27.1 10 13.4 pF 16.8 1.61lmF ...

40 25.5 21.4 3.55 mF 10.3 31.3pF L

F4 3 16.5 8.62 963 nF 11.8 304 uF 105
20 18.9 18.4 809 nF 16.1 459 L

40 35.4 27.8 465puF .

F5 3 18.9 30.8 30.3 puF 38.8 18 nF L
20 16.6 12.2 1.88 pF 18.5 588 puF L

40 10.5 7.04 1.73 pF 8.78 182 pur L

F6 3 25.2 27.7 104 nF 28.2 64.5 pF 29.9
20 24.8 15.2 1.37 YF 21 543y L

40 25.4 11 3.37 uF 15.2 1.49mF L.

F7 3 16.1 32.1 225 nF 50 19.2pF 0 L
20 17.8 9.53 2.51 pF 12.1 90.3puF L

40 18.5 11.2 836 UF 7.36 6.10pF L

F8 3 2.19 X103 13 x103 380 nF 7.36X103 2.68 nF 23.6
20 1.39 x103 13.5 x103 32.2 nF 5.64%103 564nF ...

40 68 90.9 180 nF 57.8 243 pfr L

Conclusion

In this paper, we advanced new active anticorrosive fillers which were used to protect steel surfaces from corrosion. By
mechanical dry grinding, kaolin was intercalated by urea to partially separate the ordered layers of kaolin and generate broken
bonds. These broken bonds served as new sites of functional groups capable of grafting of silane molecules or polymer chains
inside and outside its surface. The intercalation of kaolin was followed by grafting silane coupling agent then encapsulated by
a shell of urea-formaldehyde polymer layer. FTIR spectroscopy, X-ray diffraction, SEM and thermal analysis data confirmed
the intercalation of urea molecules throughout the kaolin layers causing partial breaking down in the crystal structure. The
results also proved the grafting of silane and polymer chains inside layers and outside surface, which accompanied by
increasing thermal stability as it was emphasized by shifting of DTA peaks to higher temperatures. SEM studies confirmed
the polymer chains surrounded kaolin particles were forming a continuous shell encapsulation. SEM micrographs showed also
the dry grinding of kaolin-urea mixture was producing sharpless and compact aggregates of nanometer-sized kaolin spheroids.
The EDX studies proved the existence of active N and Si bonds on the filler surface which can be useful in application as
anticorrosive fillers for mild steel protection. EIS study indicated the anticorrosive properties of the prepared fillers especially
the encapsulated filler UK-UF-AP, as Rc and Rct values equaled 13x10°Q.cm? and 7.3610%Q.cm?, respectively. The proved
efficiency of these fillers gives the opportunity to complete future electrochemical study on a progressed paper soon.
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