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An Optimization Study via Response Surface Methodology in Extracting of Benzothiophene
and Xylene from n-C,, using 1-Hexyl-3-Methylimidazolium Tetrafluoroborate Ionic Liquid
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Abstract: The extraction of benzothiophene and xylene from 7-dodecane with 1-hexyl-3-methylimidazolium
tetrafluoroborate ([hmim][BF,]) ionic liquad (IL) was mvestigated. The influence of mass ratio of il to IL,
extracting time and operating temperature were studied for an optimized condition of the benzothiophene (BT)
and xylene removal. The optimization process was analyzed using Central Composite Face-Centered
Experimental Design by Design Expert Version 6.0.6 (Stat-Ease, TUSA). The satisfactory optimum mild conditions
obtamed were at a mass ratio (IL/o1l) of 0.73 with extracting time of 10 min at operating temperature of 60°C. The
adequacy of the model equation for predicting the optimum response values was validated using experimental

data.
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INTRODUCTION

Separation of organosulfurs and aromatics from
aliphatics 13 becoming an important part relying on
chemical feedstock production. Technically, these
organosulfurs and aromatics impart poor ignition
quality and low cetane number of diesel and enhance
smoke point of the jet fuel (Cooper and Donms, 1996;
Likhanova et al,, 2010; Koyama and Ogawa, 1997). In
industry, organcsulfurs can be removed through
hydrodesulfurization (HDS) process which only eliminates
aliphatic organosulfur compound. Benzothiophene and its
derivatives are extremely difficult to be removed even at
high operation temperature and pressure via, HDS
(Likhanova et al., 2010). On the other hands, separation of
aromatic from aliphatic which 1s perceived to be simple but
actually challenging due to their close boiling points.
Liquid-liquid extraction has been extensively used
especially in hydrocarbon separations because of mild
operation conditions and simple processes. Bare in minds,
the solvent 1s a key factor for the extraction process. To
date, most of the conventional solvent that have been
applied to hydrocarbon separations however, due to their
high volatility and flammability, results m mefficient
for the extraction processes (Agulyansky ef al, 2004,
Cassol et al., 2007, Zhang et al., 2007).

Tomic Liquds (ILs) as an solvent for liquid-liqmd
extractions is receiving great attention as new kinds of
safe solvent due to their typically negligible volatility and
flammability. In the literatures, ILs has been reported as
promising solvents for separation of a wvariety of
substances from their mixture or solution, such as
separation of metallic ions from aqueous solution, organic
molecules from hydrocarbon mixture, or specific gas
component from gaseous mixture using either single or
combination of TLs (Cassol et al., 2007, Zhang et al., 2007,
Mohanty ef af., 2010). Besides the negligible volatility and
flammability features, some encouraging results of the ILs
as reported in the literatures such as the flexibility of
fine-tuning their density, viscosity, melting point,
hydrophobicity  and  solvation  power  through
combinations of cations and anions (Mohanty et al.,
2010, Kumar and Banerjee, 2009). In tlus study,
[hmim][BF,] ionic liquid has been introduced as an
promising solvent due to its” low viscosity and
recyclability using water (Chu et al., 2008).

In statistics, Response Surface Methodology (RSM)
explains the relationships between several wvariables
towards responses. The main idea of RSM is to use a
sequence of designed experiments to obtain an optimal
response. The present investigation 1s aimed at
determining the optimum condition for the maximum
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extraction of benzothiophene (which represent
organosulfurs) and xylene (which represent aromatics)
using [hmim][BF,] from n-dodecane. The optimization
process was conducted on several operating variables of
these extraction process namely the mass ratio (0il/IL),
extracting time and operating temperature using central
composite face-centered (CCFD) RSM experimental
design The mteraction relationships between these
variables (mass ratio, extracting time and operating
temperature) against the benzothiophene and xylene
removal are established and a mathematical model
combining the effect of these variables on the extraction
process is developed.

EXPERIMENTAL WORK

Preparation of model oil: Tn this study, the TLs
used 18 1-hexyl-3-methylimidazolium tetrafluoroborate
([hmim][BF,]) obtained from Merck which has mass
fraction punty more than 98%. Before using the ILs in the
extraction process, this ILs was dried in a vacuum oven
at 70°C until the water content was less than 500 ppm.
The water content was measured by coulometric Karl
Fischer method, using Hydranal coulomat AG reagent
(Riedel-de-Haen) (Ziyada et al., 2010). The extractability
of [hmim |[BF,] between benzothiophene (afterward known
as BT) and xylene (afterward known as X) was performed
on BT/X mixture in n-dodecane (n-C,;). This mixture was
prepared by dissolving known amount of BT and X in
n-C,; which both have a mass fraction purity more than
99%.

Measurement and analysis on the extraction process:
The mixture and IT.s was continuously stirred on hotplate

Table 1: Design layout and experimental responses for central composite design

magnetic stirrer with various operating condition (namely
mass ratio of o1l to ILs (o1l/IL) which varied from 0.5-1.5,
extracting time which varied from 5-15 min and operating
temperature which varied from 60-100°C) as shown in
Table 1. The extracted mixture (top phase) was then
separated from the ILs (bottom phase) after settling for
5 min. Both phases were then sampled to determine the
percentage of BT and X removed from the model oil.
Quantitative analyses of the BT and X extracted were
carried out on an HP 1100 ligh performance liquid
chromatography (HPL.C) equipped with an auto-sampler
using a reverse-phase Zorbax SB-C18 column (4.6 mm X
150mm; 5 pm). The details of the analysis are previously
described elsewhere (Syamsul ef al., 2010). The removal
percentage of these compounds from n-C,, was calculated
according to Eq. 1:

R (26)= BTOI'XGX';I‘E],Cted. 100 1)
BT or X before extraction

where, R(%) is percentage of the extracted compounds.

Regression analysis and optimization: Subsequent
regression analysis involving analysis of variance
(ANOVA) and response surfaces were performed on the
experimental data obtained using the Design Expert
Software (version 6.0.6) from Stat-Ease Inc. (USA).
ANOVA was used to perform the goodness of fit analysis
on the experimental data for fitting the model. Then, the
coefficient of determination, R’, was used to give the
overall predictive capabilities of the model obtained. The
value of R? is defined as Eq. 2:

Factor: A Factor: B Factor: C Response: Y; Response: Y,
Run Mass ratio (oil/IL) Extraction time Temperature BT removed X removed
1 1.50 5.00 100.00 222 9.4
2 0.50 15.00 60.00 553 25.1
3 1.00 10.00 80.00 30.5 14.3
4 0.50 15.00 100.00 45.8 29.7
5 1.84 10.00 80.00 18.5 8.5
6 0.50 5.00 100.00 50.4 19.3
7 1.00 10.00 46.36 37.3 12.3
8 1.00 10.00 80.00 31.5 14.1
9 1.00 1.59 80.00 26.8 10.8
10 1.50 15.00 100.00 22.7 13.5
11 1.00 10.00 80.00 36.9 7.3
12 1.00 10.00 80.00 29.7 13.9
13 1.50 5.00 60.00 25.2 8.2
14 1.00 18.41 80.00 33.7 20.4
15 1.00 10.00 80.00 31.8 14.7
16 1.00 10.00 113.64 31.2 17.3
17 0.50 5.00 60.00 52.0 15.6
18 1.50 15.00 60.00 251 8.9
19 1.00 10.00 80.00 30.5 13.0
20 0.16 10.00 80.00 78.2 46.1
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R” = 1—1(%} (2)

where, SSE and SST 1s the error sum of squares and total
sum of squares, respectively. R* values measures the
global fit of the model (Montgomery, 2003).

Before desigmng this experiment, suitable range of
value for the three operating condition variables, 1.e., mass
ratio of oil to TLs (0il/L), extracting time and operating
temperature were selected based on the literatures and
preliminary studies. These three operating condition
variables became a crucial effect for the plant design
purposes. A Central Composite Design (CCD) with a full
factorial was developed using the Design Expert software.
Each variable 1s varied over five levels: High level (coded
with +1), low level (coded with -1), the centre level {coded
with 0) and two outer points corresponding to & value of
1.68179). The processing variables and levels involved in
the study are shown i Table 2. ACCD consisting of six
centre points and 14 axial points that rendered a total of
20 runs of experiment was used to analyze the data
acquired from the experimental runs. These data are then
were used to optimize the extraction operating condition.
In this study, the response variables measured were BT
and X removal. The mathematical model selected from the
CCD has the highest polynomial order with significant
terms and 1t was not aliased (Montgomery, 2003).

RESULT AND DISCUSSION

All the experimental data were mathematically
processed and some experimental responses models were

produced. The optimal operating condition of the
extraction process was determined by those experimental
responses models.

Response surface and ANOVA analysis for BT removal:
The interaction between independent extraction process
variables and desired responses were plotted graphically
to ease visual analysis, based on the mathematical
analysis of the experimental data. 3-D response surface for
BT removal was presented in Fig. 1. Apparently from the
3-D response surface that extracting time and operating
temperature variables which applied on the extraction
process only gave minor effect on BT removal. These two
variables had shown linear effects on the extraction
process. On the other hand, by applying the highest mass
ratio, the maximum BT removal could be achieved. Hence,
the mass ratio has become crucial for removing BT via.,
extraction with maximum removal.

In general, only factor B: extracting time has not
significant model terms where Prob.>F-value was more
than 0.05, as shown in Table 3. In addition, the
second-order term of mass ratio (A’) showed a significant
for this empirical quadratic model. The empirical model in
terms of actual variables of BT removal was shown mn
Eq. 3. The BT removal model via extraction process:

Y, =22.83455 A’-76.23296 A+0.15676
B-0.097969 C+91.5352 (3)

This empirical model was well-fitted to the
experimental results, as the high value of R’ (0.9624),

Table 2: Independent variables and their coded and actual vahies used in the response surface study

Symbol Variables Coded level
o =-1.682 -1 0 +1 o=+ 1.682
A Mass ratio (oil/TL) 0.16 0.50 1 1.50 1.84
B Extracting time (min) 1.59 5.00 10 15.00 1841
c Operating temp erature (°C) 16.36 60 80 100 113.64
Table 3: ANOVA and variance analysis for respective regression models and model terms
Degree

Response Model terms Sum of squares of freedom Mean square F-value Prob. =F Remarks
BT removed (%) Quadratic model 372843 932.11 a5.91 <0.0001 Significant

A 3189.38 1 3189.38 328.17 <0.0001 Significant

B 839 1 8.39 0.86 0.3675

c 5243 1 52.43 5.39 0.0347 Significant

A’ 478.22 1 478.22 49.21 <0.0001 Significant
Lack of fit 111.89 10 11.19 1.65 0.3021 Not significant
X removed (%)

Quadratic model 1372.16 4 343.04 26.87 <0.0001 Significant

A 933.92 1 933.92 73.16 <0.0001 Significant

B 122.16 1 122.16 9.57 0.0074 Significant

C 371.00 1 37.10 2.91 0.1089

A? 278.98 1 278.98 21.85 0.0003 Significant
Lack of fit 152.48 10 15.25 1.95 0.2380 Mot significant
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Adj-R* (0.9523) and Pred-R* (0.9025) gave a good
explanation to the reliability of regression quadratic model
for BT removal, as shown in Table 4.

Response surface and ANOVA analysis for xylene
removal: 3-D response surface plot in Fig. 2 showed the
effects of the mass ratio, extracting time and operating
temperature on X removal. Evidently, mass ratio
contributed much on X removal compared to two other
variables. Operating temperature has become a mimor

effect on X removal followed by extracting time factor.
This maybe due to the fact that ILs has a negligible vapor
pressure  which depicted poor molecule activity
depending upon temperatures. Thus, it can be concluded
that X removal via extraction depended primarily on the
mass ratio.

Apart from that, significant terms for X removal via
extraction (Table 3) included the main effect of mass ratio
(A) and extracting time (B) plus second-order effects of
mass ratio (A?) where the Prob.>F is less than 0.05. A
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Table 4: Summary of ANOVA and regression analysis for respective responses

Significant model Standard Adequate
Model terms deviation R’ Adjusted R? Predicted R? precision
BT removal (%)
Quadratic model A, C A? 312 0.9624 0.9523 0.9025 34.749
X removal (%)
Quadratic model A B, A? 3.57 0.8775 0.8449 0.6608 19.473
78200 4 ® B: Extraction time 46.1000d ® B: Extraction time
63.275 - 35.8397
B
B
E] B
2 B g
§ 48350 1 § 2357951,
B »
*
33425 1 15.3192 1
18.500 505896
T T T T T T T L] T T
0.50 0.75 1.00 125 1.50 0.50 Q.75 1.00 125 1.50

Fig. 3(a-b): Interaction via., mass ratio: Extracting time with mimimum operating temperature at 60°C

quadratic empirical model for X removal via., extraction
was shown in Eq. 4 This equation is able to provide
values of R? (0.8775), Adj-R*(0.8449) and Pred-R’ (0.6608),
as refer in Table 4. The X removal model is:

Y, =17.44075 A’-51.4205 A+0.59816
B+0.082409 C+34.54807 (4
Adequate precision value (Table 4) is a measure of
“signal-to-noise ratio” encountered on the measurement
of the response which is considered to be adequate for
model discrimmation if the value 1s greater than 4
(Montgomery, 2003; Syamsul et al., 2010). In this study,
the adequate precision for both quadratic models (BT
removal model and X removal model) are well above 4.

Verification on statistical models and diagnostic
statisticc: RSM has the advantage of observing the
interaction effect among the independent variables. The
model 1s able to easily identify the effects of binary
combination of combining two independent variables.
Figure 3 shows the variable mteraction for two studied
responses. The non-parallel curvatures of both Fig. 3a, b
unply that there 1s a relatively strong interaction of mass
ratio second-order (A®) which appeared as one of the
significant terms in both quadratic models.

The major diagnostic plots n Fig. 4 and 5 are used to
determine the residual analysis of response surface
design, ensuring that the statistical assumptions fit the
analysis data. Figure 4 displays the normal probability of
the residuals, to verify whether the standard deviation
between the actual and the predicted response values do
follow the normal distribution (Syamsul et al, 2010;
Montgomery, 2003). The general impression from these
two graphs in Fig. 4 reveals that the underlying errors
were distributed normally as the residuals fall near to a
straight line. Thus, there 1s no severe indication of
non-normality of the experimental data.

The plots of the residuals versus predicted response
for the responses are presented in Fig. 5. All data points
of the experimental runs were scattered randomly within
the constant range of the residuals across the graph, i.e.,
within the horizontal lines at pomt of +3.0. This implies
that the models proposed are adequate and constant
variance assumption was confirmed.

Reliability and adequacy of empirical models from
respective responses were confirmed when the actual
values obtained from the experimental data were compared
to the predicted wvalues from both quadratic models,
shown in Fig. 6. The two graphs generally indicated that
all experiment design points were distributed along the
diagonal line. Responses from the experimental data were
well-fitted in acceptable variance range when compared to
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the predicted values from respective empirical quadratic
models. This mdicated that errors which oceurred due to
the uncontrollable experimental error could be neglected.
Thus, regression quadratic models obtained from CCD
can be further used as a predictor for the optimization of
extraction condition in order to achieve high performance
on BT and X removal.

Optimization and verification: The ultimate goal of this
optimization study was to extract BT and X with maximum

mass ratio (o1l/IL) while mimimize of those extracting time
and operating temperature within the range. In Fig. 7, the
3-D response surface showed that the desirable extraction
condition tended to shift to lower mass ratio (0il/IL.) and
moderate extracting time which was around 10 min. From
Table 5, it can be seen that the selected extraction
condition were mass ratio (0il/TL.) of 0.73, extracting time
of 10 min and operating temperature of 60°C. This
extraction process condition was expected to be able to
remove BT and X with optimum level. In order to validate
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Table 5: Numerical optimization for central composite design and confirmation between predicted and experimental study

Factor: A Factor: B Response: Y,
Mass ratio Extracting time Factor: C BT removal (%) Response: Y,
No. (oil/IL) (min) operating temperature (°C) X removal (%) Desirability
1 0.73 10 60 4371 17.21 Selected
2 0.73 10 60 43.67 17.17
3 0.72 10 60 43.93 17.24
Optimized setting calculated from central comp osite design (predicted value)
0.73 10 60.00 43.71 17.12
Confirmation study of optimized setting selected (experimental value)
073 _ 10 60.00 4217 17.56
Error (%) = Experimental .value-predlcted va]uex100 (%6) 3.65 251
Experimental value
7820 @ ) 46.10—
A
e i L
-~
— - —_
63.28 L 35.72
E v
B n” B ’
B " o B m
5 48.35 o 3 25.35— - :
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Fig. 6(a-b): Predicted vs. actual plot for (a) BT removal and (b) X removal
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the optimum level generated by CCD, an experimental run
was conducted using optimized extraction process
condition (mass ratio o1ll/IL: 0.73; extracting time: 10 min;
operating temperature: 60°C), as shown in Table 5. Thus,
the predicted and experimental value was found to be in
good agreement by looking their errors that fell within 5%.
This showed that process optimization n CCD was able
and reliable to predict the BT and X removal within the
extraction process condition studied ranges.

CONCLUSION

The aim of this study is to analyze the interaction
between individual and optimized extraction process
conditions (mass ratio o1l/IL; extracting time; operating
temperature) to the concerned responses (BT and X
removal) by CCD. Mass ratio (0il/IL) was found to be the
major significant factor in influencing BT and X removal
while other two varables were found to be less
significant. The empirical models obtammed from statistical
analysis could then be used in the prediction of
respective responses for the process optimization. The
optimum extraction process condition obtained from CCD
was at 0.73 of mass ratio 01l/IL; 10 min of extracting time
and 60°C of operating temperature. Tt is important to note
that the deviation within 5% of the optimum responses
predicted from CCD (BT removal: 43.71%; X removal:
17.12%) was 1n good agreement with actual experimental
values (BT removal: 42.17%; X removal: 17.56%).
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