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1. Cracked Fuel Oil (CFO)
2. Unidak
3. Hydeal
4. Pyrolysis Fuel Oil (PFO)
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1. Design of Experimental (DoE)

2. General Factorial Design

3. Fractional Factorial Design

4. Taguchi Method

5. Response Surface Method (RSM)
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1. Central Composite Design (CCD)
2. Box-Behnken Design (BBD)
3. Doehlert Design
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Introduction

There is a great deal of interest in cracked fuel oil
(CFO) that is generated from naphtha cracking
centers as it is rich in naphthalene. Naphthalene and
its derivatives are common constituents of numerous
biologically significant natural products, dyes, and
pharmaceuticals. Recovery of naphthalene from readily
available and inexpensive CFO is commercially very
attractive though not straight forward [1]. The most
commonly used techniques for producing naphthalene
are the distillation of the middle fraction of the coal tar
and catalytic hydrogenation. However, these processes
are not successful in producing highly purified
naphthalene due to impurity with similar boiling
points to naphthalene [2]. Several approaches have
already been presented for eliminating the impurities
of industrial naphthalene. To produce high purity
naphthalene, the process of direct hydrodealkylation
of heavy oils, the melting and solution crystallization,
the extraction with solvents and the centrifugation in
combination with sweating and washing have been
studied [3].

In the petrochemical industry, the use of selective
solvents in liquid-liquid extraction doesn’t date a very
long time. To eliminate some unwanted constituents in
oils to improve their characteristics, selective solvents
were used [4]. Among them, methanol could be used
to purify industrial naphthalene to obtain excellent
properties of crystallized naphthalene. To achieve a
more efficient extraction, methanol must be used in
the presence of another solvent in which it will be
more soluble. The solubility of methanol in the fuel oil

Accepted: October/27/2020

decreases, and naphthalene goes into the new solution
more easily [5]. To study the effects of factors on the
extraction process and the interrelationships between
different operating parameters when they exist,
the use of the design of experiments (DoE) is very
appropriate. The DoE can provide the best tests that
accompany scientific researches and industrial studies.
They apply to many disciplines and in all industries
because a maximum of information can be obtained
with a minimum of experiences [6].

The objectives of this work are to improve the purity
and extraction yield of naphthalene from CFO by
crystallization and solvent extraction and to compare
these two methods with the distillation process.
Therefore, compared to usual solvents, the mixture of
methanol—phenol has been selected as an extractant
for its better efficiency. Indeed, a Box-Behnken
design (BBD) was applied to determine an optimal
temperature of extraction, the composition of the
solvent mixture and the volume ratio of extractant/
fuel.

Experimental Procedure

The cracked fuel oil (CFO) was obtained from Olefin
Unit (Shazand Petrochemical Company, Arak, Iran).
The CFO (13-31% naphthalene) characteristics are
given in Table 1. Other chemicals such as methanol
(99.9%) and phenol (=99.0%) were provided from
Sigma—Aldrich (Steinheim, Germany).
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Table 1 Specifications of crack fuel oil (CFO)

Property Value Property Value
Flash point (°C) 65-93 Ash (ppm) 10-20
Viscosity (cst) 15-30 Na (ppm) 0-20

Specific gravity 1-1.2 K (ppm) 0-2
Carbon (wt%) 13-17 S (wWt%) 0.5-0.8

The gas chromatography (GC, HP5890, Hewlett
Packard, US) analysis and the Micro method were
performed for measurement of the naphthalene
concentration and melting point, respectively.

In the crystallization step, 100 g of the feed containing
30 g of naphthalene is cooled from 75 °C to 25 ° C,
then in the equilibrium condition, the solid phase
is precipitated and the liquid phase is separated by
overflow. In the liquid-liquid extraction step, 20 mL
of the sample (crystallization product) was added
slowly to 40 mL of solvent with different ratios of
methanol and phenol. Over a short time and reaching
equilibrium, two liquid and solid phases are formed
with a common boundary layer that is separated
by overflow due to differences in density. Figure |
represents the schematic diagram of crystallization
and solvent extraction of naphthalene.

Design-Expert software (version 12.0.3.0, Stat-
Ease Inc., USA) was applied for modelling and
optimization. The parameters (independent variables)
used in this study were the temperature of extraction
(A) (15-25 °C), phenol/methanol volume ratio (B)
(0.5-1.5) and solvent/feed volume ratio (C) (1-2).
The melting temperature (T) was considered as the
dependent factor (response). Pressure and agitation
speed were fixed to reduce the number of variables
and simplify the experimental design. The BBD was
applied in this work for statistical calculations and the
selected independent variables were converted into the
dimensionless codified data.

Extract

Melting Point=45-80 °C

§ T=15-25C
2 PhenolMethanol=0.5-1.5

T=80°C £ SolventFeed=1-2

100 gCFO

39 2 Solid Phase
(30 g Naphthalene)

(29 g Naphtalene)
Raffinate

Fig. 1 Schematic of the experimental procedure.

Results and Discussion

In the crystallization stage, the cooling temperature
was considered as the most important factor. By
decreasing the temperature, the amount of residual
solid increases sharply and almost all naphthalene
enters the solid phase at the lowest temperature.
Therefore, the percentage of naphthalene in solid
products and the rate of naphthalene recovery will
increase. At optimum cooling temperature (25 °C), the

amount of solid phase, purity, and yield of naphthalene
recycling were obtained 39.37 g, 73.71%, and 96.73%,
respectively.

The following equation presents the BBD model for
the temperature of melting extracted from the software:
Y=+6560-10.13A+394B+4.06C+335AB -
045AC-023BC+3.16A?-446B*-3.86C2 (1)
The above equation indicates that all three independent
variables and interaction between the extraction
temperature and the ratio of phenol to methanol were
significant and had important effects on the melting
temperature during the solvent extraction process.
Table 2 shows the analysis of variance (ANOVA)
data obtained from the DoE for solvent extraction
processes. According to Table 2, R?, R? adjusted (Adj),
and R? predicted (Pred) is close to one and the R*-Pred
of 0.9827 is in reasonable agreement with the R?-Adj
of 0.9970. High amounts of correlation coefficients
indicate that the regression model data are properly
fitted to the experimental ones. The adequate precision
(AP) more than four is desirable and the signal to noise
ratio of 75.638 indicates an adequate signal and this
model can be used to navigate the design space. The
coefficient of variance percentage (CV%) represents
the error between experimental and predicted data. It
cannot be more than 10% for a proper model (0.84%).
The predicted residual error sum of squares (PRESS)
indicates the difference between the predicted and
experimental data. The low PRESS normally is good
for a proper model. The Lack of Fit of 1.40 implies
it’s not significant relative to the pure error. The model
F-value of 514.54 implies that most of the variation
in the response could be explained by the regression
model. There is only a 0.01% chance that a "Model
F-value" this large could occur due to noise. The
p-value (Prob > F) was less than 0.05 (<0.0001)
shows the significance of the model terms, as well.
Finally, Table 2 demonstrates that the response surface
quadratic model for our parameters was significant.

Table 2 Analysis of variance for response surface quadratic
model terms.

Variable Value Variable Value
Std. Dev. 0.53 R? 0.9989
Mean 62.85 R>-Adj 0.9970
C.V.% 0.84 R2-Pred 0.9827
PRESS 22.36 AP 75.638

Lack of Fit 1.40 Pure Error 0.000
F-value 514.54 P-value <0.0001

The three-dimensional plots of regression models were
used for the graphical explanation of the interaction and
to visualize the effects of the experimental independent
variables on the melting temperature. The corresponding
response surface plots obtained from the quadratic
equation was illustrated in Figure 2.
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Fig. 2 Three-dimensional surface of melting temperature as
a function of (a) A & B; (b) A & C; and (¢c) B & C.

As can be seen, the melting temperature increased with
the decrease of the extraction temperature, whereas
increasing the amount of phenol in extractant and
volume of solvent up to optimum point caused higher
performance of extraction. The three-dimensional
plots indicate a strong interaction between extraction
temperature and phenol/methanol volume ratio, while
the interaction between other factors is weak.

Numerical optimization was used to determine the
optimum parameters for the maximum value of the
melting temperature. All variables were targeted in
the operating ranges and justified in the software.
The statistically optimized melting temperature was
obtained at an extraction temperature of 15.08 °C,
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phenol/methanol of 1.01 and solvent/feed of 1.72.
Also, to confirm and validate the results obtained
theoretically, a check for an additional experiment
under optimal conditions (desirability = 1) was
performed and the melting temperature obtained
experimentally was 80.13°C compared to 79.86 °C that
was given by the mathematical model (Error=0.34%).

Conclusion

In this investigation, the separation and purification of
naphthalene from CFO by crystallizations and liquid-
liquid extraction were studied. RSM was applied to
assess individual and interactive effects of the three
independent parameters such as the temperature of
extraction, the phenol to methanol volume ratio and
the volume ratio of the solvent mixture to the phase
fuel on the temperature of melting. The recycling yield
and purity of the naphthalene in the first stage (crystal-
lization) were 96.73% and 73.71% and in the second
stage (solvent extraction) were 97.36% and 99.42%
(80.13 °C), respectively. While 38.58% and 58.55%
yield and purity of the naphthalene were respectively
obtained using the atmospheric distillation in the first
stage (T=225 °C & P=1 atm). Using vacuum distilla-
tion in the second stage (T=200 °C & P=0.21 atm), the
yield and purity of the naphthalene were found to be
96.18% and 98.15% (79.06 °C), respectively. Thus, it
was revealed that high purity naphthalene can be pro-
duced from CFO as the best raw material by combined
crystallization and solvent extraction.
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