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Abstract

The continuous growth of demand on synthetic detergents worldwide, which include such components
as surfactants causes increasing of research and optimization interests towards the process of
obtaining linear alkylbenzenes or the problem of linear alkylbenzenes sulfonation. The method of
mathematical modelling used in this paper was chosen as the best concerning the optimization of the
process. It allows monitoring the influence of main parameters without interfering in the process. As
the result mathematical model of linear alkylbenzenes (LAB) sulfonation process was obtained.
Adequacy of which is supported by the correspondence of calculated and experimental dependencies
of the main parameters (such as yields of target and some side products, which are alkylbenzene
sulfonic acid (ASA) and, for example, highly viscous component respectively). Also, information about
the dependency of highly viscous component accumulation and ASA from temperature and film
thickness in the reactor is obtained.

Keywords: Sulfonation; Linear alkyl benzene,; Alkylbenzene sulfonic acid; Highly viscous component; Multi-
tubular film reactor; Mathematical modeling.

1. Introduction

Linear alkylbenzene sulfonates (LAS) are among the most used component in the produc-
tion of synthetic detergents and surfactants. LAS are alkyl aromatic chemical compounds
which include saturated hydrocarbon side-chain of 10-13 carbon atoms and one or several
sulfonic groups [*1,

According to “"BusinessStat,” the demand for the detergents market in Russia in 2015 was
1.64 million tons. Until 2020, the market size will overpass 1.75 million tones so that the
increase will be 6.7%. In 2017 the global market of liquid detergents was valued at $27,405
million, up to 2025 it is projected to reach $40,482 million, increasing by 5.2% from 2018 to
2025 according to “Allied Market Research” [2-3],

The continuous growth of world synthetic detergents production challenges the science with
research and optimization of related production processes having an increase of economic
efficiency as the main purpose.

The process of alkylbenzene sulfonic acid (ASA) production consists of following stages [1:4],
introduced on Fig.1:

1. Unbranched (Co-C:4 mainly) alkanes dehydration: polyalkanes are the products in this
stage;

2. Hydration of polyalkanes from the previous stage, in reverse, to monomers;

3. Benzene alkylation using liquid catalyst — hydrofluoric acid. In this stage linear alkylben-
zenes are the products flowing further downstream while HF-catalyst treated in regenerator
column;

4. Linear alkylbenzene sulfonation with sulfur trioxide in multitube film reactor. The final stage
- alkylbenzene sulfonic acid is the main product of the whole process.
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Figure 1. Stages of ASA production
2. Experimental

2.1. Study object

S0 In this research, a multi-tubular film reactor for linear
J, alkylbenzenes sulfonation installed in one of the real
petrochemical productions was considered as the study
object. The reactor itself is depicted in Fig. 2.
W= LAB The sulfonation reaction takes place in the tube side
oump 2009 consisting of 120 vertical tubes. Linear alkylbenzenes
flow into the upper part of the reactor, where they are
distributed uniformly by distribution device. Inside the
tubes, linear alkylbenzenes run off in the form of thin film
forced by gravitation and gaseous sulfur trioxide flow [5-71,
ot The optimal ratio of alkylbenzenes and gas is main-
1 water tained inside each of the tubes. Thus, reaction gas in-
cludes 5-5.5% vol. of trioxide.
Heat reduction from the reaction volume is performed
with cooling water circulation outside of tubes.
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Figure 2. LAB sulfonation reactor
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2.2. Sulfonation process chemistry
2.2.1. Gas mixture production

Sulfur anhydride obtaining occurs in stages:
1. Liquid sulfur burning in excess of treated air obtaining sulfur dioxide:
S + 02 — SO2
2. Catalytic oxidation of the dioxide in excess of drain air with sulfur trioxide as the product:
2S0:2 + 02 — 2S0s3

2.2.2. Sulfonation

The formation of sulfonic acid due to the interaction of linear alkyl benzene with a linear
saturated hydrocarbon chain, consisting of 10 to 13 carbon atoms, with sulfuric anhydride:
R-CsHs + SO3 - R — CeH4 - SO3H
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Possible side reactions with the formation of sulfonic anhydride or one of the types of sul-
fonic acid:
2 R-CeH4-SO3H + 3S03 — R-CeH4-S02-0-S02-CsHs-R + H2S04
R-CsHs + 2S03 — R-CsH4-S02-0-SOszH
The concentration of sulfones, the part of unsulfonated matter, does not overpass 1 %wt.
It does not depend from technological parameters unless SO3/LAB ratio is more than 1.08 -
in this case, a rapid increase of formation rate takes place.
Structure formula of sulfones is following:
R - CéHa - SO2 - CéHs - R’
Sulfonic acid may resolve, interact with remaining LAB or hydrolyze by water as well:
R-CeH4-S02-0-S03H + R-CéHs — 2 R - C6H4 - SOszH
R-CsH4-S02-0-S02-CeéHs-R + H20 - 2 R - CsHs - SOszH

2.2.3. Highly viscous component

Highly viscous component accumulation occurs during sulfonation. It is caused by aromatics
contained in the stock. As those components accumulate, the uniform flow of the film in tubes
of the reactor interrupts. Thus, trioxide diffusion into organic phase decreases, which leads to
the low-quality product as an output — mass concentration of unsulfotated matter increases
as well as the color index lowers [8-12],

When highly viscous component concentration in tube hits its critical point, the reactor is
washed with water to eliminate products which interfere normal reaction course. Thus, moni-
toring of highly viscous component accumulation is essential to maintain the required quality
of the product.

At present, the need for washing the reactor is determined by the pressure in it, which
depends on the amount of highly viscous component. In practice, this method does not allow
to achieve maximum efficiency of the process and is associated with the risk of formation of
a substandard product.

2.2.4. Methodology

The model proposed involves energy and mass and balances. Finally, some additional as-
sumptions were made for the mathematical model:
e No entrainments of liquid droplets into gas or of gas bubbles into the liquid film occur;
Fully developed film (entrance and exit effects to the reactor are neglected);
The liquid film is symmetric with respect to the reactor axis;
There are no radial gradients, of neither temperature nor con-centration;
The deactivation of reacting mixture stems from viscous component formation and affects
the reaction rate constants inverse exponentially.
e The astronomic time is abandoned in favor of the volume of raw materials processed dur-
ing the time between reactor washings.
In line with the assumptions above, the sulfonation reactor model can be described as
follows:

G%Jr(;%:sz.aj (1)
z N 4
Z=0, G=C/", T=T";
oT or 1 Y I o
Ga_z"'Ga_V:C_p;Wj ’(_AH j)'aj V=0, Ci=Cim, T=T".
where the activity of reaction mixture is defined as:
a, =e’e If Z=0 Cv.c-0, 5 =1 (2)

where: a; — activity, rel. units; G- concentration of the j-th component (mol m-3); Ci0 - ini-

tial concentration of the i-th component (mol m-3); Cv.c. — concentration of highly viscous
components (mol-m=3); G - flow rate (kg h'!); T - temperature (K); To - initial temperature
(K); W; - reaction rate (mol m=3 hour!); Z - the total volume of the recycled raw materials
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(m3); -AH; - heat of the j-th reaction (J mol); d - a change in the j-th reaction rate due to
viscous component or coke accumulation.

3. Results and discussions

During the modeling of the process of sulfonation in a multi-tubular film reactor, a dynamic
model of the reactor was used under the assumption concerning the mode of plug flow. The
chemical reactions rate constants were determined by solving the inverse kinetic problem on
the basis of experimental data - Table 1.

Table 1. Base reactions of the sulfonation process

Reaction Ea k
LAB + SO3 —ASA 3,80-10% 6,25
LAB + ASA —Unsulf. matter + H,0 3,50-104 9,38:102
2ABSK + SO3 —ASA anhydride + H,SO4 4,00-10% 4-10%
ASA anhydride + H20 —2ASA 2,50-10% 9,89-101
Unsulf. matter —-VK 4,00-10% 8,39-10°

3.1. Prediction of the period between reactor washings duration

Calculations concerning reactions taking place inside the sulfonation reactor were made
using developed modelling system. As the result dynamics of the mass concentration of the
key components such as ASA, unsulfonated matter, or sulfuric acid were obtained. Those
results are presented for two periods between reactor washing: 16.02.2018 - 05.03.2018 and
15.09.2018 - 10.10.2018 on Fig. 3 and 4.
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Figure 3. Dynamic of ASA and H>S0O4 concentration during the period between reactor washing
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Figure 4. Dynamic of highly viscous component accumulation
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Thus, the average deviation of the calculated data from the experimental data during the
period between reactor washings was less than one percent, which suggests that the calcu-
lated dependencies correspond to the experimental data. This means that the model is ade-
quate and may be used to study the main parameters of the process.

The usage of this computer simulation system allows making predictions about the duration
of the period between reactor washings on the basis of the concentration of highly viscous
components. The critical concentration was found by calculations based on the prescribed
viscosity of the product and is 0.034 %wt.

Also, as a result of calculations, the dynamics of accumulation of a highly viscous compo-
nent during the period between reactor washings were obtained. Fig. 4 show the results of
calculations of the accumulation of a highly viscous component for two cycles.

Thus period between reactor washings from 16.02.2018 to 05.03.2018 ended up with
highly viscous component concentration reaching 0.014 %wt., making the duration of the
period itself 14 days long.

The duration of the second period made up 26 days; reactor washing was performed when
highly viscous component concentration reached 0.028 %wt.

Then calculations were made until highly viscous component reach 0.034 %wt. With this,
the duration of the first period extended on 22 days, while the second - 4.

3.2. Study of temperature influence in the reactor on the highly viscous component
accumulation

The process of sulfonation can take place in the temperature range from 30 to 55°C. Thus,
calculations were also made to study the effect of the temperature regime of the process on
the concentration of the highly viscous component.

As can be seen in Fig. 5, the temperature of the sulfonation process affects the concentra-
tion of the highly viscous component. As the temperature in the reactor rises, the concentra-
tion of the highly viscous component formed over 1 day increases. Thus, at a temperature of
10 °C, 0.000321%wt. of a highly viscous component is formed per day, at 30°C - 0.000992
%wt., and at 50°C - 0.00263 %wt.
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Concentration of highly viscous conponent, % wt.
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Figure 5. Concentration of highly viscous component on the first day of period between reactor washings
at different temperature

Then calculations were carried out at different temperatures during two periods between
reactor washings, the results of which are shown in Fig. 6.

At a temperature of 30°C, the concentration of the highly viscous component on the last
day of the period was 0.024 %wt, at 40°C - 0.040 %wt., at 50°C - 0.065 %wt. Accordingly,
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with an increase in the temperature of the process, the rate of accumulation of the highly
viscous component increases, the duration of the period between reactor washings is reduced.
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Figure 6. Dynamic of highly viscous component accumulation at different temperature.
3.3. Study of film thickness influence in the reactor on main parameters

A period between reactor washings with a duration of 20 days was chosen for analysis.
Fig.7 shows the dynamics of accumulation of a highly viscous component when varying the
film thickness in the reactor from 0.3 mm to 3 mm.
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Figure 7. Dynamic of highly viscous component accumulation at a different film thickness

As can be seen from the graph, as the film thickness in the reactor increases, the concen-
tration of the highly viscous component increases. This is because as the film thickness in-
creases, diffusion of SO3 molecules through the film thickness becomes difficult, and the re-
action occurs only on its surface.

Thus, at a film thickness of 0.3 mm, the concentration of the highly viscous component on
the last day of the period between reactor washings is 0.004 %wt., at 1.5 mm - 0,024 %wt.,
and at 3 mm - 0.056 %wt.

With increasing film thickness, the formation of H2S04 increases. With film thickness in the
reactor of 0.3 mm, the concentration of sulfuric acid on the last day is 0.16 %wt., while with
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1.5 mm it was 0.68 %wt. and with 3 mm - 1.17 %wt. At the same time, the experimental
value is 0.6%wt.
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Figure 8. Dynamic of H,SO4 concentration at a different film thickness

With an increase in film thickness, the concentration of ASA decreases due to the formation
of a larger amount of unsulfonated matter, which negatively affects the quality of the product
flow, as shown in Fig. 9. With film thickness in the reactor of 0.3 mm, the concentration of
alkylbenzene sulfuric acid on the last day is 97.94% mass., while with 1.5 mm it was 96.99
%wt. and with 3 mm - 97.59 %wt. At the same time, the experimental value is 97.59 %wt.
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Figure 9. Dynamic of ASA concentration at a different film thickness
4. Conclusions

Thus, during the test calculations on the modeling system, it was noted that the dynamics
of the experimental and calculated mass fractions of the necessary products of the sulfonation
process, as well as their dependence on the film thickness inside the reactor tubes, are in
good correlation, which indicates the adequacy of the model.

Also, the developed model makes it possible to predict the duration of the period between
reactor washings, thus increasing its duration without harming the quality of the target prod-
uct - increasing the economic efficiency of the LAB sulfonation process.
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It was found that increasing the film thickness in the reactor has a negative effect on the
duration of the period between reactor washings and the formation of the target component,
ASA, since with increasing film thickness, the formation and accumulation of the highly viscous
component is accelerated, which, accordingly, reduces the proportion of ASA. Also, as the film
thickness increases, the proportion of unsulfonated matter in the product flow increases. This
is because the reaction takes place only on the surface of the LAB film in the reactor.
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