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Abstract

The process of ceramic or refractory surfaces coating is one of the methods used to protect
the ceramic body from chemical effects resulting from operating conditions, especially in the
applications that include acid gases emissions such as furnaces of petroleum refining units. A
mixture of low-melting glass frit was used, reinforced with nano powders of zirconia and
Partial Stabilized Zirconia with yttria (3Y-PSZ) with different additives 5wt% and 10 wt%,
as well as the addition of nano-alumina for the same percentage of addition. The medium
alumina refractory brick which used in lining petroleum refining units was used as a basis for
coating.

The coating process was implemented after mixing and preparation of a homogeneous
suspension in the presence of water, then drying and sintering until glazing at a temperature
of 850 °C. X-ray diffraction technique was used to show the structural characterization of the
glazing, which indicated that a glass frit layer was transformed into a mixture of ceramic-
glass (crystalline glass), where the crystalline structures of the nano powders were clearly
visible. Surface roughness showed low values for frit added with 5wt% of (3Y-PSZ) as well
as the frit to which was added 10 %wt of (3Y-PSZ with 5wt% alumina). Moreover, all
samples showed clear chemical resistance against acids, including concentrated H>SOa.
Thermal shock resistance varied for vitrification mixtures, but it was good for vitrified
samples, adding 10%wt of (3Y-PSZ) with 5wt% alumina as well as adding silicate to the
mixture, and these mixtures are considered to be the best in medium alumina refractory
surfaces coating.
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1. Introduction

Refractories are widely used in the construction of furnaces for oil refining units. They are
either in the form of refractory bricks or refractory mortars. The materials manufactured in
refractories are usually characterized by high corrosion resistance. However, these
refractories are subjected to chemical reactions resulting from oxidation and reduction
conditions or from gases emitted as a result of fuel combustion [1]. Refractory corrosion can
be defined as thermal corrosion resulting from a loss in thickness or mass of the refractory
material from the surface exposed to heat, as a result of chemical attack by corrosive vapors
in a process in which the vapor interacts with the surface of the refractory material. Because
of the large difference in the surface energy of the solid thermal phase and gas phase of
corrosive vapors, the thermal corrosion process is relatively slow and does not appear in the

near range of the start of the operation [2].
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Refractories are divided into three types according to the chemical classification (acidic,
basic and neutral), so the basic principle of refractory compatibility with corrosive media is
the use of acid refractories to resist the acidic environment. Since most of the corrosive
fumes and gases emitted from fuel combustion are acidic, such as: (NO2 and H2SO0s), it
requires the use of medium to high refractories alumina and silica in the lining of combustion
furnaces. [3]

The acidity or basicity of refractories at high temperatures can be estimated by the ratio of
basic to acidic oxides according to the following relationship:

V_Hﬂsicﬂxide_ CaO +Mg0O + FeO + MnO + -~ 1
" Acid Oxide _Sioz+P205+A1203+F9203+anos+---'”( )

If V is greater than 1, the mixture is basic, and if it is less than 1, it is acidic. [4]

1.1 Glazing

Refers to the process of coating the surface with glass materials or chemical oxides. The
glaze is a thin and hard layer that covers surfaces and bonds with some of its components.
Chemically, it is the transformation of crystallized compounds or oxides into an amorphous
(random) structure as a result of rapid melting and cooling of the components. Glazing often
aims to:

1. Protection of ceramic parts from pollution and the influence of some acids and alkalis.

2. Giving the surface a smooth texture that prevents the adhesion of impurities.

3. Sometimes it increases the mechanical surface resistance.

4. It closes the pores and prevents the penetration of harmful fumes and gases into the
ceramic body [5].

The glaze mixture consists of a group of basic oxides, added to the acid oxides to modify the
properties of the glaze from melting (coefficient of thermal expansion, mechanical and
physical properties). The most common basic oxides are Na2O, K0, Li»O, CaO, MgO, BaO)
in addition to lead and zinc compounds.

As for the acidic oxides, they are the group of oxides that make up the glass network and are
included in the basic composition of the glass, and their ionic potential (ionization energy) is
greater than 7 eV. Silica SiO: is the most important and widespread acidic oxide. Silica gives
the following properties in the composition of glass:

1. It raises the working temperature of the glass and makes it more thermal resistant.
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2. It increases viscosity and reduces fluidity.
3. Increase the surface resistance to acids and more mechanical tolerance.
4. 1t reduces the coefficient of thermal expansion and makes it more compatible with the

coefficient of thermal expansion of the ceramic base [6].

Thermal expansion coefficient, glass resistance, flexibility and other factors are parameters
that determine the nature of the glazing layer and the following equation can be calculated by
which the volumetric thermal expansion coefficient of the glass layer: [7]

Ba=F=wf, tw, B, +twyfi;+--w, B ... (2)
Where a is the coefficient of linear thermal expansion (K™?), B is the volumetric thermal
expansion coefficient (K1), wy is the weight fraction of oxides in the glass mixture (wt%) and

Bn is the volumetric thermal expansion coefficient of the glass components.

1.2 Heat Treatment of the Glaze Layer

The objective of the heat treatment is to incorporate the components of the glaze, and it begins
with the evaporation of water and the transformation of silica crystals between (573-226) °C.
Thermal treatments also include the volatilization of some basic oxides such as lead and
sodium, and some oxides need higher degrees such as calcium and magnesium. The glaze
becomes a hard shell when the alkaline oxides, such as sodium and potassium, begin to melt
at a temperature of 600 °C, and the reaction continues with the rest of the compounds until the
glaze reaches the stage of maturity. [8].

The objective of the project is to prepare a glass mixture dispersed with acid-resistant
nanopowders, and coating it on the surfaces of refractories used in lining combustion
furnaces, to increase the chemical resistance to corrosion arising from acid gases emitted from

the combustion of crude oil.

2. Materials and Methods

The refractory bricks whose specifications are shown in Table (1) were cut and used in lining

the combustion furnaces of the refining units. Samples were cut to specific dimensions
suitable for laboratory testing. Also, the specifications of the materials used in the research

and the sources of equipment are shown in Table (2).
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Table (1): Specifications of Burner Refractory bricks.

Property units value
Bulk density g/lcm3 2.48
Al03 % 62
SiO2 % 32.2
Main chemical components Fe203 % 1.5
Ca0 % 1.9
TiO2 % 2.4
Cold crushing strength MPa 52.1
Cold crushing strength after thermal shock at 1200 °C MPa 49.8
Max. service temperature °C 1600
Thermal conductivity W/m.K (1.05-1.17)
Permanent linear change
at 800 °C: % - 012
at 1200 °C: - 024
Chemical resistance Acidic resist
Table (2): Specifications of the materials used.
Materials i el Grain size FUITY Source
formula %
Alumina Al;,O3 80 nm 99.99 Hongwunewmarerial China
Zirconia ZrO; 40-50 nm 99 Hongwunewmarerial China
Stabilized 3Y-PS7 20 nm 99.95 US Research Nanomaterials
Zirconia USA
I Honeywell, Riedel-de
Lithium LIOH | e 98.5% Haén, Germany
hydroxide
Potassium . 0 Shanghai Dingkui
Silicate KeSI0s | oo > 9% Biotechnology, China.

Vitreous frit was used whose components are shown in Table (3), and by using a sensitive

digital balance (0.01 g), mixtures of frit dispersed with nanopowders were prepared as shown

in Table (4). After mixing the mixture and adding 0.75 g of water per 1 g of the vitrification to

produce the suspension, one side of the sample surface was coated by a brush with thickness
0.2-0.3 mm. The samples were then dried and fired at 850 °C.
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Table (3): Major oxides for a component of frit.

Oxides wit%
SiO; 31
Al;03 6
PbO 35
Na.O 15
CaO 8

Others 5

Table (4): Components of the prepared mixtures.

No Sample Frit | ZrOz | 3Y-ZrO. | AlO3 LIOH | K-Silicate
' code wt% | wt% wit% wit% %owt %owt
1 F 100
2 F-5Z 95 5)
3 F-10Z 90 10
4 F-10Z-5A 85 10 5
5 F-5YZ 95 5
6 F-10YZ 90 10
7 F-10YZ-5A 85 10 5
8 F-10YZ-10A 80 10 10
9 F-10YZ-5A-5L 80 10 5 5
10 F-10YZ-5A-5S 80 10 5 5)

3. Results and Discussion

3.1. Surface Morphology

The test was carried out by optical microscopy of the surface of the refractory bricks used in
the furnaces of refining units. Figure (1) shows the crystalline phases of Mullite
(3AI203.2Si03), Cristobalite (0-SiO2 resulting from the thermal phase transformation of
Quartz crystals) and Corundum (a-Al203 resulted from the thermal phase transition of
Gibbsite mineral) and , which are the main components of the alumina medium refractory
bricks.[9] Mullite is a crystalline phase with important technical significance because of its
excellent technical properties, such as low expansion and thermal conductivity (~4.5 x 107
[°C and 6 W/m.K at 20 °C respectively) and appropriate fracture strength and fracture

toughness (~200 MPa and ~2.5 MPa m1/2 respectively).[9]
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Fig. (1): Optical microscope image of a refractory brick surface without glaze.

As for the scanning electron microscopy (SEM) images of the mullite phase region (the most
quantified), they showed the shape of the crystal structure of mullite, which is needles-like
structures resulting from the transformation of kaolinite sheets into mullite during the firing
processes.[10,11] The microstructure of the dominant phase (Mullite) of the refractory brick
surface without glazing is shown in Figure 2(a).

After coating the surface of the sample with frit (sample F), the glaze material penetrated
between the mullite needles as in Figure 2(b). The surface microstructure of the sample (F-
10YZ)) in Figure 2(c) shows the distribution of nano partially stabilized zirconia particles
between the mullite needles. The glaze acts as a zirconia dispersed matrix of glass — ceramics
composite. Increasing the alumina to 10 wt% led to the agglomeration of the nanopowders
clearly on the surface of the sample (F-10YZ-10A) and the insufficient temperature of 850°C
to melt the mixture as shown in Figure 2(d). The surface structure of the sample (F-5YZ) is
shown in Figure 2(e). The image shows a complete melting of frit with its penetration
between the mullite needles and the dispersion of nano-zirconia particles. The addition of
lithium hydroxide raised the melting temperature of the mixture, and thus the glaze structure

was not clear on the surface of the sample (F-YZ-5A-5L) as shown in Figure 2(f).
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Fig. (2): SEM image of mullite microstructure.

Figure (3) (a & b) shows the surface structure of the glazed samples using the optical
microscope. It is clear from the sample (F) of the frit-glazed surface only without additions. It
is noted that microscopic cracks appeared on the surface because the frit has a high coefficient
of thermal expansion compared to the thermal expansion of the refractory substrate [7]. It also
shows a complete melting of the frit components at a temperature of 850°C.

While the sample (F-5Z) shows a change in the transparency of the surface by adding 5wt%
of ZrO,, and this means that the nano-zirconia didn’t dissolve chemically in the frit
components. However, the glass melted completely with the disappearance of microscopic
cracks, and this indicates a decrease in the thermal expansion coefficient of the glass mixture.
According to the relationship (2), increasing the percentage of zirconia to 10wt%, as in the
sample (F-10Z), led to a decrease in transparency due to the increase in zirconia and the
complete disappearance of microscopic cracks with very smooth of surface. In addition, the
glass melting process has been completed. The addition of 5wt% of Al.Os, led to the
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appearance of some inhomogeneous spots on the surface, as in the sample (F-10Z-5A), which
are areas that are not completely molten due to changing the solubility of the three
compounds. While adding 5wt% of Yttria-Stabilized Zirconia as in the sample (F-5YZ), the
glaze was homogeneous and did not show obvious microscopic defects. As well as increasing
the proportion of yttria-stabilized zirconia to 10wt% for the sample (F-10YZ), the glaze
became more homogeneous and completely free of microscopic defects. Moreover, the
addition of 5wt%-alumina to the yttria-stabilized zirconia led to a clear improvement in the
surface structure without the appearance of any defects as in the sample (F-10YZ-5A). While
increasing the percentage of alumina to 10wt%, the images showed a clear heterogeneity in
the surface structure and an increase in the amount of blisters on the surface in addition to the
lack of complete melting of the glaze layer as shown in the sample (F-10YZ-10A). The
addition of lithium hydroxide led to incomplete melting of the glaze mixture, and it needs
high temperatures (more than 850 °C) as in the sample (F-10YZ-5A-5L). Finally, 5wt% of
potassium silicate was added to the glaze mixture consisting of frit dispersed with 10wt%
Yttria-Stabilized Zirconia and 5wt% of Al2Os. The pictures showed more melting in the glaze

layer and no cracking was observed on the surface as in the sample (F-10YZ-5A-5S).

o et F-10YZ
e > . 0
;".‘?‘ :.i '
- " J h usd
3 sh Lo @

F-57 F-10YZ-5A
"
B
F-10Z F-10YZ-10A

Fig. (3-a): Optical microscope images of the surface of the vitrified samples.
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Fig. (3-b): Optical microscope images of the surface of the vitrified samples.

3.2 XRD Analysis

Figure (4) shows the X-ray diffraction patterns of all layers of the glazed samples. The results
of the sample analysis (F) showed that the glaze layer is amorphous structure, and this is a
general characteristic for all types of frits. Although the frit oxide components are crystalline
structures, the melting of oxides at high temperatures and then rapid cooling led to formation
of the amorphous structure. [12] But when adding 5wt% zirconia, as in the sample (F-52), it
led to the emergence of the crystalline zirconia (monoclinic zirconia m-ZrO. and tetragonal
zirconia t-ZrO») phases, and this means the change of the glaze layer from Amorphous (glass)
state to Amorphous-Crystalline, and then it is called the Glass-Ceramic coating layer.[13]
Increasing the amount of zirconia added to 10wt% led to an increase in the percentage of
crystal structures, and this is noted from the increase of peaks in the sample pattern (F-10Z).
When adding alumina by 5 wt%, multiple crystal structures appeared with zirconia and
alumina, in addition to a percentage of amorphous structures (glass) that interfered with the
diffraction pattern as in the sample (F-10Z-5A).

The addition of Partially Stabilized Zirconia by Yttria (3Y-PSZ) at a percentage of 5wt% to
the glass mixture led to the appearance of peaks of the zirconia (Tetragonal) phase with a
large percentage of the amorphous composition of the frit as shown in the sample (F-5YZ).
While increasing the amount of partially fixed zirconia to 10wt% led to the emergence of the
crystalline phases more clearly and overshadowing the amorphousness of the glass and this is

clear from the sample (F-10YZ). As for the addition of 5wt% alumina to the glass mixture
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consisting of 3Y-PSZ, it led to an increase in the crystallization of the glass layer, the
emergence of crystalline structures, and a clear decline in the amorphousness of frit, as in the
sample (F-10YZ-5A). Increasing alumina to 10wt% led to more emergence of zirconia
(Tetragonal) phase with alumina as in the sample (F-10YZ-10A). Addition of lithium
hydroxide at a percentage of 5wt% led to the emergence of a phase (t-ZrO2). This means that
lithium oxide (after hydroxide is thermally converted to oxide) reduces the percentage of
amorphous structures, thus obtaining highly crystallized glaze layer called glass-ceramics.
This is shown in sample (F-10YZ-5A-5L). As for the replacement of lithium hydroxide with
potassium silicate, this also led to the emergence of the crystal phases and the transformation

of the glass layer to ceramic-glass, and this is clear from the sample (F-10YZ-5A-5S).

Sample: F-10YZ-SA-S5S

=4 \\M‘JLMMA—MW\A-A_MMM

ooooo

Sample:F-10YZ-SA-SL.

Sample:F-10YZ-10A

o s |
i WMM\A}LJ\.M\,J\W % N—

Sample: F-10YZ-SA
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Sample: F-SZ.

...........................................................................................................
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! TUNS——
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Fig. (4): XRD patterns of surface of glazed samples (M: m-ZrOz2, T: t-ZrO2 and
A: a-Al203).
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3.3 Roughness
This test was performed by the device (TIME3200 Surface Roughness Tester). Figure (5)

shows the results of the roughness of the glaze layers. We note that the lowest value of the
roughness was (0.374 um) for the model (F-5YZ), which means that the vitrification process
occurs without the blisters on the surface and a homogeneous distribution of the glass molten
on the sample. In comparison with the frit- glazed sample, we notice that the roughness values
are close, as shown in the sample (F). generally, the roughness was less than (1 um) for the
glazed samples by adding 5% wt of zirconia, but it increased by adding alumina as in the
sample (F-10YZ-10A). The reason for this is due to the agglomeration of the added
nanopowders and their lack of solubility in the frit molten, or due to the compounds resulting
from combustion and thus the possibility of damage to the glaze layer.[14] The roughness
increased for the structures in which crystallization or granular growth or agglomeration
occurs for the added powders, this was evident in the (F-10YZ) and (F-10YS-5A-5L) form of
lithium hydroxide and became (2.466 um). Although the glass layer was changed to a mixture
of (glass-ceramic), the crystal grains led to an increase in the roughness on the surface of the

glass layer.
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Fig. (5): The roughness of the glaze layers.
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3.4 Chemical Resistance

The chemical resistance of the glaze layers was achieved according to ASTM C556. It was
noted that all the glazed samples showed chemical resistance to the acids, and no change in
the surface structure of the glaze layer appeared. The chemical resistance is attributed to the
effect of silicon dioxide SiO. (pH=2) and zirconia added ZrO, (pH=4). [15] Therefore,
increasing the amount of zirconia will increase the chemical resistance of the frit, especially

towards acidic solutions and vapors.

3.5 Thermal Shock Resistance

There are two important factors that affect the thermal shock resistance: the coefficient of
thermal expansion and the coefficient of thermal conductivity [16] The compatibility between
the thermal expansion coefficient of the glaze layer and the ceramic substrate is very
important to prevent any cracks due to rapid thermal changes. It is necessary to control the
components of the glass transition layer and add materials that have high thermal expansion
coefficients such as partially stabilized zirconia by yttria (3Y-PSY) that leads to compatibility
with frit.[17] On the other hand, the addition of alumina reduced the coefficient of thermal
expansion of the frit to make it compatible with mullite refractories, where its coefficient of
thermal expansion is less than 4.5x10° °C1.[18] Figure (6) shows micrographs of the surface
of the glaze after thermal shock up to 500 °C. Cracks appeared in the glaze layer of samples
subjected to thermal shock: F-10Z-5A, F-10YZ-10A, F-5Z, F, F-5YZ, F-10YZ-5A-5L.

The shape of the cracks can be explained on the basis of the difference in thermal expansion
coefficients between the components of the glass transition mixture, and the cracks are small
and spread on the surface. As for the large cracks, they are due to the difference in the thermal

expansion coefficient between the glaze layer and the substrate of refractory brick.

It was found that the sample (A-10YZ-5A) withstood the thermal shock without cracks as
well as the sample (F-10YZ-5A-5S), and these samples achieved compatibility between the
components of the glass mixture on the one hand and between the layer of glass and the

substrate on the other hand.
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Fig. (6): Surface morphology of samples after thermal shock.
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4. Application of Nano-coating on bricks for refinery furnaces

The results of the tests proved the success of the mixtures in obtaining glazed Nano-coating
with good specifications such as thermal shock resistance and chemical resistance. One of the
mixtures, which is mixture (F-10YZ-5A-5S), was selected for the purpose of applying it on
the furnaces of the oil refinery units. The box furnace was selected for the Gasoline
Reforming Unit/1 in the Daura refinery as shown in Figure 7(a). After preparing the glaze
mixture, a specific area was identified inside the furnace and thoroughly cleaned of dust
(Figure 7(c)). The surface of the refractory bricks is coated with a layer of glaze using a brush
(Figure 7(b)), with a thickness ranging between 0.2-0.3 mm. The coating layer shown in
Figure 7(d) is left to dry and is heat treated by oven heat during operation.

Fig. (7): Application of nano glaze coating, (a) box furnace for the Gasoline reforming
Unit/2 in the Daura refinery, (b) Glazing mixture and paint brush, (c) Furnace wall after
cleaning, (d) Furnace wall after coating.
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5. Conclusions

1- The addition of Nano- Partially Stabilized Zirconia with Yttria (3Y-PSZ), achieved good
results in terms of low surface roughness. Also, adding 5 wt% nano-alumina to the mixture
contributed to improving the thermal endurance properties.

2- The addition of Potassium Silicate improved the adhesion of the glass layer during the
coating process and also contributed to improving the smoothness of the surface.

3- The possibility of using mixtures in coating the surfaces of high alumina refractories with
thermal tolerances greater than 500°C.

4- Increasing the heat treatment temperature of the glaze layer and the operating time leads to
an increase in the amount of crystallized phases.

5- The glass coating dispersed with nano-ceramic powders becomes a glass-ceramic coating,
thus greatly improving the surface properties and thermal resistance compared to the frit-glass
coating only.

6- Glass coatings prepared from the addition of lithium hydroxide can be used in coating

refractories used at temperatures higher than 850°C.
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