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Abstract: Among the wastes produced in a refinery are solids containing water, in particular: (i)
bottom sludge accumulated in storage tanks and (ii) sludge agglomerated during the processing
of crude oil. Potentially useful industrial secondary resources, co-processed with clays lead to the
manufacturing of novel ceramic building products. Among the expected advantages, resulting to
industrial symbiosis, is the inclusion of ashes and residual metals from the wastes within the ceramic
structure, leading to the inertization of inorganic ingredients, through the thermal processing of clay
to building ceramic products.

Keywords: bottom oil sludge; secondary resources; brick and roof tiles industry

1. Introduction

The exploitation of a hazardous solid waste heaped in refineries, from heavy clay
ceramic industries, seem to affect both industrial sectors:

a Several studies draw attention on Europe’s deficit capability for industrial hazardous
solid waste management. However, recent studies refer to organic liquid and solid
wastes as alternative fuels, mainly for use in energy intensive industries.

b Building ceramic manufacturing plants can evaluate different sources of new revenue
for their facilities by providing waste management services. Usually, each new source
of revenue also helps to lower plant fuel or raw material costs in the never-ending
effort to remain competitive in a well-established and mature market.

According to the Statistical Annual Report (ANP) [1], the worldwide production of
sludge in refineries in 2009 raised to at least 190,000 m3 daily, which corresponds to 1.5% of
the total produced.

The European ceramic industry is a “global player”, with 25% of production exported
outside the EU and a positive trade balance of €3.7 billion. Providing over 200,000 jobs
in Europe, with an annual production value of €28 billion, this industrial sector actually
makes a substantial contribution to the European economy [2]. The clays required from the
heavy clay industries are mined on or close to the plant sites.

Due to the way ceramic building materials are produced, it is suggested to recycle
industrial organic wastes by mixing them with clays, to produce ready-shaped ceramic
products, exploiting the valuable energy contained in these organic wastes, thus resulting
to significant energy savings, while also benefiting from useful metal oxides these wastes
also contain. The mixing of industrial organic wastes with clays to produce novel building
materials is a GHG mitigation option, as a consequence of CH4 and CO2 reductions from
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the valorization of organic waste that, otherwise, would emit these two gases. The sintering
of the ceramic building materials is taking place in kilns, where the residence time, temper-
ature, and turbulent environment are ideal for the disintegration of organic components.
At the same time inorganic components are incorporated in the ceramic microstructure of
the produced building ceramic body. Most plants have installed particulate scrubbing as a
part of Clean Air Act emissions compliance.

Water is found in oil sludges at concentrations between 30 and 90 wt%. Oil sludges
also contain 4 to 7 wt% precipitates, mostly composed of minerals like halite, calcite,
kaolinite and quartz [3]. The petroleum hydrocarbons contained in a sludge are traced at
concentrations between 5 and 60 wt%. The contained saturated hydrocarbons are found in
the range of 40 to 60 wt%, aromatic hydrocarbons at 25 to 40 wt%, resins at 10 to 15 wt% and
asphaltene at 10 to 15 wt% [4,5]. According to Shie et al. [4], BTEX (Benzene, Toluene, Ethyl-
benzene, Xylene) are commonly found among the aromatic compounds, as are phenols
and PAH’s (Polycyclic Aromatic Hydrocarbons), which are partially responsible for the
flammability of petroleum sludge and its consequent classification as hazardous waste [6].
A few works have been conducted concerning the incorporation of petroleum wastes into
clay ceramics [7–12]. The incorporation of sludge containing metals in clays, followed by
sintering, results in: (i) an effective treatment of wastes and (ii) the production of bricks and
roof tiles by replacing clays with secondary raw materials [13–15]. Experimental studies
report improved mechanical properties for the new ceramic bodies compared to traditional
bricks [16]. Verification of the experimental studies at pilot scale, will meet one of the
prerequisites for end of waste criteria. On the other hand, leaching tests have shown that
heavy metals, seem to be immobilized in the new ceramic bodies, which if true at pilot scale,
meets another prerequisite of the end of waste criteria [15]. A successful waste-to-resource
strategy, requires knowledge of the mechanism and efficiency of removing or deactivating
pollutants from the waste – secondary raw material, for reliable control of product safety
and quality.

In the present work, ceramic bodies were prepared from mixtures of clays with bottom
oil sludge (5 wt% and 10 wt%) and sintered at two different temperatures (950 ◦C and
1050 ◦C). The leaching of heavy metals from the sintered ceramic matrix is within the
allowable limits, in all cases.

2. Materials and Methods

The sources of the oil refinery sludge that was studied are [17]:

a. Tank bottom sludges (European list of wastes—ELW 05 01 03*)
b. Sludges from on-site effluent treatment (ELW 05 01 09*)
c. Oily sludges from maintenance operations of the equipment of the plant (ELW 05 01 06*)

The above-mentioned oil sludges are selected and stored in separate tanks. They are
submitted to a heating and centrifugation process that separate three phases, namely:

a. Wastewater, which goes to the wastewater treatment unit
b. Oil, that returns as input to the refinery
c. Solid residual material (SRM), used for the mixing with clays

The principal chemical—characteristics of the processed SRM are given in Table 1:
Two clay samples from different deposits in Central Greece were selected and charac-

terized. These clays are considered representative of the main types of clayey raw materials
used by the ceramic industry (clay A and B). The composition of the two clays used is
given in Table 2.

The Winkler [18] method determines the ideal mixing ratio of clay soils A and B so
that the resulting mixture is suitable for brick production. The most appropriate mixing
ratio, considering the chemical composition of clay raw materials, is A 60 wt%-B 40 wt%.

Compact test ceramic bodies 48 mm × 23.5 mm × 75 mm were prepared: (a) without
adding waste (b) with the addition of 5%wt & 10%wt SRM. Clay/SRM mixtures were
kneaded and extruded using a pilot plant vacuum extruder provided with manual cutter.
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The specimens were dried at room temperature for 24 h and subsequently in an oven at
110 ◦C for at least 24 h. Dried specimens heated following a protocol of gradual temperature
increase up to the desired final sintering temperature by using an electric furnace. The final
sintering temperatures examined were T1 = 950 ◦C, and T2 = 1050 ◦C.

Table 1. SRM typical characteristics (after centrifugation).

mg/kg Dry Weight

As Pb Cd Cr Cu Ni Hg Zn Ba Mo

33 140 1 170 400 360 15 958 240 23

Al Be Ca Fe Mg Co Li K Mn Na

21,000 <1 43,000 140,000 77,000 23 7 950 1000 1900

Te Tl Ti Sn Se V Sb Sr Thermal content

<1 1 270 22 14 580 4 220 10,869 J/g

Total S Total Cl Total N Total F TPH (C6-C40)

47,000 10,000 8470 240 354,041

Table 2. The composition (%) of the clay raw materials used in the present study.

Nα2O K2O MgO MnO Fe2O3 CaO Al2O3 SiO2
Organic
Matter CaCO3 CO2

A 0.40 2.80 4.85 0.12 6.55 6.27 15.28 51.10 0.50 8.87 4.26
B 0.36 2.40 3.29 0.10 5.56 3.54 12.75 53.40 0.13 4.23 2.03

The produced specimens were subjected to leaching tests for each batch of specimens
produced, in accordance with the standard EN 12457-2 (L/S = 10).

3. Results and Discussion

Standard EN 12457-2 was followed to perform the leaching tests and the liquid-to-
solid phase ratio was L/S = 10 L/kg. Leaching Test results are given in Table 3, expressed
as dry phase values in mg/kg.

Table 3. Leaching Test results (phase values in mg/kg).

Raw Material Composition Limit Values—Decision 2003/33/EC [19]

SRM 0%
T1

SRM 0%
T2

SRM 5%
T1

SRM 5%
T2

SRM 10%
T1

SRM 10%
T2

Inert
Materials

Non-
Hazardous

Waste
Materials

Hazardous
Waste

Materials

As <LOQ <LOQ 0.036 0.062 0.118 0.062 0.5 2 25
Pb 0.034 0.042 0.066 0.041 0.039 0.041 0.5 10 50
Cd 0.024 0.032 <LOQ 0.029 0.014 0.017 0.04 1 5
Cr 0.952 0.844 0.954 0.685 0.989 0.731 0.5 10 70
Cu 0.35 1.5 0.9 0.9 0.2 1.3 2 50 100
Ni 0.223 0.246 0.194 0.218 0.333 0.193 0.4 10 40
Hg <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.01 0.2 2
Zn 1.3 2.25 0.85 0.96 1.06 0.65 4 50 200
Ba N.D. N.D. N.D. N.D. N.D. N.D. 2 100 300
Mo N.D. N.D. N.D. N.D. N.D. N.D. 0.5 10 30
Sb N.D. N.D. N.D. N.D. N.D. N.D. 0.06 0.7 5
Se <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.1 0.5 7

Cl− 24 14 31 8.9 41 24 800 15,000 25,000
F− 23 30 51 43 75 55 10 150 500

SO4
2− 81 290 3370 2760 6200 4690 1000 20,000 50,000

LOQ: Limit of Quantitation, N.D.: Non-Detectable (less than LOD), LOD: Limit of Detection.
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The standard methods used to analyse the leachate is given in Table 4.

Table 4. Standard Analytical Methods.

As, Sb Based on ISO 17378-2:2014
Pb, Cd, Cr, Ni, Ba, Mo Based on EN ISO 15586:2003

Cu Based on EN ISO 8288:1986
Hg, Se Atomic Absorption—Method of hydride production

Zn Dr. Lange LCK 360
Cl−, F−, SO4

2− ISO 10304-1:2007

From the results reported in Table 3, both standard and waste-added test specimens
are classified in the non-hazardous category in accordance with Decision 2003/33/EC.

From the electronic scanning microscope (SEM) images it is evident that the waste-
added test specimens have the standard structure of a ceramic material, i.e. the addition of
the waste does not adversely affect their structure (Figure 1), while the pores formed are
more evident.
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Figure 1. 500× magnification SEM images for waste-free and added samples.

The addition of waste significantly increases the concentrations of (SO4
2−) sulphate

anions. This is due to the binding of the S present in the waste from the soil Ca and the for-
mation of CaSO4. This combined with the severity of the leaching test (particles < 4 mm of
which many were in powder form) and the solubility of CaSO4 (0.21 g/100 mL), contributes
to the increased quantities of SO4

2− in leached sulphates.
In the specimens with added waste, the binding of the contained to waste S from

Ca of clay soils is evident, resulting to reduced emissions of gaseous pollutants. This
finding is important in that the usual process of producing structural ceramic materials is
shown to be an anti-pollution process for secondary raw materials—substitutes for clay
soils containing S.

4. Conclusions

The sintering process taking place in the building ceramic manufacturing process,
is suitable for the utilization of wastes as secondary raw materials and at the same time,
contributes to reducing the amount of wastes produced from different industrial processes
in a sustainable way. The waste used, irrespective of the percentage, shall be satisfactorily
incorporated into the ceramic test specimens produced. According to the leaching tests, the
products are classified in the category of non-hazardous waste for disposal after the end of
their life, on the basis of Decision 2003/33/EC. The addition of waste shall not burden the
concentrations detected in the leaching tests, except in the case of sulphate anions (SO4

2−).
The environmental benefits are expected to be significant in the following areas:

1. Reduce the cost of waste management for the producer companies (refineries).
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2. Safe disposal of the waste concerned. As demonstrated by the leaching tests of
structural ceramics, products containing the waste in question do not have an adverse
impact on the environment or human health.

3. Promoting industrial symbiosis in the context of the “Circular Economy”, an EU
priority policy. SRM can be used directly without any treatment other than normal
industrial practice in the process of producing structural ceramic materials.

4. Increase the thermal insulation capacity of ceramic construction products, which will
help to save energy during the product life cycle.

5. Reduction in the consumption of fossil fuels required for the sintering of ceramic
materials, with a simultaneous reduction in greenhouse gas emissions.

6. Substitution of primary raw materials (clay soils) with secondary raw materials in the
process of producing structural ceramic materials.

7. Zero secondary waste production by incorporating SRM in the process of producing
structural ceramic materials.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.
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