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Abstract

The multi-factorial analysis was carried out for the alkylation reaction of
isobutene/2-butene with response surface methodology (RSM), and a quadratic
model was developed. The reaction conditions optimized by the quadratic model
were obtained as follows: reaction time of 7 min, reaction temperature of 5 °C, and
stirring speed of 1500 rpm. The relative error between the estimated value (76.72%)
and the experimental value (77.47%) of the selectivity of TMPs was 0.98% under
such reaction condition. The model well represents the correlation between the
selectivity of TMPs with the reaction time, reaction temperature and stirring speed.
The kinetic model for the alkylation reaction of isobutene/2-butene was developed
according to the classical carbonium ion mechanism, where the catalyst was sulfu-
ric acid. The kinetic parameters were fitted with nonlinear least squares to obtain
reasonable rate constants and confidence intervals. The activation energies and pre-
exponential factors calculated from the Arrhenius relationships, where the activation
energy of the main reaction was 16.03 kJ/mol, and the activation energies of other
side reactions ranged from — 62.59 to 59.94 kJ/mol.
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Introduction

With the issuance of new standards for gasoline use, the restrictions on the contents
of aromatics, olefins and sulfur in gasoline have become more stringent, and there
is an urgent need to develop clean, high-quality gasoline blending components that
are required to have high octane values, yet control the introduction of aromatics,
olefins, and sulfur to meet environmental requirements [1—4]. In petrochemical pro-
duction, the alkylation reaction is an essential process, which uses isobutane and C,
olefins as reaction materials and strong acids as catalysts to produce alkylates [5-7].
The alkylated oil has a high octane value, low sulfur content is free of alkenes and
aromatics, and exhibits good explosive resistance, making it a highly desirable gaso-
line reconciling component [8—10]. Alkylated oils are one of the most vital gasoline
blending components, which not only increase the octane number but also reduce
the content of other components in gasoline. Identifying alkylated oils as gasoline
blending components can greatly reduce the levels of sulfur, alkenes and aromatics
in gasoline. With the rapid development of the automotive industry, gasoline with
good antiknock performance and high octane number has been increasingly valued
[11,12].

Presently, the catalysts used for the alkylation reaction of isobutane are liquid
acids, ionic liquids and solid acids. Among them, sulfuric acid and hydrofluoric
acid are the liquid acid catalysts that are widely used in industrial production at
present, with H,SO, being adopted more than HF for safety issues. However,
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H,SO, and HF have significant safety, corrosiveness, recyclability and sustain-
ability issues, which are the drawbacks of liquid acid catalysts that need con-
tinuous improvement [13—17]. The ionic liquid, as an efficient, environmentally
friendly and sustainable catalyst, can surmount some of the problems in tradi-
tional liquid acid, which is considered an alternative to traditional alkylation
catalysts to provide a sustainable route to clean oil for refineries. There are some
plants have already commercialised the ionic liquid alkylation process, and the
ionic liquid may replace H,SO, as the mainstream alkylation process catalyst in
the future [18]. Notwithstanding the good potential of the ionic liquid alkylation
process, there are still some unresolved issues such as high viscosity, high cost,
and complex preparation, which limit its widespread application in commerciali-
zation [19]. Up to now, the industrial production of alkylated oils in the world is
still dominated by the sulfuric acid process, and continuing the in-depth study of
the sulfuric acid alkylation reaction is still of great importance.

The investigation of isobutane alkylation reactions was based on a mecha-
nism based on the ionic principle proposed by Schmerling in the 1940s to depict
the process of alkylation involving olefins and isobutane [20, 21]. Since then,
the carbonium ions theory has been rapidly developed. Subsequently, Albright
et al. [22, 23] revealed that the main route for the production of dimethylhex-
ane (DMHs) was not the isomerization of trimethylpentane ions. Kramer [24]
demonstrated that the critical step affecting the rate of the alkylation reaction
was due to the hydride transfer reaction. Sun et al. [25] constructed a model
for the kinetics of the isobutane/butene alkylation reaction and used the model
to predict the variation of major component concentrations with time. Li et al.
[26] determined the concentrations of the major components of the isobutane/2-
butene alkylation using a special microreactor and built a model for the kinetics
involving the primary and secondary reactions. The isobutane/2-butene alkyla-
tion is a complicated reacion along with numerous side reactions. The current
study focuses on the main reaction and does not deeply investigate how the side
reactions in it are specifically allowed to occur. Therefore, continued research
on the reaction kinetics of isobutane/2-butane reactions is important to refine
the mechanism of alkylation reactions with guidance on the design of industrial
reactors.

In this study, the alkylation of the C, fraction was carried out using a self-
designed batch reactor in which sulfuric acid was chosen as the catalyst. With a
view to analyzing the impact of individual influencing factors on the major prod-
uct, a univariate analysis was conducted on the reaction to preliminarily explore
the relationship between predictor variables and response variables, and a mul-
tivariate analysis was conducted using response surface methodology (RSM),
which can further exhaust the influence of other confounding factors, thus deter-
mining the correlation between predictor variables and response variables, and
finally selecting the best response conditions. In addition, based on the analysis
of the reaction process, a complex reaction path was proposed, and a new kinetic
model was constructed to study the reaction kinetics of isobutane/2-butene.
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Experiment and method
Materials

Sulfuric acid (96-98%) was obtained from Chengdu Kelon Chemical Co., Ltd.
The high-purity nitrogen (N,, 99.999%), hydrogen (H,, 99.999%), dry air and
isobutane/2-butene mixture (I/O=10:1, mol: mol) were obtained from Guangdong
Huate Gas Co., Ltd.

Experiments design and RSM optimization

According to the literature [27], the thermal conductivity of H,SO, is higher than
the hydrocarbon, which can effectively dissipate the heat of the reaction and reduce
the side reactions when the acid serves as a continuous phase. The acid to hydrocar-
bon ratio (A/H) commonly used in industry is 1-1.5:1 to ensure that the sulfuric acid
is in the continuous phase. Zhang et al. [28] studied the reaction parameters affect-
ing the alkylation reaction catalyzed by H,SO, and found that the catalytic perfor-
mance of A/H varied little between 1.0 and 1.2, which indicated that an A/H of 1.0
was appropriate. Thus, in this study, we used 1:1 of A/H to study the isobutane/2-
butene alkylation reaction.

In this work, the effects of temperature (3.0-11.0 °C), time (1.0-9.0 min) and
stirring speed (900-1500 rpm) of the alkylation reaction on selectivity of TMPs
were investigated respectively, with other conditions held constant. However, the
traditional single-factor study is cumbersome and time-consuming. What’s more, it
ignores the interactions between various factors [29]. RSM is a method of apply-
ing mathematical models to statistical experiments that reduces measurements,
increases the likelihood of statistical interpretation, and indicates the interactions
between variables [30]. In this study, RSM was used together with a central com-
posite design (CCD) to optimize several experimental conditions in a single-factor
experiment.Then the interactions of each response factor and the extent of their
respective effects were investigated. Therefore, the RSM can be applied to simulate
the production process for the alkylation of isobutane/2-butene. The experiments
were designed using three independent variables, such as reaction temperature (x;),
reaction time (x,) and stirring speed (x3). The quadratic polynomial model of the
alkylate selectivity can be expressed by Eq. (1).

-1k
Z Zﬁijxixj 1)
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k k
Y= fo+ D B+ ) fx +
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where Y is the predicted value, x; and x; are the variables of the different factors, S,
is the model constant, §;, f; and f; are the regression coefficients, k is the number of
factor variables.

Analysis of variance (ANOVA) is mainly applied to test the sufficiency of vari-
ous factors in the reaction. The value of F is used to examine the applicability of
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modeling the experiment. Suppose the value of F calculated from the actual data
is larger than that in the table of standard distributions. In that case, it means that
the model has a good fit for accurately predicting the experimental results under
different reaction conditions. Furthermore, the value of P 0.05 implies a signifi-
cant effect within the 95.0% confidence interval, with a lower value of P indicat-
ing a more significant impact.

C, alkylation reaction

The alkylation experiments were carried out within a 0.1 L batch reactor. It was
beneficial for the alkylation reaction to occur at low temperatures, so the refriger-
ant was circulated to obtain a refrigeration system, which allowed for the control
of the reactor temperature. In order to keep the hydrocarbons in a liquid state
while the reaction took place, the reactor pressure was set to 0.5 MPa. In the
batch alkylation experiment, the catalyst of H,SO, was added to the reactor, and
then the reactor was sealed. Afterward, the reactor was vacuumed, and N, was
flushed in to replace the air and repeated three times. Next, a quantity of N, was
charged and held for 10 min to check for significant pressure changes in the reac-
tion system to ensure the reactor was not leaking. As a set temperature level was
reached in the reactor, the hydrocarbon feedstock was rapidly added to it. In the
meantime, the stirrer was started to disperse the catalyst and the reaction material
fully. Sampling was performed at the specified time according to the experimen-
tal requirements, and the samples were analyzed using the GC. The diagram of
the experimental device is shown in Fig. 1.
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Fig. 1 Diagram of the experimental setup for C, alkylation reaction
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Results and discussion
Single-factor study results

The alkylation gas phase products at different reaction times were analyzed to define
the 2-butene mass fraction, the 2-butene conversion at different times can be calcu-
lated according to Eq. (2). The results are shown in Fig. S1.

X: - X
in,2—butene out,2—butene
X2—butene = X 100% (2)

xin,Z—butene

Where X e TEPrEsents the 2-butene conversion, Xi, 5 pyene indicates the 2-butene
mass fraction before the reaction, and X, 5 pyene d€notes the 2-butene mass fraction
after the reaction.

As seen in Fig. S1, the 2-butene conversion was already 97.12% in 2 min, indicat-
ing that the 2-butene was mostly consumed within 2 min. There was a slight increase
in the 2-butene conversion following 2 min of the reaction, reaching 98.08% during
5 min. The conversion rate no longer changed after 5 min but was not 100%, which
may be due to the presence of saturated vapor pressure under the reaction condi-
tions of 2-butene, failing to participate in the reaction fully. In the following study,
the conversion of 2-butene will not be elaborated on separately. If not specifically
labeled, the conversion of 2-butene is considered to be 98.08%.

Selective influence of time on TMPs

As shown in Fig. S2, in the conditions of reaction time of 1-15 min, reaction tem-
perature set at 7 °C, stirring speed of 1300 rpm, reaction pressure of 0.5 MPa and
A/H of 1:1, the selectivity of TMPs first increased sharply with increasing reaction
time and then gradually remained stable. As the reaction temperature increased from
3 to13 °C, with the corresponding change in the selectivity of TMPs from 14.25 to
54.51%. During 0.5 and 2 min, there was a dramatic increase in TMPs selectivity;
the rate of increase gradually slowed down within 2 to 5 min; after 5 min, the TMPs
selectivity had leveled off. This indicates that the C, alkylation reaction mainly
occurred in the first 2 min. The isomerization of other components from 2 to 5 min
mainly produced TMPs, while the reaction ended after 5 min. Therefore, the median
reaction time of the RSM test design in this paper was 5 min, the maximum reaction
time was set to 9 min, and the minimum reaction time was set to 1 min.

Selective influence of temperature on TMPs

The reaction time was kept at 5 min, the stirring speed was 1300 rpm, the reaction
pressure was 0.5 MPa, and the A/H was 1:1. The different reaction temperatures of
3-13 °C were chosen to investigate the effect on the selectivity of TMPs. The results
of the experiments are displayed in Fig. S3. The selectivity of TMPs decreases with
increasing temperature within the specified reaction temperature. As the temperature
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rose from 3 to 13 °C, the TMPs selectivity consequently changed from 66.50 to
36.05%. Since high temperatures favor side reactions such as oligomerization/
cleavage reactions, increased by-products reduce the selectivity of the main product
TMPs. In addition, it was reported in the literature that if the reaction temperature
is too low, the viscosity of the concentrated sulfuric acid catalyst increases, which is
not favorable for the reaction [31]. Low temperature can improve the selectivity of
TMPs, but the reaction temperature should not be too low. The reaction temperature
of most conventional mechanically stirred alkylation reactors is around 7 °C. There-
fore, in this paper, a reaction temperature of 7 °C was taken as the median value for
the RSM experimental design, with the highest temperature of 11 °C and the lowest
temperature of 3 °C.

Selective influence of stirring speed on TMPs

The effect of stirring speed on the selectivity of TMPs was investigated at a reaction
time of 5 min, a reaction temperature of 7 °C, a reaction pressure of 0.5 MPa, an
A/H of 1:1, and a stirring speed of 700-1700 rpm. The outcomes of the experiment
are displayed in Fig. S4. The TMPs selectivity rose as stirring speed increased, but
the selectivity of TMPs increased slowly after the stirring speed reached 1300 rpm.
With a rise in stirring speed from 700 to 1700 rpm, the selectivity of TMPs changed
correspondingly from 17.00 to 61.11%. It is mainly caused by the effect of dis-
persion between the hydrocarbon feedstock and H,SO,. Increasing the speed can
increase the degree of dispersion between the acid hydrocarbons, which is condu-
cive to the occurrence of the primary alkylation reaction and reduce the generation
of by-products. Considering the capacity of this equipment and energy consump-
tion, 1300 rpm was taken as the median value of the stirring speed factor in the
RSM test design. The maximum and minimum values were 1700 rpm and 900 rpm,
respectively.

Optimization of RSM
RSM modeling

The RSM, first proposed by British mathematicians G. Box and Wilson in 1951, is
a statistical method involving the design of experiments and statistics for the design,
development, improvement and optimization of processes [32, 33]. It is often used
to study how the target response value is affected by multiple factors and assess the
extent to which different factors affect the response value and the interactive effects
among the elements.

The correlation between the variables in the experimental procedure and the
selectivity of the TMPs was investigated by the Central Composite Design (CCD)
RSM modeling with 20 runs. The running results for the RSM model are displayed
in Table 1.The experimental values are the average values obtained after three rep-
etitions. The maximum residual of the 20 validation experiments was 1.56%.
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Table 1 Experimental and predicted results of TMPs production with C, alkylation reaction

Run order Reaction Reaction tem-  Stirring Experimental selec-  Predictive selec-
time (min) perature ('C) speed (rpm)  tivity of TMPs (%) tivity of TMPs
(%)
1 7 5 1100 51.07 52.09
2 5 7 1300 54.51 55.07
3 3 9 1500 39.10 39.32
4 3 9 1100 29.05 28.86
5 5 7 1300 55.71 55.07
6 5 7 1700 61.11 60.23
7 3 5 1500 52.56 53.58
8 5 7 1300 55.31 55.07
9 5 7 900 31.05 30.70
10 5 7 1300 54.28 55.07
11 7 9 1100 42.24 4245
12 5 7 1300 55.76 55.07
13 3 5 1100 37.79 38.68
14 7 5 1500 69.74 71.17
15 9 7 1300 54.58 53.69
16 5 3 1300 66.50 64.94
17 5 11 1300 40.71 41.04
18 7 9 1500 56.74 57.09
19 5 7 1300 56.06 55.07
20 1 7 1300 22.87 22.52

The fitting effect is assessed with the regression coefficient (R?) for the RSM
model. The R? of the model obtained in this work is 0.9958, which indicates that
the mathematical model fits well and accurately represent the overall relation
between the response values and all elements. As shown in Fig. S5, there was
a high correlation between the model predictions and the experimental values,
indicating that the established model provided accurate results. Equation (3)
could be used to express the relationship between TMPs selectivity and elements
according to Table 1 and Eq. (1).

Y = — 133.69923 + 11.02173x; + 2.38335x, + 0.199368x;
+ 0.011394xx, + 0.002612x,x; — 0.002777x,x; 3)
— 1.05998x — 0.129806x; — 6.0 x 107°x]
where Y is the target response value, i.e., the selectivity of the TMPs; x,, x,, x5 are

the experimental data of reaction time, reaction temperature and stirring speed,
respectively.
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Analysis of variance (ANOVA)

The ANOVA indicated that single parameters and parameter interactions had a great
influence here on reaction. The suitability of the model was tested using the values
of F. As shown in Table 2, the value of F for the developed model was 264.77, and
a value of P less than 0.0001, indicating that it was significant as the risk of the
"F-value of the model" becoming larger caused by noise was 0.01%. The values of
P were used to determine the significance of the effects caused by different elements
upon a response value. If the P-value was <0.05, it indicated that the factor signifi-
cantly affected the response value; otherwise, the item was not statistically signifi-
cant. The results revealed that all terms in the model had significant effects on the
selectivity of TMPs except for x,x,, with x; being the most significant model term.

In addition, the predicted Rpre2 value in the conducted experiments was 0.9721,
which indicated the anticipated and practical results were rather well in accord.
The signal-to-noise ratio was represented by the model’s Adeq Precision (AP),
and it showed that the model was workable with AP=61.77>4. The lack of fit is
essential data used to assess the reliability of the equation; if it is significant means
that the equation is poorly simulated and needs to be adjusted; if it is insignificant
indicates that the equation is relatively well simulated and can be well analyzed
for future data. In this work, The lack of fit term was not statistically significant
(P=0.0863>0.05), indicating that the data could be well described by the model.
The coefficient of variation (C.V.=2.62% < 15%) of the model was comparatively
small, indicating the experiment had excellent precision and reliability.

Table2 ANOVA for the RSM quadratic model of selectivity of TMPs

Source Sum of squares Degrees of Mean square F-value P-value
freedom

Model 2956.15 9 328.46 264.717 <0.0001

X 972.01 1 972.01 783.52 <0.0001

Xy 571.2 1 571.2 460.43 <0.0001

X3 872.03 1 872.03 702.93 <0.0001

X| X, 0.0166 1 0.0166 0.0134 0.9102

Xp X3 8.73 1 8.73 7.04 0.0242

Xy X3 9.87 1 9.87 7.96 0.0181

x,2 451.99 1 451.99 364.34 <0.0001

X2 6.78 1 6.78 5.46 0.0415

x32 144.96 1 144.96 116.85 <0.0001

Residual 12.41 10 1.24

Lack of Fit 9.8 5 1.96 3.76 0.0863

Pure Error 2.61 5 0.5215

Cor Total 2968.55 19

Std. Dev 111 R? 0.9958

CV. % 2.26 R, 0.9721

Adeq Precision 61.77 Radf 0.9921
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Optimization of C, alkylation reaction conditions
Response surface plots of C, alkylation reaction

The fitted regression model was used to plot the three-dimensional (3D) response
surface curves. They better visualized the effects of various factors interacted
with one another and the response results. The degree of significance of the
response values for various parameters was expressed in the sparsity or density
of the 3D response surface curves. In this study, 3D surface curves were used
to visually depict how the reaction temperature, reaction time, and stirring rate
affected the selectivity of TMPs.

The interaction between the reaction temperature and reaction time at a stirring
speed of 1300 rpm is shown Fig. 2. The selectivity of TMPs was low at slightly
higher reaction temperatures and increased as the temperature decreased; the
selectivity of TMPs increased with increasing reaction time and finally stabilized.
It was observed that the interaction between reaction temperature and reaction
time was less significant (P=0.9102 > 0.05).

The interaction between reaction time and stirring speed at 7 °C is depicted
in Fig. 3. As seen in the figure, the selectivity of TMPs was increased with the
increase in stirring speed. This may be due to the fact that the high rate of stir-
ring disperses the acid hydrocarbon sufficiently, which will enhance the reaction
and produce more target products. In contrast, the longer reaction time will allow
the system to react sufficiently and finally reach equilibrium. The interaction was
observed to be pretty significant (P =0.0242 <0.05).

Fig. 4 illustrates the association between reaction temperature and stirring
speed and the selectivity of TMPs at 5 min of the reaction. The figure showed that
the selectivity of TMPs rose as reaction temperature decreased. A decrease in the
octane number of the alkylated oil was observed as a result of the study’s find-
ings that raising the reaction temperature during the alkylation reaction caused
an increase in the content of by-products like isomerization in the alkylation

S

s2.14

/MM [RNANIIP!

1 2 3 4 5 6 7
Reaction time/min

Fig.2 Contour plot and response surface plot of TMPs vs. reaction time and reaction temperature
(N=1300 rpm, A/H=1:1)
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Fig.3 Contour plots and response surface plots of TMPs vs. reaction time and stirring speed (T=7 °C,
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Fig.4 Contour plots and response surface plots of TMPs vs. reaction temperature and stirring speed
(t=5 min, A/H=1:1)

products; decreasing the reaction temperature increases the content of TMPs. It
was observed that this interaction had a significant effect. (P=0.0181 <0.05).

Optimization reaction conditions

For this work, at reaction conditions of 3 °C, 7 min, and 1500 rpm, the best selectiv-
ity of TMPs predicted by the model was 76.72%. The experiment was conducted three
times under the response surface model’s optimum conditions to check the model’s
accuracy, and the average selectivity was 77.47%. The relative error between the antici-
pated and experimental averages was 0.98%. Therefore, the proposed model is reason-
able. Table 3 presents the experimental outcomes.
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Table 3 Prediction optimization validation results

Response value Number Average value Predicted value Relative error
1 2 3
Selectivity/wt% 77.65 76.64 78.13 77.47 76.72 0.98%

Kinetic model
Model building

The alkylation process is a very quick reaction. Sulfuric acid at low temperatures
can have a significant impact on the mass transfer when the transfer rate is insuf-
ficient [34]. The mass transfer limitation had been abolished because it had been
demonstrated experimentally that, after the stirring speed exceeded 1300 rpm, rais-
ing the stirring speed had minimal impact on the alkylation process. Thus, 1300 rpm
stirring speed was used throughout all investigations on alkylation kinetics at vary-
ing temperatures.

A thorough understanding of the reaction mechanism is essential since it is cru-
cial to the design and optimization of the reaction process. The mechanism of the
alkylation reaction has received a lot of attention. The classical carbenium ion mech-
anism is a commonly accepted explanation for the sulfuric acid alkylation process.

The classical carbenium ion mechanism applies to the alkylation of isobutane
and olefins. At first, Isobutylene undergoes a reversible protonation reaction with a
strong acid in an acidic environment to produce the tert-butyl group.

kl
; = + A +
i-C, +H EZ—C4 4)
where i-C,~ is isobutylene and i-C," is the tert-butyl group.

In the existence of H,SO,, isomerization reactions between various olefins occur
rapidly, and the thermodynamic equilibrium between several olefins is more inclined
to produce isobutene. The equation of the isomerization reaction is shown below.

_ kK _ K _
1-C=2-C=i-C] ®)

where 1-C,~ is 1-butene; 2-C,~ is 2-butene; K, is the reaction equilibrium constant
of 2-butene with 1-butene; K, is the reaction equilibrium constant of 2-butene with
isobutene.

The tert-butyl group reacts with isobutene (or 2-butene) to create the Cq carbon-
ium ion, which further interacts with isobutane to create 2,2,4-trimethylpentane and
the tert-butyl group by a hydrogen transfer process.

The tert-butyl group reacts with isobutene (or 2-butene) to produce the Cg car-
bonium ion, which continues to interact with isobutane by hydrogen transfer reac-
tion to obtain 2,2,4-trimethylpentane and the tert-butyl group. The tert-butyl group
is rejoined in the catalytic reaction cycle.
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k
i—Cf+i-Cj(or2 - C;)—> TMPs* (6)
k
TMPs* + i — C;—>TMPs + i — C} ©)

where TMPs is represented by trimethylpentane. The Cg carbenium ion can undergo
isomerization reactions through methyl and hydride transfers to afford various Cg
carbenium ions.

The formation pathway of the DMHs is similar to that of the TMPs. The tert-
butyl group reacts with 1-butene to create the DMHs, where DMHs is indicated as
dimethylpentane.

k
i-Cf+1-C; —DMHs* (®)
ks
DMHs* + i — C;,—>DMHs + i — C} ©)

The polymer cations (C,,*, m>10) are mainly produced by the polymerization of
olefins or synthesized by TMPs* (or DMHs") with i—C,~ (or 2—C,7). Then C,,* con-
tinues to react with i—C, to produce C,, and i—C,".

TMPs*(or DMHs*) + i — C;(0r2 - C;) - C;, (10)

+ . k . +
Cm+l—C4§Cm+l—C4 (11D
The long-chain carbocations are unstable in an acidic environment, and they undergo
cleavage reactions to form more stable molecules. Thus C,,* will fragment into differ-
ent small molecules of olefins or carbocations.
oty oo 12

n Gt 12)

where CXJr represents the carbenium ion and Cy: means olefin, x,y=5,6,7.
Since Cy is less stable, a fraction breaks to generate Cs~ and i—C,*; The other moi-

ety would react with i-C, to produce Cy, which is a reversible reaction.

k
CH—5Cs+i-Cf (13)

+ : ]il : +
CG+i-C=C+i-C (14)
12

The Cs= and Cs* generated by the breakage of the long-chain carbenium ions will
further react in an acidic environment to form Cs.

k
C+i-Cy+H 5C+i-C} (15)
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k
Cr+i-C—Cs+i-Ch (16)

The C,~ and C¢*, C;~ and C;* generated by the fracture of long-chain carbenium
ions will also undergo similar reactions, producing C4 and C,, respectively.

Cc+i-C+H e +i-ct (17)
Crai-C25c,+i-Ct (18)
Co+i-C+H2SC +i-ct (19)
Ch+i—C-5C, +i-Ct (20)

In summary, Fig. 5 depicts the entire reaction route network.

During the process of alkylation, numerous side reactions occur simultaneously, so
that many isoalkanes and the corresponding carbenium ions. Moreover, the intramo-
lecular hydrogen transfer and intramolecular methyl transfer lead to the generation of a
large number of isomers. However, only a few key groups can be measured in alkyla-
tions, and carbon ions are challenging to detect. To avoid overfitting, we try to simplify
the model. The TMPs, DMHs and C,, are each defined as a single component. In addi-
tion, it is assumed that the alkylation reaction is in chemical equilibrium before the

Fig.5 Diagrammatic representation of the reaction pathway network
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occurrence of Eq. (5). Thus, using the total concentration of olefins, it is possible to cal-
culate the concentration distributions of isobutene, 1-butene, and 2-butene individually.

Cloc; = G- O3 21

Ciecz = P Crc- (22)

where a=K,/(1+K,+K,), f=K,/(1+K,+K,).
The following kinetic model will be constructed using the reaction stages and postu-
lates previously given,
ey k e, — ky(1 — a) k k(1 - a)
— =kyc5 — c - — a)cic3 — kyacicy — — a)c|cqC
dr 263 1P€y 3 163 4aC €3 7 192% (93
— k(1 — a)ejces — kyo(1 — a)eycqy — k(1 = a)eicyeqy

dc
7: =kgcscg + ko303 — kscyey — kgeacs — k(1 — a)ejcycy
— k(1 — a)cjces — k(1 — a)ccpeyy — kyzcpey 24)
— ki4ey¢19 = kisCac3 — kigCrC1y — ki765¢16 — kigercyy
de,
_[ =k1ﬂcl —k26‘3 - k3(1 - a)C1C3 —k4aC1C4 - k8C3CS - k12C3618
+ kio(1 — a)ejcyy + kscyey + kgeyes + k(1 — a)eqcpey (25)
+ k(1 — a)cycpes + k(1 — @)cycyeqy + kyzcpeqy + kyucpcyg
+ kiscyci3 + kigercis + kigcycie + kigercyy
dey
i ky(1 — a)cic3 — kscyey — k(1 — a)cjcpey — k(1 — a)cicy,  (26)
dcs
e ky(1 — a)cjc3 — kgcacs — k(1 — a)cjcpes — ko(1 — @)cics (27)
Do _ 4 28)
d 5C2Cy
ey _y 29)
g - KeCaCs (
dcg
- = ky(1 — a)cicyey + ky(1 — a)cjcacs — kgescg (30)

@ Springer



1906

Reaction Kinetics, Mechanisms and Catalysis (2023) 136:1891-1913

dcyy
dt

dcy;
dt

dcyz
dt

deyy
dt

dcyg
dt

dcy;
dt

= k365011 + kigcpcg

a)c ey + ko(1 — a)cjes + k(1 —

a)ch4 + k9(1 - a)C1C5 + klo(l -

= kyscy013 + kieCaC14

a’)ClC4 + kg(l - 0()6‘105 + klo(l -

a)c e, + ko(1 — a)cjes + k(1 —

= k765016 + kigercyg

a)ch4 + k9(1 - a)CICS + klo(l -

O()CIC4 + k9(1 - a)CICS + klo(l -

a)c ¢y

a)c ¢y

a)cicyy

a)cicy

a)c ¢y

a)cicyy

= k(1 = a)ejcyeyy — kypeseg

€1V

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

where the initial conditions are zero components except for t=0, ¢;=c¢,% ¢,=c,’.
In Egs. (23)-(40), the number 1 to 18 is related to the corresponding species as fol-
lows: 1, 2-C,~; 2,i-Cy; 3, i-C,*; 4, TMPs™; 5, DMHs™; 6, TMPs; 7, DMHs; 8, C,.;; 9,

Cs: 10, Cs=; 11, C5*: 12, Cg; 13, C™: 14, Cg*: 15, C;: 16, C,73 17, C,: 18, C.

Estimation methods and results

Before fitting the system of ordinary differential equations, the constants a and
p in the system of equations need to be determined. Therefore, it is necessary to
calculate the equilibrium constants (K; and K,) for the isomerization reaction of
2-butene. The parameters of K, and K, at various temperatures can be calculated
using the RGibbs block on the ASPEN Plus platform’s robust thermodynamic
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Table 4 Concentration distribution and equilibrium constants of butane

Temperature/K 1-C4~/% cis-2-C,~1% trans-2-C,~1% i-C, 1% K, K,

278.2 0.37 347 9.23 86.93 0.0291 6.8425
280.2 0.39 3.57 9.38 86.66 0.0300 6.6935
2822 0.41 3.66 9.53 86.40 0.0309 6.5497
284.2 0.43 3.76 9.67 86.14 0.0317 6.4110

database. The average of the equilibrium constants obtained from the RGibbs
block could be applied to determine the values of a and . The calculation results
of the equilibrium constants are displayed in Table 4.

The average K, and K, between 278.2 and 284.2 K can be obtained from
Table 4 as 0.0304 and 6.6242, respectively. Thus, according to Eqgs. (21) and (22),
one can obtain a and S as 0.0040 and 0.8654, respectively.

The estimation of parameters is actually the optimization of the data, and the
determination of the optimization objective is a significant step. Optimization
techniques used for parameter estimation usually require a valid error statisti-
cal criterion. A suitable error criterion, such as least squares, maximum likeli-
hood, and probability density functions, can be used to predict the system’s ideal
parameters. For most nonlinear parameter estimation problems, the optimization
criterion uses the least squares method to obtain a satisfactory optimal solution.

In this paper, the kinetic model for the alkylation process of isobutane/2-butene
was developed where catalyst was sulfuric acid, and the program code was writ-
ten in Matlab programming language for the calculation. The ODE45 function in
Matlab was applied to resolve the system of ordinary differential Egs. (23)-(40).
The Runge—Kutta method was used for iterative calculations to fit the estimated
parameters by nonlinear least squares, i.e., the following objective function was
fitted by nonlinear least squares, as shown in Eq. (41).

n

F = Z (Ci,cxp - Ci,cal)2 (41)

i=1

where n is the quantity of experimental data, and ¢; ., and ¢; ., stand for the experi-
mental and calculated data of component i, respectively.

During the fitting calculations, it was found that ks, k; and k;-k;¢ had little
variation with temperature, indicating that these reaction steps had extremely low
activation energies. Langley et al. [23] also found this phenomenon during their
study, stating that the reason for this is that these rate constants are not a function
of temperature. This phenomenon also indicates that the hydride transfer reaction
is not a strong function of temperature. Therefore, the values of these ten reaction
rate constants are assumed not to vary with temperature to decrease the fraction
of parameters to be adjusted, to simplify the fitting process, and to avoid the prob-
lem of overfitting.

@ Springer



1908 Reaction Kinetics, Mechanisms and Catalysis (2023) 136:1891-1913

Table 5 Kinetic rate constants and confidence intervals

Rate constants Temperature/K

278.2 280.2 2822 284.2
ky/ min~! 52.67+23.51 4131+11.17 33.29+7.92 30.02+4.81
ky/min~! 0.43+0.04 0.50+0.02 0.58+0.01 0.73+0.01
ky/mol-mol~!-min™"! 74.73 +28.42 76.90+24.23 80.98 +£9.47 86.45+5.37
k4, 10*/mol-mol~!-min~! 271+1.54 2.76+£0.67 2.81+0.27 2.84+0.18
ks/mol-mol~"-min~" 32.41+22.61
kg, 10%mol-mol~!-min"! 5.07+0.95
ks, 10%/mol*mol=2-min~" 3.10+1.45 3.36+2.29 3.66+1.16 3.79+0.61
kg/mol-mol™"-min™"! 0.29+0.03 0.35+0.01 0.43+0.01 0.50+0.01
kg, 10%mol-mol~!-min™"! 2.11£1.48 2.26+0.81 2.46+0.69 2.75+£047
k9, 10%/mol-mol~"-min~" 7.86+0.91 7.96 +0.62 8.04+0.35 8.11£0.15
k1, 10%/mol*mol~2-min~! 2.65+1.10
kj»/mol-mol~"-min~! 0.42+0.01
k;3/mol-mol~"-min~" 22.48+0.27
k4> 10% kg-mol~!-min~! 1.68+1.07
k;s/mol-mol~!-min™" 28.36+0.01
k;/mol-mol~!-min~" 53.27+0.01
ky7/mol-mol~!-min™! 35.82+0.14
kg/mol-mol~!-min™! 35.48+0.13

The estimated parameters and 95% confidence intervals for k-k;5 were shown
in Table 5. As Table 5 indicated, the confidence intervals for the majority of the
parameters were one order of magnitude less than the respective parameters,
which demonstrated the estimated rate constants were reliable. The concentra-
tion profiles predicted by the model, along with the measured value of the vital
components for the alkylation reactants at various temperatures, were displayed
in Fig. 6. The strong agreement between experimental results and expected val-
ues was immediately obvious, further demonstrating the dependability of kinetic
model.

The Arrhenius relationship can be employed to determine the reaction’s activa-
tion energy and pre-exponential factor, which is calculated as shown in Eqgs. (42)
and (43). The linear relationship between Ink and 1/T for different rate constants
was plotted based on Eq. (43). Fig. 7 displays the excellent linear correlation
between Ink and 1/T. However, the anti-Arrhenius behavior of k; can be observed
in the figure, where the value of k; decreases with increasing temperature. This
phenomenon may not be anomalous for hydrocarbon reactions in molecules with
free radicals [35]. A decline in the multi-step reaction’s equilibrium constant or
variations in the environment may cause the anti-Arrhenius behavior [36, 37].

k = ael"#) “42)
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Fig.6 Concentration distribution of critical components for the alkylation reaction of isobutene/2-
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Fig.7 The Arrhenius relationship of In(k;) and T~
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Table 6 Actlvathn energies (E,) Rate constants Activation energies, Pre-exponential factors
and pre-exponential factors (A) KJ/mol

of the reaction

k, —-62.59 9.07x 107!
k, 56.15 1.48x10'°
ky 16.05 7.64x10*
ky 527 2.65%x 10*
k; 22.63 5.54x10°
kg 59.94 5.23x10'
ke 29.12 6.11x 10’
kyo 3.42 3.46x 10°
E, 1
1nk=—E-?+lnA (43)

As can be seen from Table 6, the main reaction’s (k;) activation energy is
16.05 kJ/mol, and the activation energy of the side reactions are — 62.59—59.94 kJ/
mol. The presence of negative activation energy in it may be due to multi-step equi-
librium reactions [37]. Compared with the main reaction, most of the side reactions’
activation energies were relatively large, indicating that a low temperature favors
the main reaction while a high temperature favors the side reactions. As the reac-
tion temperature increased, the by-products would increase substantially, leading to
a decrease in the quality of the alkylated oil, which was consistent with the pattern
found in the single-factor experiments.

Conclusions

The CCD method in RSM was used to conduct a multi-factorial analysis of the C,
alkylation reaction process to investigate the interactions between the reaction fac-
tors and then optimize the reaction conditions. The influence of the influencing fac-
tors on the selectivity of TMPs was investigated using the single-factor method, and
the optimal range of values was determined. Based on the experiments designed
by the CCD method, a quadratic model of the interaction between the factors was
established and fitted well with RZ=0.9958, P<0.0001. It was discovered that the
reaction time had the greatest impact on the selectivity of TMPs, followed by the
reaction temperature. The relative error between the model’s experimental and pre-
dicted values was 0.98%, and the values were 77.47% and 76.72%, respectively. The
fact that there is no significant difference between experimental and estimated val-
ues demonstrates the excellent reliability of the proposed quadratic model.

The kinetic model for the alkylation reaction of isobutane/2-butene using H,SO,
as the catalyst was developed based on the classical carbenium ion mechanism. Non-
linear least square in Matlab was used for the model to estimate the parameters, with
the rate constants and 95% confidence intervals obtained being reasonable. Based
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on the Arrhenius relationship, the activation energies and pre-exponential factors of
the various reactions were determined. The research revealed that the main reac-
tion’s (k;) activation energy was 16.03 kJ/mol, while the activation energies of the
side reactions ranged from 3.42 to 59.94 kJ/mol. It was noteworthy that k; had an
activation energy of — 62.59 kJ/mol, which was probably the result of a multi-step
equilibrium reaction. The kinetic model could estimate the variation of critical com-
ponents in alkylates with time, namely Cs, C4, C;, TMPs, DMHs, Cy and C,. The
results indicated that the estimated values of the model were well-fitted and in excel-
lent agreement with the empirical data, demonstrating that the kinetic model was
plausible and could serve as guidance for designing and optimizing reactors in the
alkylation industry..
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