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APRESENTAÇÃO

Caro(a) leitor(a)
Como definir a engenharia? Por uma ótica puramente etimológica, ela é derivada 

do latim ingenium, cujo significado é “inteligência” e ingeniare, que significa “inventar, 
conceber”. 

A inteligência de conceber define o engenheiro. Fácil perceber que aqueles cujo 
oficio está associado a inteligência de conceber, dependem umbilicalmente da tecnologia 
e a multidisciplinaridade. 

Nela reunimos várias contribuições de trabalhos em áreas variadas da engenharia 
e tecnologia. Ligados sobretudo a indústria petroquímica com potencial de impacto nas 
engenharias. Aos autores dos diversos trabalhos que compõe esta obra, expressamos o 
nosso agradecimento pela submissão de suas pesquisas junto a Atena Editora. Aos leitores, 
desejamos que esta obra possa colaborar no constante aprendizado que a profissão nos 
impõe.

Boa leitura! 

João Dallamuta
Henrique Ajuz Holzmann

Rennan Otavio Kanashiro
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ABSTRACT: A variety of epoxy coatings with 
different characteristics is used inside petroleum 
product tanks. Taking into consideration the 
specifications and performance importance of 
epoxy resins applied in tanks storing benzene, 
toluene and xylenes, the present study 
investigated the cause of interaction between 
coatings and aromatic hydrocarbons (or 
aromatics), detected by acid wash color test. For 
the investigation, test specimens with different 
coating formulations were prepared, in addition 
to their original formulation, so as to simulate 

the contact by means of immersion in aromatics, 
whereby the color test is done to certify these 
products. After immersion of painted specimens 
using a coating formulation containing furfuryl 
alcohol, the results showed occurrence of acid 
wash color in the aromatics. Consequently, in 
order to adjust the epoxy coating and prevent 
the event of acid wash color in aromatics, the 
proposed formulation should be free of furfuryl 
alcohol in its composition.
KEYWORDS: Epoxy resin; coating; petroleum 
products, aromatic hydrocarbons; furfuryl alcohol.

ADEQUAÇÃO DE REVESTIMENTOS 
INTERNOS DE TANQUES 

PARA ARMAZENAMENTO DE 
HIDROCARBONETOS AROMÁTICOS

RESUMO: Uma variedade de revestimentos de 
epóxi com características diferentes é usada 
dentro de tanques de produtos de petróleo. 
Levando em consideração as especificações 
e a importância do desempenho das resinas 
epóxi aplicadas em tanques de armazenamento 
de benzeno, tolueno e xilenos, o presente 
estudo investigou a causa da interação entre 
revestimentos e hidrocarbonetos aromáticos 
(ou aromáticos), detectada por teste de cor por 
ácido de lavagem. Para a investigação, foram 
preparados corpos de prova com diferentes 
formulações de revestimento, além de sua 
formulação original, de modo a simular o contato 
por meio de imersão em aromáticos, sendo feito 
o teste de cor para certificar esses produtos. 
Após imersão dos corpos de prova pintados com 
formulação de revestimento contendo álcool 
furfurílico, os resultados mostraram a ocorrência 
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de coloração nos aromáticos. Consequentemente, a fim de ajustar o revestimento epóxi e 
evitar a ocorrência de cor de lavagem ácida em aromáticos, a formulação proposta deve ser 
isenta de álcool furfurílico em sua composição.

1 |  INTRODUCTION
When formulating an epoxy resin for a specific use, it is necessary to know how each 

of these components contributes to the physical and mechanical performance of a part 
during and after manufacture. The main reasons for the occurrence of substrate corrosion 
are usually poor surface preparation or insufficient coating thickness. 

Storage tanks for petroleum products used in refineries, distribution bases, land 
and sea terminals in Brazil use specific epoxy coatings defined in specifications adopted 
nationwide. One of them is Petrobras Specification N-2913 - Anti-corrosion coatings for 
carbon steel tanks, such as liquefied gas tanks and storage cylinders (CONTEC, 2015) - 
which defines how corrosion protection coatings should be applied internally and externally 
to atmospheric tanks, liquefied gas tanks and cylinders in inland facilities. For aromatic 
solvents (benzene, toluene and xylenes), Specification N-2913 indicates Specification 
N-2912 - Novolac Epoxy Paint use - Type II, solvent-free, cure at ambient temperature 
(CONTEC, 2016) - which establishes the coating quality parameters and their respective 
limits. Brazilian epoxy paint manufacturers adopt both Specification N-2913 and N-2912.

In the case of epoxy resin use inside storage tanks for chemical products, it is 
necessary to consider the possibility of interaction between the stored product and the 
epoxy (Shchukin et al., 2006; He et al., 2008; Baghdachi, 2009; Sørensen et al., 2009; 
Calle et al., 2010; Hamdy, 2010; Ganesh et al., 2011; Mathiazhagan et al., 2011; Choi et 
al., 2013; Makhlouf, 2014; Popoola et al., 2014; Ulaeto et al., 2017), from a chemical point 
of view (reaction between the coating and the stored product), and from a physical point 
of view (solubilization of some epoxy components or product penetration into its crystalline 
structure). Thus, taking into account the influence of each component from the epoxy coating 
and its interaction with aromatic hydrocarbons (benzene, toluene and xylenes) and using 
specific techniques to investigate the cause of interaction, the present study was carried 
out in order to adjust the epoxy coating formulation, resulting in experimental data that add 
significantly to the literature.

2 |  EXPERIMENTAL
The overall purpose of the present study was to identify the cause of benzene 

contamination that resulted in the occurrence of off-spec acid wash color during the 
benzene batch quality certification process. Analyses and evaluations described throughout 
this chapter were carried out in order to achieve the stated objective.
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For proper understanding of the product logistics flow between benzene production 
at the refinery and its storage at a bulk terminal for maritime loading (shown in Figure 1), the 
nomenclature adopted for the tanks is given below:

• Tanks D and E: located at the refinery; used for storage, quality certification of 
the batches produced and benzene logistics flow.

• Tanks A and B: located at the distributor; used for storage and benzene logistics 
flow.

• Tanks I and II: located at a bulk terminal; used for storage and benzene quality 
certification prior to shipping.

Figure 1. Benzene flow from the refinery to the bulk terminal.

2.1 Characterization techniques of benzene contaminants
Acid wash color is one of the parameters used to quality benzene for sale. To 

determine acid wash color, also used in the quality certification of toluene and xylenes, the 
ASTM D848 method was used (ASTM, 2014).

Typically, fourteen color standards are used in the acid wash color determination. 
After the color test, the sample is compared to the standards shown in Figure 2. The product 
is considered off-spec if it has a color higher than 1+, which means a hue darker than that 
of standard 1 and lighter than that of standard 2. 

One on-spec benzene sample and two off-spec benzene samples were collected into 
transparent glass bottles of 500 cm3 for fractional distillation (four volumetric fractions: 30%, 
30%, 30% and final 10% v/v) to verify the presence of possible contaminants.
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Figure 2. Color standards used to determine acid wash color (ASTM D848).

Finally, a composition evaluation of the two final fractions obtained by off-spec 
benzene fractional distillation was carried out using gas chromatography coupled with mass 
spectrometry (Agilent HP-7890 Chromatograph with Agilent Mass Spectrometry Detector 
MSD-5975C), in accordance with the ASTM D2887-12 method. This was done in the 
Petrobras Research Center laboratories to allow for the identification and quantification of 
heavy contaminants in ppm (w/w). 

2.2 Simulation of interaction between aromatic hydrocarbons and epoxy 
coatings

Toluene and xylenes were also evaluated due to the need to verify the extent of 
their possible contamination. Figure 3 presents a flowchart of different epoxy coatings 
formulations suggested to simulate interactions between the aromatic hydrocarbons and 
these formulations.

Preparation of 
test specimens    

for the                
benzene tests 

Preparation of 
test specimens 

for the                
toluene and 
xylenes tests 

Painting with 
Original 

Formularion

Painting with  
Formulation 1

Painting with  
Formulation 2

Painting with 
Original 

Formulation

Painting with  
Formulation 1

Painting with  
Formulation 2

Immersion and acid wash color tests

Figure 3. Flowchart containing the simulation steps to identify the possible cause of 
contamination in aromatic hydrocarbons

As the chemical composition of epoxy coating – applied in Tank A during its 
maintenance – is an important factor related to the cause of benzene contamination, different 
epoxy coating compositions were simulated and then tested in standardized test specimens 
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(TS) as detailed below. The epoxy paints simulated and tested in this study were made up 
of COMPONENTS A (resin) and B (curing agent), used as a hardener, described in Table 1.

COMPONENT B - FORMULATION

Epoxy paint      
Original Formulation                    

(40% w/w of     
furfuryl alcohol )

Epoxy paint 
Formulation 1     
(10% w/w of     

furfuryl alcohol )

Epoxy paint 
Formulation 2       

(0% w/w of     
furfuryl alcohol )

furfuryl alcohol ≥ 25% weight ≤ 10% weight free
methyleneoxide, polymer with benzeamine, hydrogenated ≥ 25% weight free < 20% weight
methylenebiscyclohexanamine, 4, 4 ≥ 10% weight ≥ 25% weight > 80% weight
benzoic acid, 2 hydroxy- salicylic acid ≥ 5% weight free free

Table 1. Composition of curing agents in the coatings used in this study.

Data source: Air Products site

TS were made from AISI 1010 steel plates measuring 2.0 cm X 2.0 cm X 0.1 cm 
and painted with the Original Formulation epoxy coating (40% w/w of furfuryl alcohol in 
COMPONENT B), as shown in Figure 4. 

Figure 4. Test Specimens, Carbon steel AISI 1010 painted with epoxy coating.

a) Preparation of samples painted with: Original Formulation; Formulation 1 (10% 
w/w furfuryl alcohol in COMPONENT B) and Formulation 2, then without furfuryl alcohol 
in the composition of COMPONENT B, for immersion in samples containing 200 cm3 of 
benzene ACS reagent. Seven days after such samples immersions, benzene color was 
determined. 

b) Preparation of TS painted with Original Formulation, Formulations 1 and 2 and 
performance of color test in toluene and xylenes: Taking into account the possibility of 
toluene and xylenes contamination, the simulation of formulated paints was extended to 
these products with: Original Formulation, Formulation 1 and Formulation 2 for immersion in 
samples containing 200 cm3 of toluene and xylenes, both produced in an oil refinery. Seven 
days after such samples immersions and test color was determined.
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3 |  RESULTS AND DISCUSSION
Epoxy coatings are porous and allow for the penetration of products. In internally-

coated tanks, stored products can be absorbed and desorbed and might remain in the 
coating structure. The thickness, temperature and surface cleaning of epoxy films affect 
the absorption and desorption capacity of said products. If the tank is multi-purpose, these 
processes can cause problems, resulting from the contact between the product that has 
penetrated into and remained the epoxy film and the newly-stored product. The coated 
tank, object of this study, had been used for benzene in a dedicated manner (i.e. no other 
product had been stored prior to the color occurrence), which eliminates the possibility cited 
for multi-purpose tanks.

Although specifications of the Novolac Type II epoxy coating were met, that was 
not sufficient to prevent product contamination. In the first analysis, one could assume that 
migration of furfuryl alcohol to benzene would have been caused by an inappropriate (off-
spec) epoxy coating, which did not occur. In fact, the set of assays which composes the 
epoxy coating specification were not designed to identify the occurrence of color in aromatic 
hydrocarbons.

During the developmental stages of this study, several techniques meeting 
the Petrobras quality control requirements were used in order to identify the cause of 
contamination of benzene stored in a tank. Such tank, made of carbon steel (ASTM-A-
283-GR C) and internally coated with an epoxy paint, had hitherto been used without any 
detection of interaction between the paint and the stored product.

In this study, acid wash color presence was identified in the Tank I batch (1,500 m3) 
after the new benzene batches had been prepared in Tanks I and II for export (bulk terminal).

3.1 Characterization and contaminant identification in benzene samples
Taking into consideration that results showed the benzene in samples taken from Tank 

I had been contaminated, further information about the possible causes of contamination 
was necessary. Using mass spectrometry, the 10% v/v cuts from samples of Tank I (off-spec 
color) exhibited unexpected additional compounds, one of which was furfuryl alcohol with a 
concentration of 10 ppm.

Upon consultation of epoxy coating types, the presence of furfuryl alcohol in the 
coating used in Tank A was deemed possible. This tank had returned from maintenance 
and gone into operation. Subsequently, the presence of furfuryl alcohol in the epoxy 
coating formulation was confirmed by the manufacturer. Such coating had been used in 
the maintenance of Tank A, manufactured in compliance with the Petrobras Specification 
N-2912. Epoxy paints consist of COMPONENT A (resin) and COMPONENT B (curing agent) 
– furfuryl alcohol was present in COMPONENT B.

The study indicated the solubilization of furfuryl alcohol in benzene; the alcohol had 
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been used in the Original Formulation in Tank A. Such solubilization occurred more intensely 
only in the first batches of benzene coming from the refinery and pumped into this tank. This 
can be explained by the fact that subsequent batches from the refinery, stored in Tank A, did 
not exhibit solubilization. This means that the benzene in the first batches from the refinery 
stored in Tank A had extracted furfuryl alcohol from the coating surface. Thus, contamination 
of benzene occurred in Tank I (bulk terminal), which was revealed by color test. 

3.2 Simulation of aromatic hydrocarbons contamination by interaction with 
epoxy coatings

In order to confirm the interaction between furfuryl alcohol and benzene, TS were 
prepared and painted with different formulations of epoxy: Original Formulation, Formulation 
1, and Formulation 2. The concentration of furfuryl alcohol in COMPONENT B was designed 
for these formulations, which were subsequently immersed in aromatic hydrocarbons.

a) Immersion of TS painted with Original Formulation in benzene: Original Formulation 
is classified as a Novolac phenolic epoxy. This type of classification allows for a wide range 
of formulations with high resistance to chemicals, solvents, heat, corrosion and abrasion. 
However, those formulations are slowly air-cured, are relatively brittle and exhibit some loss 
of flexibility (THE SHERWIN-WILLIAMS COMPANY & MARINE COATINGS, 2008). The 
Masterbond company (Michaels, 2013) has an exclusive database on long-term exposure 
of epoxy to chemicals, including organic products, inorganic acids, alcohols, chlorinated 
compounds, hydrocarbons, and solvents. 

Amongst the frequently used coatings, there are organic ones, a category to which 
Original Formulation belongs. Preparation of both substrate and primer, and the finish are 
factors to be observed in the application of organic coatings. If an appropriate evaluation of 
such factors is not done, problems will definitely occur. 

To test Original Formulation (40% w/w of furfuryl alcohol in COMPONENT B), one 
TS was cured at ambient temperature and immersed in benzene ACS reagent (colorless) in 
order to identify the color presence. Color test was performed on a sample of benzene ACS 
reagent, which showed no color, Figure 5a. After immersion of TS painted with the Original 
Formulation in another sample, it exhibited color and the result proved off-spec (> 1+), as 
shown in Figure 5b.
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Figure 5. (a) Color absence in benzene ACS reagent and (b) TS painted with Original 
Formulation, immersed in benzene; off-spec result (> 1+)

b) Immersion of TS painted with Formulation 1 in benzene: Formulation 1 (10% w/w 
of furfuryl alcohol in COMPONENT B) and was immersed in benzene ACS reagent. Again, 
it exhibited color and result proved off-spec (Figure 6).

Figure 6. TS painted with Formulation 1, immersed in benzene; off-spec result (> 1+)

c) Immersion of TS painted with Formulation 2 in benzene: Formulation 2, free of 
furfuryl alcohol. TS remained immersed for seven days (flasks A, B, C, D, and E) and all 
results proved on-spec (< 1+), as shown in Figure 7. The benzene exhibited a slight color 
change (orange), but was considered on-spec. The results of acid wash color were bottles 
A, B and D = 0+ (X) and bottles C and E = 1 (X). Note that X represents a color hue different 
from that of standard 00, but lighter than that of standard 01.
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Figure 7. Samples of benzene ACS reagent and benzene after TS immersion (A to E), painted 
with Formulation 2.

As can be seen, the cause of the contamination was directly related to the interaction 
between benzene and the epoxy paint used in the internal coating of Tank A, due to a chemical 
compound (furfuryl alcohol) used in the production of the curing agent corresponding to 
COMPONENT B.

d) Benzene samples containing furfuryl alcohol: One sample contained a concentration 
of 10 ppm (w/w) and 50 ppm (w/w) of furfuryl alcohol. The color results shown in Figure 8 
demonstrate color occurrence in the benzene samples exposed to furfuryl alcohol. The 
sample with the higher concentration of furfuryl alcohol (50 ppm – w/w) showed a darker 
hue. However, both samples were classified as off-spec in color test (> 1+). Again, benzene 
containing furfuryl alcohol proved to be off-spec.

  

Figure 8. Acid wash color in benzene samples prepared with furfuryl alcohol

e) Immersion of TS painted with Original Formulation, Formulation 1 and Formulation 
2 in toluene and xylenes : TS were prepared with Original Formulation, Formulation 1 and 
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Formulation 2 for toluene and xylenes the results can be seen in Figure 9. The results 
obtained were:

• samples 1 and 4 (Original Formulation): off-spec color (> 1+)

• samples 2 and 5 (Formulation 1): color 0 (X), on-spec (< 1+)

• samples 3 and 6 (Formulation 2): color 0 (X), on-spec (< 1+)

Figure 9. - Color test in TS immersed in toluene (1, 2, 3) and xylenes (4, 5, 6).

Note that X represents a color hue different from that of 00 standard but lighter than 
that of standard 01.

The same methodology used for benzene was applied to identify the presence of 
color in toluene and xylenes. Color was found only when there was a concentration of 40% 
w/w of furfuryl alcohol in COMPONENT B corresponding to the Original Formulation.

Taking into consideration that the solvency power of toluene and xylenes was not 
sufficient to solubilize the furfuryl alcohol with a concentration of 10% w/w (COMPONENT 
B) in Formulation 1, no color was detected (Figure 9).

These results contribute a significant range of information about color occurrence 
to the literature. Thus, corrective actions can be taken to ensure that the choice of internal 
tank coatings are appropriate and to prevent possible problems. The dissemination of 
these findings will contribute to various companies involved in the production of aromatic 
hydrocarbons and of epoxy coatings.

4 |  CONCLUSIONS
The following conclusions can be drawn from this experimental study:

• Contamination of benzene proved to have occurred in the logistics flow interval 
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between both Tanks D and E and Tanks I and II, with off-spec benzene in Tank I. 

• During characterization of off-spec benzene by means of fractional distillation 
and mass spectrometry, the presence of unexpected additional compounds, 
such as furfuryl alcohol with a concentration of 10 ppm (w/w), was found in the 
product.

• Presence of furfuryl alcohol was an indication of contamination of benzene. 
Three epoxy coatings were then used to simulate different concentrations of 
such alcohol. In the tests, two formulations (Original Formulation and Formu-
lation 1) showed interference of furfuryl alcohol, with occurrence of acid wash 
color. For Formulation 2, the results were on-spec. Hence, Formulation 2 was 
approved for use upon test results prescribed by Petrobras Specification N-2912.

• The methodology used for benzene was equally applied to identify the presence 
of color in toluene and xylenes.
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