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ABSTRACT: Refined asphalt was prepared by solvent extraction
sedimentation based on the response surface design, using washing
oil and kerosene as solvents and the coal tar pitch as raw materials.
The mathematical models of the refined asphalt yield, quinoline
insoluble (QI) content, ash content, solvent-to-oil ratio, aromatic-
to-aliphatic hydrocarbon ratio, extraction temperature, and
sedimentation time were proposed, analyzing the influence of
each factor and their interactions on the response values.
Therefore, the optimal combination of preparation process
parameters and better operation window was obtained by
optimizing the experiment. Meanwhile, refined asphalt with high
QI content and low QI content was selected as raw material, and
the needle coke was prepared through the process of carbonization and calcination. The influence of QI content on the composition
and the structure of green coke and needle coke was investigated by X-ray diffraction (XRD), Raman spectra, and polarizing
microscopy characterizations. The results showed that the solvent-to-oil ratio is 1.2, aromatic-to-aliphatic hydrocarbon ratio is 1.1,
sedimentation time is 2 h, and extraction temperature is 110 °C, resulting in the yield of refined asphalt being 76%, QI content being
less than 0.1%, and ash content being less than 0.05%, which meets the requirement of the high-quality needle coke. Otherwise,
refined asphalt with lower QI content easily generates a mesophase with more fibers and a large structure in the thermal conversion
process, and the corresponding green coke and needle coke have a relatively regular carbon microcrystalline structure.

1. INTRODUCTION
As is well known, pyrolysis is the main method of processing
and utilization in the clean transformation process of coal, and
a large amount of coal tar is produced as a byproduct. There is
an increasing trend of coal tar production year by year in
China.1 Meanwhile, coal tar production in China reached 26.5
million tons in 2021, which made the deep processing of coal
tar an urgent problem to be solved. The future development
direction of the coal tar industry is centralization, fine
separation, deep processing, and synthesis of new materials.2

As a heavy component of coal tar, asphalt is usually used as
infrastructure materials and heavy fuel oil, resulting in a serious
waste of carbon resources and environmental pollution.3,4

Asphalt is a mixture of macromolecules with many
components and a complex molecular structure, which is
composed of polycyclic compounds, thick cyclic aromatics
hydrocarbons, and aromatic derivatives.5 In addition, as raw
materials for preparing high-performance carbon materials,
asphalt can be widely used in energy storage, national defense,
military, aerospace, and other high-level fields.6−8

In recent years, the gradual development of coal-based
carbon materials has attracted the widespread attention of
most scholars. As an important carbon material, needle coke
has the characteristics of high mechanical strength, high

conductivity, and low thermal expansion efficiency, which can
be used to prepare high-power graphite electrodes, lithium-ion
battery anode materials, and electrode materials for super-
capacitors.9−11 The raw materials for needle coke are divided
into two types, including oil-based and coal-based. However,
the supply of raw materials will be unstable with the increasing
shortage of petroleum resources, which will affect the quality of
needle coke.12 Therefore, the development of a coal-based
needle coke industry has been promoted based on the energy
structure characteristics of rich coal, poor oil, and less gas in
China.13 Although the production technology of coal-based
needle coke has been improving in China, the quality of some
needle cokes is equivalent to that of similar foreign products.
However, there is still a certain gap compared to foreign high-
quality needle coke, such as high-power and ultrahigh-power
graphite electrode joint coke, almost all use imported high-
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quality needle coke. Therefore, “high-end products” and
“application differentiation” are the future development
directions of the needle coke industry. It is well known that
the source and nature of raw materials have important impacts
on the quality of coal-based needle cokes,14,15 especially for the
quinoline insoluble (QI), which is a class of asphalt
components with large molecular weight and an extremely
complex molecular structure. Asphalt with high QI content has
poor fluidity during carbonization and affects the fusion of
pellets, which is more likely to generate a spherical mesophase
and hinder the formation of a fiber mesophase, resulting in the
needle coke with higher mosaic structure content.16 Therefore,
there is a phenomenon in which many researchers pay more
attention to the pretreatment process of asphalt.17

At present, the pretreatment methods for asphalt, including
extraction−sedimentation, centrifugation, flash-condensation,
extraction−hydrogenation, solvent flocculation, supercritical
extraction, etc., have their own advantages and disadvan-
tages.18−23 For example, the process of extraction hydro-
genation enhanced the coking property of asphalt and easily
caused the catalyst deactivation.24 Similarly, the use of
flocculants in asphalt pretreatment would introduce new
impurities into the product and increase operating costs.25 At
present, the method of extraction−sedimentation is accepted
by most producing enterprises, but the extraction−sedimenta-
tion process has drawbacks such as a big ground occupation
area, long sedimentation time, and low efficiency. In this paper,
the extraction−sedimentation process is developed to prepare
refined asphalt based on the response surface design. It needs
to be pointed out that the coal tar pitch of Wuhai Coal Coking
Company is used as the raw material, and the commonly used
washing oil and kerosene are used as solvent oil. Meanwhile,
the models between key factors, including the agent oil ratio,
the ratio of aromatic to aliphatic hydrocarbons, sedimentation
time, as well as extraction temperature, and the product quality
indicators, including yield, QI content, and ash content, were
established to improve the efficiency of asphalt pretreatment.
Finally, the extraction mechanism of asphalt pretreatment was
further revealed, and the influence of asphalt composition on
the properties of needle coke was studied. It is meaningful that
the group composition of regulation asphalt can be accurately
regulated, which is conducive to guiding industrial production.

2. EXPERIMENTAL SECTION
2.1. Experimental Method. In this paper, the preparation

technology of refined asphalt was developed based on the
response surface design, with the condition that extraction−
sedimentation was used to pretreat asphalt, whereas the coal
tar pitch of Wuhai Coal Coking Company and washing oil and
kerosene were used as the raw material and solvent oil,
respectively. First, an appropriate amount of solvent oil and a
certain amount of asphalt were successively added to the
reactor, and the reaction was stirred at a certain temperature
for 1 h so that the asphalt and solvent oil were evenly mixed.
Second, the stirring temperature was placed at rest for a period
of time after stirring for 1 h so as to settle sufficiently for the
insoluble substances. Finally, the discharge port was opened for
discharging, and the obtained mixture was distilled to recover
the solvent oil in order to obtain the final product, refined
asphalt. It should be noted that the extraction−sedimentation
device was designed by our laboratory and made by a factory;
the discharge port position from the upper end of the reactor
height was 75% of the total height of the entire reactor.

Meanwhile, the stirring reaction temperature was the same as
the extraction settling temperature.

Refined asphalt with good quality and poor quality was
selected as raw material, and the needle coke was prepared
through the process of carbonization and calcination. The
carbonization experiment was mainly carried out in a sand bath
device, the main part of which was independently designed by
the laboratory and produced by Beijing Kunlun Yongtai
Technology Co., Ltd. Carbonization was carried out under
conditions that the heating rate was 5 °C/min, and the
temperature increased from room temperature to 490 °C,
which was maintained for 2 h at 490 °C. Meantime, the
carbonization pressure was 0.5 MPa. When carbonization was
completed, the raw coke samples were obtained, and then the
needle coke samples were obtained by calcination. Further-
more, the calcination procedure can be described as follows:
the heating rate was 5 °C/min, the calcination temperature
increased from room temperature to 1200 °C under a N2
atmosphere, and the N2 flow rate was 2−3L/min. All of these
calcination processes described were carried out in a tubular
furnace (GSL-1500X-OTF), which was produced by Hefei
Kecrystal Material Technology Co., Ltd.

2.2. Material Characterization. The determination of QI
content was done according to the standard GB/T 2293-2019
The method of quinoline-insolube for pitch products of coal
carbonization. The determination of ash content was done
according to the standard GB/T 2295-2008 Determination of
the ash content of coking solid products. Similarly, the
determination of softening points was done according to the
standard GB/T 2294-2019 Determination of softening in solid
products of coal carbonization. As shown in eq 1, the formula
of the yield is as follows:

×m
m

100%0

1 (1)

where m0 and m1 represent the quality of asphalt raw material
and refined asphalt, respectively.

The crystal structures of the samples were characterized by
an X-ray diffractometer (XRD D8 ADVANCE), which was
equipped with a Cu target and Kα radiation source produced
by Bruker Company in Germany. The working voltage and
current are 40 kV and 40 mA, respectively. Meantime, the
scanning range and rate are 5−80° and 5°/min, respectively.
XRD parameter analysis was performed on DIFFRAC.EVA
software, and the grain size Lc and La of the samples were
calculated by eqs 2 and 3.26,27

=L K
cosc

c c (2)

=L 1.84
cosa

a a (3)

where K = 0.89; wavelength λ = 0.15406 nm; βc and βα
represent the maximum half-peak width (fwhm) of peak 002
and peak 100, respectively; and θc and θα are the diffraction
angles of C(002) and C(100), respectively.

The carbon microcrystalline structure of the samples was
determined by a laser confocal Raman spectrometer (LabRam
HR-800), which had an incident wavelength of 633 nm,
produced by Horiba Jobin Yvon in France.

The polarizing microstructures of samples were observed by
a polarizing microscope DM2700 P produced by the German
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company LEICA. The sample preparation process can be
described in which the samples were fixed in the mold with
epoxy resin liquid, and then the samples were polished with
500, 1000, and 2000 grit sandpaper after being fully cured.
Meantime, the samples were polished with a 0.05 μm alumina
polishing solution. However, it is the best state in which the
prepared samples have no significant scratch marks when
observed under a 500-fold microscope.

2.3. Experimental Design. The response surface design
method can be defined as the experimental scheme was

designed, then the relationship between the investigated
factors and the response value was established, and the
optimal operation window was obtained by the analysis of the
regression equation, all of which were inseparable from
software.28 In this paper, the solvent-to-oil ratio, aromatic-to-
aliphatic hydrocarbon ratio, extraction temperature, and
sedimentation time were selected as impact factors. Otherwise,
refined asphalt yield, QI content, and ash content were selected
as response values. Meanwhile, the transfer function between
the impact factors and the response values was established by

Table 1. Experimental Factors and Level Settings

coding and level

inspection factor code −1 − 0 + +1 unit

solvent-to-oil ratio X1 0.80 0.90 1.40 1.80 2.00 dimensionless
aromatic-to-aliphatic hydrocarbon ratio X2 0.80 0.90 1.15 1.40 1.50 dimensionless
extraction temperature X3 80 89 110 131 140 °C
sedimentation time X4 1 1.7 3.5 5.3 6 h

Table 2. DOE Design Matrix and Experimental Results

X1 X2 X3/°C X4/h yield/% QI/% ash/% QI X/% ash X/%

1 1.40 1.15 110 3.5 68.30 0.031 0.031 −0.16049 −0.11979
2 1.40 1.15 110 5.3 69.68 0.015 0.014 −0.20993 −0.13896
3 1.40 1.39 110 3.5 67.76 0.045 0.045 −0.13708 −0.10896
4 0.80 1.50 80 6.0 72.30 0.580 0.085 −0.01882 −0.09028
5 0.80 1.50 80 1.0 74.35 0.800 0.160 −0.00748 −0.06978
6 1.40 1.15 110 3.5 70.07 0.039 0.039 −0.14636 −0.11341
7 0.98 1.15 110 3.5 70.93 0.027 0.027 −0.16917 −0.12349
8 0.80 0.80 80 1.0 65.55 0.280 0.065 −0.04715 −0.09848
9 0.80 1.50 140 1.0 71.84 2.390 0.110 −0.02640 −0.08213
10 1.40 1.15 89 3.5 65.15 0.054 0.030 −0.12725 −0.12060
11 2.00 0.80 80 6.0 59.63 0.007 0.007 −0.26887 −0.15701
12 0.80 0.80 140 1.0 70.37 0.054 0.054 −0.12725 −0.10399
13 1.40 1.15 131 3.5 70.09 0.022 0.022 −0.18186 −0.12863
14 2.00 1.50 140 1.0 67.19 0.023 0.023 −0.17951 −0.12770
15 2.00 0.80 140 6.0 62.40 0.003 0.003 −0.34349 −0.17478
16 1.40 1.15 110 1.7 70.20 0.026 0.026 −0.17148 −0.12445
17 2.00 0.80 140 1.0 62.60 0.008 0.007 −0.26201 −0.15512
18 2.00 1.50 140 6.0 66.48 0.028 0.028 −0.16672 −0.12247
19 0.80 0.80 140 6.0 67.80 0.022 0.022 −0.18247 −0.12887
20 0.80 1.50 140 6.0 74.50 2.050 0.105 0.02206 −0.08347
21 1.40 0.90 110 3.5 65.29 0.026 0.022 −0.17148 −0.12887
22 2.00 0.80 80 1.0 61.02 0.110 0.022 −0.08960 −0.12887
23 2.00 1.50 80 6.0 67.43 0.016 0.016 −0.20437 −0.13702
24 1.82 1.15 110 3.5 64.89 0.009 0.009 −0.23955 −0.14857
25 0.80 0.80 80 6.0 64.60 0.490 0.070 −0.02504 −0.09625
26 2.00 1.50 80 1.0 63.69 0.120 0.004 −0.08533 −0.16637

Table 3. Analysis of Variance of the Yield Regression Model

source of variance sum of squares degree of freedom mean square F P

model 320.19057 3 106.73000 37.4242 <0.0001
X1 178.85321 1 178.85321 62.7137 <0.0001
X2 122.06035 1 122.06035 42.7997 <0.0001
X3 19.27701 1 19.27701 6.7594 0.0164
residual 62.74179 22 2.85189
misfitting term 42.84546 11 3.89504 2.1534 0.1095
pure error 19.89632 11 1.80875
R2 = 0.83
RAdj

2 = 0.81
W = 0.38 > 0.05
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the unconditional jump instruction (JMP) based on the
response surface design, which was analyzed by regression. As
shown in Table 5, 5 levels were set for each factor, including
high and low axial points (coded values +1 and −1), high and
low cubic points (coded values + and −), and center points
(coded values 0). Meantime, the central point experiment was
repeated twice to check the reproducibility of the experiment,
which can control the rationality of model fitting and evaluate
the pure error of the experiment. It needs to be declared that
all experiments were conducted in random order, and JMP
software was used for experimental design and analysis,
reducing systematic errors.

As shown in Table 1, the experimental combination design
of 2 central points with 4 factors and 5 levels was designed
based on the central composite. Meanwhile, each factor’s
influence on the extraction−sedimentation process and the
properties of refined asphalt were investigated, as well as the
interaction between each factor was analyzed.

3. RESULTS AND DISCUSSION
3.1. Establishing the Regression Model. Based on the

response surface optimization experiments, the design of the

experiment matrix and corresponding experimental results are
shown in Table 2. It should be noted that Box−Cox

transformation is carried out for “QI” and “ash”, which are
marked as “QI X” and “ash X”, respectively, as shown in eqs 4
and 5. As we all know, Box−Cox transformation is a

Table 4. Analysis of Variance of the QI Regression Model

source of
variance

sum of
squares

degree of
freedom

mean
square F P

model 0.19563 7 0.02794 26.2140 <0.0001
X1 0.09787 1 0.09787 91.8046 0.0017
X2 0.03365 1 0.03365 31.5715 0.0000
X3 0.01499 1 0.01499 14.0675 0.0000
X4 0.01154 1 0.01154 10.8268 0.0013
X3

2 0.01542 1 0.01542 14.4714 0.0015
X2*X3 0.01580 1 0.01580 14.8200 0.0040
X1*X4 0.00632 1 0.00632 5.9359 0.0254
residual 0.01919 18 0.00106
misfitting

term
0.01909 17 0.00112 11.2548 0.2307

pure error 0.00009 1 0.00010
R2 = 0.91
RAdj

2 = 0.87
W = 0.39 > 0.05

Table 5. Analysis of Variance of the Ash Regression Model

source of
variance

sum of
squares

degree of
freedom

mean
square F P

Model 0.01479 6 0.00246 20.1191 <0.0001
X1 0.00009 1 0.00009 0.7735 0.0000
X2 0.00187 1 0.00187 15.2496 0.0009
X3 0.00043 1 0.00043 3.5289 0.3901
X4 0.00105 1 0.00105 8.5985 0.1529
X2*X3 0.01107 1 0.01107 90.3473 0.0085
X2*X4 0.00027 1 0.00027 2.2169 0.0757
residual 0.00232 19 0.00012
misfitting

term
0.00231 18 0.00013 6.2995 0.3050

pure error 0.00002 1 0.00002
R2 = 0.86
RAdj

2 = 0.82
W = 0.38 > 0.05

Figure 1. Influence of each factor and its standardization effect on
Yyield.

Figure 2. Response surface diagram of Yyield = f(X2, X3).

Figure 3. Influence of each factor and its standardization effect on
YQI X.
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generalized power transformation method, improving the
normality, symmetry, and variance equality of the data,
which is used for the condition that continuous response

variables do not meet the normal distribution. Moreover, the
new variable values obtained after transformation are shown in
Table 2.

=XQI
(QI 1)

5.6658

0.186

(4)

=Xash
(ash 1)

3.0172

0.129

(5)

Figure 4. Response surface diagram of YQI X = f(X2, X3).

Figure 5. Factor interaction diagram of YQI X.

Figure 6. Influence of each factor and its standardization effect on
Yash X.

Figure 7. Response surface diagram of YashX = f(X2, X3).

Figure 8. Response surface diagram of YashX = f(X2, X4).

Figure 9. Factor interaction diagram of YashX.
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It can be seen that the yield range of refined asphalt is
59.63−74.50 wt %, the QI content range is 0.007−2.390 wt %,
the ash content range is 0.004−0.160 wt %, and the range of
experimental results are wide. Otherwise, the experimental
results of groups 1 and 6 are similar, which belong to the
central point experiment. All of these results indicate that the
experimental design takes more uniform points, and the
experimental results are reproducible. Meanwhile, we find that
the yield of refined asphalt is limited by the location of the
discharge port in the extraction−sedimentation reactor. JMP
software was used to fit the experimental results by using the
rules of the “stepwise regression method”, “P-value threshold”,
“backward”, etc. The regression model was established when
the parameters were automatically eliminated, with a P value
less than 0.05.

The responses of yield, QI content, and ash content are
labeled as Yyield, YQI, and Yash, respectively. Similarly, the impact
factors solvent-to-oil ratio, aromatic-to-aliphatic hydrocarbon
ratio, extraction temperature, and sedimentation time are
labeled as X1, X2, X3, and X4, respectively. Therefore, the fitting
equation between response values and impact factors can be
simplified into eqs 6, 7, and 8.

= + +Y X X X62.3255 0.03549 7.6559 5.4060yield 3 2 1

(6)

= +

+

+

Y X X X

X X

X X

X X

0.0000828 0.000990 0.127 0.126

0.0104 0.0000595( 110)

0.00299( 110)( 1.15)

0.0132( 1.4)( 3.5)

QI 3 2 1

4 3
2

3 2

1 4 (7)

= +

+

+

Y X X X

X X X

X X

0.0829 0.0000787 0.0299 0.0425

0.001599 0.000773( 110)( 1.15)

0.00594( 1.15)( 3.5)

ash 3 2 1

4 3 2

2 4 (8)

3.2. Model Variance Analysis. JMP software was used to
fit the experimental results, and the adequacy and significance
of the model were tested by variance analysis of the yield, QI,
and ash regression models. Moreover, the variance analysis of
each parameter was carried out by correlation coefficient R2,
correction correlation coefficient RAdj

2, P-value, residual
normality test, F-value, and other indices. Usually, the P-
value can reflect the probability of an event. It can be
considered that the parameter is significant, which corresponds

Figure 10. Feasible domain of Y = f(X1, X2) and Y = f(X1, X3).

Figure 11. XRD patterns of green coke (A) and needle coke (B). (a) GC0,(b) GC1, (c) GC2, (d) NC0, (e) NC1, and (f) NC2.
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to the P-value of less than 0.05. The higher goodness of fit test
value of the model (R2) indicates that the significance of the
model can be accepted, and the model does not have the
problem of “underfitting”. It can be considered that the model
contains correct terms and the model has a high degree of fit
and rationality when the values of R2 and RAdj

2 are close. The
residual represents the difference between the predicted values
and the measured values.29 The adaptability of the model and
the rationality of assumptions can be investigated through a

residual analysis. The goodness of fit test values of the residual
distribution W > 0.05 indicate that the residual follows a
normal distribution and the fitting effect does not depend on
some specific values, so the model is real and reliable.
However, the model test statistic F-value represents the ratio of
variance and residual for the regression model, which, when
larger, represents the smaller residual, and the corresponding
parameter item has the more significant influence on the
model.30

Figure 12. Peak fitting diagram of green coke and needle coke with the XRD diffraction angle 2θ in the range of 20−30°.

Table 6. XRD Parameters of Needle Cokes

sample 2θ(002)/° fwhm(002)/° 2θ(100)/° fwhm(100)/° d002/Å Ig/% Lc/Å La/Å

GC0 25.780 2.529 43.136 2.944 3.453 70.83 31.9 59.3
GC1 25.768 2.471 43.182 2.692 3.455 72.15 32.6 64.9
GC2 25.814 2.430 43.524 2.447 3.449 72.26 33.2 71.5
NC0 25.534 2.965 43.160 2.689 3.486 91.11 27.2 64.9
NC1 25.531 2.890 43.204 2.595 3.486 91.60 27.9 67.3
NC2 25.591 2.579 43.054 2.504 3.478 91.89 31.2 69.7

Figure 13. Raman spectrum of needle coke.
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3.2.1. Variance Analysis of the Yield Model. As shown in
Table 3, the P value of the regression model of the product
yield is significantly less than 0.05, indicating that the model is
significant, and the regression model established is suitable for
the analysis of product yield. Moreover, the P value of the
model missing fitting item is 0.1095 > 0.05, indicating that the
missing fitting item caused by pure error is not significant and
the model has high prediction accuracy. The influence of each
factor on the yield of the product was judged according to the
P-value of each parameter and the corresponding statistic F-
value. It can be found that the impact factors, including the
solvent-to-oil ratio, aromatic-to-aliphatic hydrocarbon ratio,
and extraction temperature, have a significant influence on the
yield of refined asphalt, and the order of influence is as follows:
solvent-to-oil ratio > aromatic-to-aliphatic hydrocarbon ratio >
extraction temperature. Meanwhile, the second-order inter-
action of these impact factors has no effect on the yield of
refined asphalt. The correlation coefficient R2 of the fitted
model and the correction determination coefficient RAdj

2 are
similar and close to 1. Moreover, it can be seen that the
goodness of fit test value of the residual W = 0.38 is greater
than 0.05, indicating that the residual follows a normal
distribution and the reliability of the regression model
concerning the “yield” is acceptable.
3.2.2. Variance Analysis of the QI Model. It can be seen

from Table 4 that the P-value of the QI content model is
<0.0001, which is significantly less than 0.05, indicating that
the model is significant and the regression model established is
suitable for the analysis of the QI content of products. As we
all know, the mismatch item can be used to determine whether
the model is acceptable for testing and whether the
experimental results are statistically significant. However, the
P-value of the mismatch item is 0.2307 > 0.05, indicating that
the model has a high degree of fitting, the predicted value is
close to the actual value, as well as the confidence level is less
than 95%.31 The significance of the influence of the main effect
and the interaction effect on QI content was determined by the
P-value of each parameter item. The larger the F-value of the
statistic, the more significant the influence of this parameter on
the objective function. It can be concluded that the effects of
the solvent-to-oil ratio, the aromatic-to-aliphatic hydrocarbon

ratio, extraction temperature, and sedimentation time on the
QI content of the product are significant, and the solvent-to-oil
ratio > aromatic-to-aliphatic hydrocarbon ratio > extraction
temperature > sedimentation time. At the same time, the
square effect of extraction temperature, the interaction
between the aromatic-to-aliphatic hydrocarbon ratio and
extraction temperature, and the interaction between solvent-
to-oil ratio and sedimentation time have significant effects on
QI content. The correlation coefficient R2 = 0.91 and the
correction determination coefficient RAdj

2 = 0.87 of the model
are similar and close to 1, indicating that the model has a high
resolution and fitting degree. The goodness of fit test value of
the residual error W = 0.39 is greater than 0.05, indicating that
the residual error follows a normal distribution, the fitting
model is reliable, and the fitting effect has nothing to do with
the sequence of experiments.
3.2.3. Variance Analysis of the Ash Model. It can be seen

from Table 5 that the P-value of the model for product ash
content is <0.0001, which is significantly less than 0.05,
indicating that the model is significant. The regression model
established is suitable for the analysis of product refined
asphalt ash. The P-values of the first-order parameters and
second-order interaction terms of the model can be used to
determine the significance of the main and interaction effects
on the ash content of the product. Moreover, the significant
degree of the impact can be judged by the F-value of the
statistic, and the solvent-to-oil ratio has a significant on the ash
content of refined asphalt. The P-value of the extraction
temperature was 0.3901 > 0.05, and the F-value was 3.5289,
indicating that the extraction temperature had no significant
effect on the ash content of the product. It can be determined
that the interaction between the extraction temperature and
aromatic-to-aliphatic hydrocarbon ratio has a significant effect
on the ash content, according to the P-value. Otherwise,
according to the F-value, ash content is significantly affected by
the second-order interaction of the investigated factors, and
the interaction between the aromatic-to-aliphatic hydrocarbon
ratio and extraction temperature is greater than the interaction
between the aromatic-to-aliphatic hydrocarbon ratio and
sedimentation time. The values of the correlation coefficient
R2 and correction determination coefficient RAdj

2 are very close
to 0.9, indicating that the regression model has good
prediction accuracy and rationality.

3.3. Response Surface Analysis of the Regression
Model. It can be seen from the variance analysis of the
regression model that the influence of each factor on the yield,
QI content, and ash content is not a simple linear relationship
but a curved surface relationship. The influence of each factor
and the interaction between the factors on the response values
were analyzed by the factor interaction diagram, surface
diagram, and Pareto diagram so as to further analyze the
asphalt extraction mechanism. The surface diagram describes
the change trend of the response value affected by the change

Table 7. Definition of Raman Spectral Characteristic
Peaks38,39

band Raman shift/cm−1 vibration mode

G 1580 ideal graphitic lattice (E2g symmetry)
D1 1350 disordered graphitic lattice (graphene layer

edges, A1g symmetry)
D2 1620 disordered graphitic lattice (surface graphene

layers, E2g symmetry)
D3 1500 amorphous carbon (Gaussian line shape)
D4 1200 disordered graphitic lattice (A1g symmetry),

polyenes, ionic impurities

Table 8. Parameters of Curve-Fitted Raman Spectraa,b

fwhm/cm−1 area/105

sample D1 D2 D3 D4 G ID1 ID2 ID3 ID4 IG IG/IAll ID1/IG ID2/IG ID3/IG ID4/IG
NC0 120 138 149 242 89 5313 2136 3995 3822 2857 0.16 1.86 0.75 1.40 1.34
NC1 172 86 84 169 98 5616 807 1067 1613 2932 0.26 1.91 0.27 0.36 0.55
NC2 148 83 79 229 96 4551 699 984 1072 2977 0.27 1.53 0.23 0.33 0.36

aID1, ID2, ID3, ID4, and IG represent the integral values of peak areas, respectively. bIAll represents the integral value of the total area.
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of the two factors when the other two factors are at the central
level.32 The factor interaction diagram describes the change
trend of the response value caused by another factor changes
from a low level to a high level when one factor is at a low or
high level, whereas the dotted line is the parallel line, indicating
that the two factors have no interaction, and the solid line
indicates that the two factors have interaction. The Pareto
diagram can describe independent variables and the normal-
ization effect between them, in which the column length
represents the normalization effect of each parameter term on
the response, including the first term, the second term, and
their cross terms.33,34 Moreover, the greater the stand-
ardization effect, the more significant the influence of the
parameter item. It needs to be noted that the positive and
negative signs at the top of each bar chart represent the
positive and negative values of the estimated values of the
corresponding parameters.
3.3.1. Response Surface Analysis of the Yield Model. It can

be seen from Figure 1 that the yield of refined asphalt is most
affected by the ratio of solvent-to-oil in the reaction system,
followed by the aromatic-to-aliphatic hydrocarbon ratio and
extraction temperature. Meanwhile, the influence of the linear
term of the investigated factors is significant, indicating that the
fitted model has a certain linear relationship but no surface
relationship, so there is no factor interaction graph. In addition,
it can be seen from Figure 2 that the interaction between the
aromatic-to-aliphatic hydrocarbon ratio and extraction temper-
ature and the yield of response value present an inclined plane
relationship, indicating that the yield of response value changes
linearly with the ratio of aromatic-to-aliphatic hydrocarbon and
extraction temperature. The ratio of solvent-to-oil is large,
which means that the amount of solvent oil used is more, and
the solubility of asphalt increases, causing the viscosity of the
whole reaction system to decrease. Meantime, asphalt with a
large molecular weight is more likely to precipitate. Therefore,
the ratio of solvent-to-oil and the yield of refined asphalt show
a negative correlation.

3.3.2. Response Surface Analysis of the QI Model. It can
be seen from Figure 3 that the ratio of solvent-to-oil has the
greatest influence on the QI content of refined asphalt. For the
investigated factors, the linear term accounted for 68.81%, the
square term accounted for 11.76%, and the cross term
accounted for 19.43%. It is shown in Figure 4 that the ratio
of solvent-to-oil in the system and the interaction of
investigated factors have significant effects on QI content,
and the fitting model shows a curved surface relationship. The
ratio of solvent-to-oil is negatively correlated with the content
of QI in refined asphalt products, indicating that the increase in
the use of solvent oil can reduce the QI content in products,
which may be caused by the viscosity and density of the
reaction system being reduced, and the fluidity of the system is
enhanced, and all of these results are conducive to the removal
of QI. There is a positive correlation between the ratio of
aromatic-to-aliphatic hydrocarbon and QI content because the
larger the ratio of aromatic-to-aliphatic hydrocarbon in the
mixed solvent, the stronger the solubility of asphalt in the
mixed solvent, resulting in a less heavy phase being formed.
Therefore, the fine QI particles cannot be brought out during
sedimentation separation, resulting in a higher QI content in
the refined asphalt. However, it can be seen from Figure 5 that
the viscosity of the reaction system decreased with the increase
of extraction temperature when the ratio of aromatic-to-
aliphatic hydrocarbon is constant, which is conducive to the
sedimentation and separation of QI, resulting in the decrease
of QI content in the refined asphalt. It is interesting that the QI
content increased with the increase of extraction temperature
when the extraction temperature was higher than 130 °C,
which may be due to the fact that the higher extraction
temperature caused some of the organic compounds with
larger molecular weight in the asphalt to dissolve and disperse
into the supernatant, resulting in a reduction in the separated
QI. It can be concluded that the interaction between extraction
temperature and aromatic-to-aliphatic hydrocarbon ratio has a

Figure 14. Polarized light optical micrographs of green coke and needle coke. (a, b) GC1, (c, d) GC2, (e, f) NC1, and (g, h) NC2.

Table 9. Polarized Structural Content of Green Coke GC1 and GC2

mosaic/% wide domain streamline/% short fiber/% long fiber/% isotropy no optical properties/% total anisotropic structure content/%

GC1 3.92 7.86 1.20 1.34 85.68 14.32
GC2 0.78 86.82 3.10 9.30 0 100
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significant impact on QI content of the products, showing a
curved surface relationship.
3.3.3. Response Surface Analysis of the Ash Model. The

composition of QI can be divided into inorganic substances
and organic particles. Organic macromolecular particles are
mainly derived from the cracking of high-molecular-weight
aromatic hydrocarbons of coal or from the high condensation
of the polyaromatic ring, which is formed by thermal
polymerization of aromatic hydrocarbon with a small
molecular weight of the cracking product at high temperature.
Meanwhile, most of the organic particles are composed of
micrometer carbon particles with amorphous carbon similar to
the structure of carbon black. Otherwise, the ash content of
inorganic particles is high, which is mainly composed of ash
particles derived from raw coal and the residual catalyst.
Therefore, the content of QI in refined asphalt has a certain
correlation with the content of ash.

It can be seen from Figure 6 that the solvent-to-oil ratio has
the most significant effect on the ash content of the refined
asphalt, followed by the ratio of aromatic-to-aliphatic hydro-
carbon. As for the standardization effect, the proportion of the
linear term of the ratio of solvent-to-oil, aromatic-to-aliphatic
hydrocarbon, extraction temperature, and sedimentation time
is 76.52%, and the proportion of the interaction term is
23.48%. Although the fitting model mainly presents a primary
relationship, it represents a surface relationship in general. The
ratio of solvent-to-oil is negatively correlated with the ash
content in refined asphalt, which is consistent with the QI
content in refined asphalt. The viscosity of the reaction system
decreased, and the fluid fluidity increased due to the large
amount of solvent oil used. Meantime, according to the Stokes
theorem (eq 9), the increase of particles enhances the collision
frequency of small granular inorganic matter and the
aggregation frequency of inorganic matter particles and heavy
residue in the system, making ash particles easy to precipitate
while taking away part of the heavy hydrocarbon insoluble
residue in the raw material, all of which leads to the reduction
of ash content and yield in the refined asphalt as well as the QI
content.35

=
g D( )

18t
p P

2

(9)

where μt is the settling velocity of particles, g is the
gravitational acceleration, Dp is the radius of the particles, ρ
and ρp represent the specific gravity of the particles, and μ is
the viscosity of the solution medium.

As we all know, the increase in the ratio of aromatic-to-
aliphatic hydrocarbon means that the usage amount of
aromatic hydrocarbon solvent washing oil is increased and
the proportion of paraffin solvent kerosene is reduced.
According to the principle of similar phase dissolution, the
solubility of the washing oil to the asphalt in the reaction
system is large, and kerosene can accelerate the flocculation of
macromolecular insoluble matter. Therefore, the increase in
the aromatic-to-aliphatic hydrocarbon ratio leads to the
increase in the ash content in refined asphalt, which may be
due to two reasons. On the one hand, the settling velocity of
particles decreases due to the reduction in the density
difference (ρp − ρ) between the particles and the mixed
liquid. On the other hand, the precipitation phase in the mixed
system is relatively small, and the solution tends to be evenly
distributed, which makes the small particles of ash not easy to

aggregate and settle. As shown in Figure 9, the ash content in
products decreases with the increase in the extraction
temperature when the aromatic-to-aliphatic hydrocarbon
ratio is 0.8, which may be due to the solubility of solvent oil
to asphalt raw materials being small, and the viscosity of the
reaction system being large, under the condition of a relatively
small aromatic-to-aliphatic hydrocarbon ratio. Meanwhile, the
increase in extraction temperature can reduce the viscosity of
the system and increase the fluid flow, which is conducive to
the settlement of ash particles. Similarly, the increase of
sedimentation time under this aromatic-to-aliphatic hydro-
carbon ratio is conducive to the full sedimentation of particles
and the reduction of the ash content of products. However, the
amount of an alkane solvent in the reaction system is less, and
the viscosity of the system is lower under the aromatic-to-
aliphatic hydrocarbon ratio of 1.5. The viscosity of the system
reduced and was difficult to reach the supersaturation state due
to the increase in the extraction temperature. Furthermore, the
ash dispersion of small particles is relatively uniform and
difficult to gather, so the ash content in refined asphalt
increases. At the same time, the increase in sedimentation time
under this condition has no effect on the sedimentation of
smaller ash particles, so the ash content in the product has
almost no change with the increase in sedimentation time.
Therefore, as shown in Figures 7 and 8, the interaction
between the aromatic-to-aliphatic hydrocarbon ratio and
extraction temperature and the interaction between the
aromatic-to-aliphatic hydrocarbon ratio and sedimentation
time show a curved relationship with the ash content in the
products (Figure 9).

3.4. Multiobjective Optimization. As we all know, the
ash content of the performance index of high-grade needle
coke is <0.2%, and it is expected that the yield of refined
asphalt is no less than 60 wt % based on economic
considerations. Meanwhile, the refined asphalt with high QI
content is not conducive to the formation of streamlined
mesophase asphalt, thus affecting the quality of the product
needle coke. In this work, it is expected that the QI content of
refined asphalt is no more than 0.1%. Therefore, the upper and
lower limits of the three response values can be obtained, and
the optimal preparation process parameters are obtained by
setting and maximizing the predictive profiler. The optimal
preparation parameters were selected as the ratio of solvent-to-
oil is 1.2, the ratio of aromatic-to-aliphatic hydrocarbon is 1.1,
the sedimentation time is 2 h, and the extraction temperature
is 110 °C, combined with the actual operation conditions.
Correspondingly, the yield of refined asphalt is 76%, the QI
content is less than 0.1%, and the ash content is less than
0.05%.

Based on the optimal combination of process parameters,
5000 Monte Carlo simulations were carried out to calculate the
complex process capability index (Cpk) of the analytical
model, which can be calculated by eq 10. It should be noted
that the Cpk represents the degree to which the manufacturing
process meets the production requirements. Usually, the larger
the Cpk value, the better the processing quality. Among them,
the Cpk of yield is 1.531, the Cpk of QI content is 1.197, and
the Cpk of ash content is 1.514, all of which are greater than 1,
indicating that the models have strong process capability and
reliable model quality.

=Cpk min
LSL

3
,
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3

i
k
jjj y

{
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where μ represents the average of actual values; USL and LSL
represent the upper and lower specification limits of the actual
value, respectively; and σ represents the standard deviation of
the actual value.

As shown in Figure 10, the ratio of solvent-to-oil and the
ratio of aromatic-to-aliphatic hydrocarbon, which are easy to
control in daily operation, are taken as variables, and other
factors, including an extraction temperature of 110 °C and a
sedimentation time of 1 h, are all fixed levels. It is especially
explained that the white area is the operable interval of the
ratio of solvent-to-oil and the ratio of aromatic-to-aliphatic
hydrocarbon. Similarly, when the ratio of aromatic-to-aliphatic
hydrocarbon is 1 and the sedimentation time is 1 h, the
extraction temperature and the ratio of solvent-to-oil are the
operating variables, where the operable interval is the white
area.

3.5. Characterization of Green Coke and Needle
Coke. The green coke was obtained by the carbonization of
the asphalt raw material, the refined asphalt with high QI
content, and the refined asphalt with low QI content, which
was labeled as GC0, GC1, and GC2, respectively. Furthermore,
the needle coke was obtained by the calcination of the green
coke, which was labeled as NC0, NC1, and NC2, respectively.
It needs to be explained that the refined asphalt with high QI
content and the refined asphalt with low QI content are
selected from the DOE design matrix products, which are the
group 20 and group 2 experimental products, respectively. The
influence of asphalt raw material composition on the quality of
needle coke can be determined by the characterization analysis
of green coke and needle coke, including XRD, polarizing
microstructure analysis, and Raman characterizations, which
are conducive to the accurate control of asphalt raw material
composition.

The X-ray diffraction characterization results of green and
needle coke are presented in Figure 11. It can be found that
the green coke and needle coke prepared present a large 002
peak with a complete peak shape, indicating that the carbon
microcrystalline structure in the prepared carbon material
tends to be complete. As reported by Manoj,26 the X-ray
diffraction peak (002) of the samples for the nongraphitized
carbon-rich material shows the superposition of the carbon
peaks of the amorphous structure and the carbon microcrystal
peaks of the regular structure; the corresponding positions are
about 22 and 26°, and the corresponding peak areas of the two
are labeled as I22 and I26, respectively. As shown in Figure 12,
the area of the two carbon peaks can be calculated by fitting
the subpeaks of the (002) peaks, and thus, the content of the
neatly arranged carbon microcrystals Ig in the carbon-rich
material can be obtained. Ig is calculated from eq 11.

= +I I I I/( )g 26 22 26 (11)

Among them, I22 represents the area of amorphous carbon
peaks and I26 represents the area of peaks of carbon
microcrystals with an arrangement that tends to be a regular
structure.

The microcrystalline structure parameters of green coke and
needle coke were calculated by eqs 2 and 3, and the content of
microcrystalline carbon was calculated by eq 11. Meanwhile,
the calculation results are shown in Table 6.

It can be seen that microcrystalline size in the C-axis
direction Lc, the horizontal diameter of carbon microcrystalline
La, and the content of carbon microcrystalline Ig are in the
order of GC2 > GC1 > GC0, and NC2 > NC1 > NC0. As we

all know, the smaller Lc indicates that the carbon layer of
needle coke is more chaotic. Therefore, the carbon layer of
green coke and needle coke prepared from untreated asphalt is
the most chaotic, which is in agreement with the calculated
carbon content of graphite microcrystalline. In addition, as
shown in Table 6, the horizontal diameters of carbon
microcrystal La of GC2 and NC2 samples are the largest,
indicating that its graphitization degrees are high and the
carbon layers are more regular.

The Raman spectra of the prepared needle coke are
presented in Figure 13, and there are D and G peaks in the
range of the 800−2000 cm−1 shift for the three cokes. As we all
know, the presence of the D peak indicates that there are more
amorphous carbons and irregular microcrystalline carbons in
carbon materials.36 Therefore, in this work, the first-order
Raman spectra of carbon-rich materials were studied by using
the mathematical method of split-peak fitting, and the
differences in forms of carbon microcrystals in carbon-rich
materials were revealed, as shown in Figure 13. There are five
carbon peaks, including D1, D2, D3, D4, and G, in the peak
fitting results of all prepared needle cokes. As shown in Table
7, D1, D2, D3, and D4 peaks belong to the defect peaks of
carbon microcrystals. The larger the IG/IAll ratio of the G peak
area, the smaller the ratio of the defect peak area to G peak,
which refers to the values of ID1/IG, ID2/IG, ID3/IG, and ID4/IG.
In other words, the smaller the defect of carbon microcrystals,
the more regular the arrangement for the carbon materials. As
shown in Table 8, it can be found that the value of IG/IAll
follows: NC2 > NC1 > NC0, and the ratio of the defect peak
area to G peak area shows an opposite trend.37 Therefore, the
needle coke prepared from the refined asphalt with a low QI
content has a relatively regular carbon microcrystalline
structure, and the analysis results are consistent with the
XRD analysis results.

The polarized light optical micrographs of green coke and
needle coke are presented in Figure 14. As shown in Figure
14a−d, the green coke prepared presents part of a large area of
an anisotropic structure with good orientation, especially as
shown in Figure 14c,d, with a large drainage basin structure,
which is conducive to gas coke drawing and forming a large
area of an orderly “needle bundle” organizational structure.40

However, the green coke GC1 has some isotropic structure
and a more mosaic structure, which should be due to the fact
that the asphalt with higher QI content is easy to generate a
mesophase with a mosaic structure in the thermal conversion
process.41 Meanwhile, the polarized structural content of green
coke GC1 and GC2 is shown in Table 9, which was calculated
by the polarization microscopy quantitative analysis method.42

The mesophase content of green coke GC2 is higher than that
of green coke GC1, which is consistent with the content of a
wide domain streamline. In addition, as shown in Figure 14e−
h, the needle cokes NC0 and NC1 have a more mosaic
structure, and the needle coke NC2 has a more fiber structure
and a large structure, which are consistent with the polarized
light optical micrographs of green coke.

4. CONCLUSIONS
In this work, the effects of extraction temperature,
sedimentation time, the ratio of solvent-to-oil and aromatic-
to-aliphatic hydrocarbon ratio on the yield, QI content, and
ash content of the refined asphalt were studied by response
surface analysis. Therefore, models were established to
investigate the relationship between the factors and response
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values, including yield, QI content, and ash content. It was
found that the regression models have high fit and reliable
quality by the analysis of variance and process capability.
Moreover, the influence of the solvent-to-oil ratio on the
refined asphalt yield, QI content, and ash content is more
significant, followed by the ratio of aromatic-to-aliphatic
hydrocarbon, according to the analysis of the Pareto diagram,
factor interaction diagram, and response surface diagram. The
refined asphalt of QI content and ash content were
significantly affected by the interaction between the ratio of
aromatic-to-aliphatic hydrocarbon and extraction temperature.
In short, the optimal combination of preparation process
parameters was obtained by analysis of regression models, and
refined asphalt with high quality was prepared. Furthermore,
needle coke can be easily obtained by carbonization and
calcination of refined asphalt with a lower QI content, which
has a higher content of carbon microcrystals with regular
arrangement and a large area of an orderly “needle bundle”
structure.
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