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ABSTRACT

The simulation was performed to evaluate the impact of by-passing the second liquid phase reactor in the series due to
the catalyst blockage problem leading to the shutdown in a butanol production plant. Butanal hydrogenation for the
production of butanol was simulated using the Aspen Plus software package. The process thermodynamics was described
by NRTL property model while the kinetic of the main and side reactions was represented by Pseudo-homogeneous
model. The attested packed bed reactor model was subsequently used to simulate butanal hydrogenation at different
reactor configuration, reactor operating conditions and reactor size. The targeted final total conversion was 99.5% of
butanal. The butanal conversion increased with the increase of reaction temperature and residence time. On the other
hand, the reactor pressure only affected the performance of the vapour phase reactor but not the liquid phase reactor.
Conclusively, the idea of bypassing liquid phase reactor for hydrogenation of butanal in the series could be adopted to
achieve the total targeted conversion, provided the plant is allowed to operate at a more severe operating condition. In the
modified configuration I, the last reactor should operate at 166.5°C and 16 bar whereas, in the modified configuration 11,

the reactor should operate at 285°C and 30 bar, considering the safety factor.
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1. Introduction

Butanol is a chemical that has excellent fuel characteristics. It contains approximately 22% oxygen, which
will result in more complete fuel combustion when it is used as a fuel extender. Moreover, compared to
ethanol, butanol has higher energy density and lower vapour pressure, so butanol is also considered a
preferred fuel additive or even a potential replacement for gasoline. The use of butanol as fuel will contribute
to clean air by reducing smog-creating compounds, harmful emissions (carbon monoxide) and unburned
hydrocarbons in the tailpipe exhaust [1]. Besides, roughly 2 x 10¢ tons of butanol are produced annually [2]
for use as a plasticiser, an industrial solvent, and an intermediate in the production of butyl acetate, a key
ingredient in lacquers and varnishes [3]. The demand for butanol is expected to increase in the future as a

consequence of recent studies showing that butanol is a viable alternative to ethanol as an additive to gasoline
[4,5]-

While many processes exist for the production of butanol, such as the aldol condensation of ethanal [0],

oxidation of butane [7], or the enzymatic fermentation of sugars [4,8], the overwhelming majority of butanol
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is produced in a three-step process involving the homogeneously catalyzed hydroformylation of propylene,
separation of the resulting butanal, and subsequent hydrogenation of butanal through a series of high pressure
and low pressure hydrogenation packed bed reactor. The Oxo synthesis (hydroformylation) process is based
on the reaction of propylene with Oxogas to give a crude mixture of #- and iso-butanal to be reacted with
hydrogen to form butanol via hydrogenation and distillation [9]. The adoption of a low-pressure rhodium-
based catalyst system in place of high-pressure cobalt for the hydroformylation of propylene by reaction with
carbon monoxide and hydrogen to produce butanal (an ‘oxo’ reaction) has brought large cost benefits to oxo
producers. The benefits are derived from improved feedstock efficiency, lower energy usage and simpler and

cheaper plant configurations [10].

A butanol production plant adopts the technology of using three packed bed reactors in series (1 vapour
phase reactor and two liquid phase reactors) for the high pressure and low-pressure butanal hydrogenation
respectively. This butanol production plant frequently encountered the catalyst blockage problem in the third
reactor, the Low-Pressure Hydrogenation (LPH) reactor, which caused a plant shutdown. In view of
minimising the production and revenue loss due to the plant shutdown, the plant operators propose to
continue producing the demanded product with the two precede hydrogenation reactors in series, by-passing
the third reactor. The proposal of excluding the LPH reactor from the reactor train could be evaluated
through simulation analysis. Simulation is a process of designing an accurate operational model of a reactor
and conducting investigations with this model for the purpose either of understanding the behaviour of the

system or of evaluating alternative strategies for the development or operation of the system [11].

The aim of the present work is to simulate and investigate the effect of the reactor scheme and operating
conditions to the reaction performance. The industrial plant data was used to validate the model. Three
reactor configurations of butanal hydrogenation were considered for the simulation analysis. Original reactor
configuration (single vapour phase reactor followed by two liquid phase reactors), modified configuration I
(single vapour phase reactor followed by single liquid phase reactor), and modified configuration II (single

vapour phase reactor).

2. Modelling Approach

2.1 Packed bed reactor model

A fixed packed bed reactor consists of a compact, immobile stack of catalyst pellets within a generally vertical
vessel. On macroscopic scales, the catalyst bed behaves as a porous media. The fixed beds are thus employed
as continuous tubular reactors in which the reactive species in the mobile fluid (gas or liquid) phase are

reacting over the catalyst surface (interior or exterior) in the stationary packed bed [12].

As with the PFR, the PBR is assumed to have no radial gradients in concentration, temperature, or reaction

rate. The generalised mole balance on species A over catalyst weight AW results in the equation [13].

In — Out + Generation = Accumulation 1)

FAw —FA(W + aw) + "'4aw = 0
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The differential form of the mole balance for a packed-bed reactor:

dar ’
= §

If the pressure drop and catalyst decay are neglected,

F o dF
W= fF:O _—r‘j 3)

where W is the catalyst weight needed to reduce the entering molar flow rate of species A, Fao, to a flow rate
Fa

The simulation of packed bed reactors for the production of butanol via hydrogenation of butanal was carried
out using R-Plug in Aspen Plus. RPlug is a rigorous model for plug flow reactors which assumes that perfect
mixing occurs in the radial direction and that no mixing occurs in the axial direction. RPlug can model one-
, two-, or three-phase reactors. This model is useful when reaction kinetics is known, including reactions

involving solids (Aspen Plus guideline 2016).

The process flow diagram of the original reactor configuration (one vapour phase reactor followed by two
liquid phase reactors) is shown in Figure 1. The feed stream entered the first reactor with the total flow rate
of 1506.26 kmol.hr!. It comprised of 0.703 mol% of Hz, 0.213 mol% of CHs, 0.004 mol% of H,O, 0.0.058
mol% of #-butanal, 0.017 mol% of i-butanal, 0.0.003 mol% of #-butanol, and 0.002 mol% of i-butanol. The
reaction temperatures were 213°C, 159°C, and 167°C for the first, second and third reactor respectively.
Whereas the reaction pressures for vapour phase and liquid phase reactors were 21 bar and 16 bar

respectively.

D Temperature (C)

D Pressure (bar)

D Molar Flow Rate (kmol/h)
D Vapor Fraction

Figure 1: Original reactor configuration for butanal hydrogenation.
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2.2 Kinetic model

2.2.1 Butanal hydrogenation
Eq.(4) and Eq.(5) show the chemical equation and kinetic model of #-butanal and /~butanal for the production

of butanol through butanal hydrogenation, which is found as endothermic reaction.
C4HgO + Hyp » C4H9OH “)

Thats = A6 (=5) Py Py ©)
Whete thas = Butanal reaction rate (Moles/liter.hr)

Ag= 33.38 Moles/liter.bar

A= 1.59345x107 Moles/liter.bar

E, = 2.9481x101° KJ/kmol

E = 60520 KJ/kmol

Pra= Partial pressure of butanal (bar)

Pro= Partial pressure of hydrogen (bar)

Where “g” and “1” refer to gas and liquid phase reactions.

2.2.2 Side Reaction
Beside butanal hydrogenation, the elevated temperature in this process also promotes side products such as
butyl butyrate. Butyl butyrate is produced from the hydrogenation of n-butanol, as shown in eq (6):

2C4H9OH — C8H1602+H2 6)
The rate equation for the side reaction is shown in eq (7).

E .
"byprod = Aexp (_ ?) Pbal1 | ™
Whete tiyprod = Byproduct reaction rate (Moles/liter.hr)

Ag= 3744.539 Moles/liter,bar

A 1=1.92079%x102 Moles/liter.bar

E, = 4.9884x101 KJ /kmol

Ei = 100973.53 KJ/kmol

Pra= Partial pressure of butanal (bar)

Puo= Partial pressure of hydrogen (bar)
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In order to validate the selected thermodynamics, reactor and kinetic models, the simulated results were

compared with the industrial plant data obtained from a packed bed reactor. The present study was limited to

the validation of the gas phase reactor due to the unavailability of plant data for the liquid phase reactor. The

plant data consists of reaction temperatures and pressure for the vapour phase reaction as well the inlet and

outlet mixture composition. The operating conditions are given in Table 1.

Table 1. Industrial plant data (adopted from [14])

Parameters

Inlet composition

Outlet composition

Temperature (°C) 125 125
Pressure (bar) 21 21
Flow rate (Kmol.h) 1506.25 1393.18
H, (mol) 0.703 0.679
CH4 (mol) 0.213 0.230
H>O (mol) 0.004 0.005
n-butanal (mol) 0.058 0
i-butanal (mol) 0.017 0
n-butanol (mol) 0.003 0.065
i-butanol (mol) 0.002 0.021

2.4 Simulation analysis to investigate the effect of different reactor configurations and operating condition

The effect of different reactor configurations was investigated at a wide range of operating conditions. These

reactor configurations included original reactor configuration (single vapour phase reactor followed by two

liquid phase reactors), moditied configuration I (single vapour phase reactor followed by single liquid phase

reactor), and modified configuration II (single vapour phase reactor). Table 2 provides the ranges of reactors

operating conditions.

Table 2. Operating conditions for hydrogenation reactors

Parameter

Hydrogenation
Unit

Reaction temperatures for vapour
phase reactor.

Reaction temperature for liquid
phase reactors.

Reaction pressure for both vapour
and liquid phase reactors.

135°C - 265°C

128°C - 196°C

16 — 21 bar
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3. Results and discussion

3.1 Model validation
In order to validate the selected thermodynamic, reactor and kinetic models, the simulated results were

compared with the industrial plant data obtained from a packed bed reactor. The present study was limited to
the validation of the gas phase reactor due to the unavailability of plant data for the liquid phase reactor. The
gas-phase reactor was operated at 125°C and 21 bat. The feed flow rate was 1506.25 kmol/hr with the

composition of Hz, H;O, CH,, i-butanal, n-butanal, i-butanol, and n-butanol.

As shown in Table 3 The butanal hydrogenation process is well described by the kinetic parameters since most
of the data points of all components except H>O are within the marginal error lines of 20%. The H>O outlet
composition is not accurately predicted due to its very low absolute value compared to the other components
[15]. The n-butanal conversion was 99.77% comparing within the literature which is 99.99%. While the
conversion of i-butanal was 100% typically the same conversion obtained. The reaction temperature was fixed

as 125°C, and the reaction pressure was fixed as 21 bar, based on the literature operating conditions.

In view of the average deviation of less than 10%, the validity of the models was confirmed, and these models

were used in the following simulation studies.

Table 3. Comparison of the simulation results with the industrial plant data

Industrial plant data Simulation results Relative Deviation (%)

[15]

Outlet composition

N (Kmol.h-1) 1393.18 1393.48 0.0216

Hz 0.679 0.679 0

CH,4 0.230 0.230 0

HO 0.005 0.004 20

n-butanal 0 0.000143 0

i-butanal 0 0 0

#-butanol 0.065 0.065 0

i-butanol 0.021 0.021 0

3.2 Original reactor configuration

The simulation of a reactor configuration with three (3) packed bed reactors in series (one vapour phase reactor
followed by two liquid phase reactors) was done. The effects of different operation conditions on the
performance of the third reactor were investigated, and the corresponding simulation results are shown in the

following sections.

3.2.1 Effect of reaction temperature
Based on the industrial plant data, the conversion of #-butanal in vapour phase reactor should achieve 60%,

and for the liquid phase reactors, the conversion of the #-butanal should be 85% for the first liquid phase

reactor and 99.5% for the second liquid phase reactor.

Figure 2. presents the variations of reactants conversions and product yields versus reaction temperature of the

last liquid phase reactor in the series. The reaction was carried out at pressure of 21 bar for the vapour phase
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reactor and 16 bar for the liquid phase reactors. The reaction temperatures of the vapour phase reactor and
first liquid phase reactor were fixed at 213 °C and 158.5 °C respectively. The reactors diameter and length were
2.75 m and 10.92 m, respectively.
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Figure 2: Effect of reaction temperature of the original configuration on (a) Conversion of reactants (b) Yield of
products.

The conversion of #-butanal increased with the increase of temperature. While the conversion of i-butanal was
almost constant. With the increase in reaction temperature from 140.5 °C to 159.5 °C, #-butanal conversion
increased from 78.24% to 99.48%. In addition, the yield of #-butanol increased from 96.8% to 98.08%, the
yield of i-butanol was unvaried and remained at 100%, and butyl butyrate yield was remained constant with a

yield of 0.95%. The highest #-butanal conversion is 99.99%. and it was obtained at temperature of 167 °C.

3.2.2 Effect of reaction pressure
The effect of pressure on the conversion of reactants of the third reactor in the series can be seen in Figure 3.

The operating temperatures of vapour phase reactor and two liquid phase reactors were fixed as 213 °C, 158.5

°C, and 159.5 °C. The reactors diameter and length were 2.75 m and 10.92 m, respectively.

The effect of pressure was investigated in the range of 16 to 21 bar for the second liquid phase reactor. It can
be observed that when the pressure increased, the conversion of reactants was not affected negatively or a
positively. Therefore, the conversion of #-butanal and i-butanal are remained constant at 99.48% and 100% as
the pressure was increased from 16 to 21 bar. The concentration of reactants is insignificantly affected by even

relatively large changes in the total pressure. Consequently, the effect of pressure can be totally ignored.

Therefore, the pressure of 16 bar was chosen in the subsequent studies.
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Figure 3: Effect of reaction pressure of the original configuration on the conversion of reactants

3.2.3 Effect of reactor size
The effects of the reactor diameter and length were investigated of the third reactor in the series in the
hydrogenation of butanal to produce butanol. The reaction was carried out at 213 °C, 158.5 °C, and 159.5 °C
of reaction temperature and 21 bar, 16 bar, and 21 bar of reaction pressure for single vapour and two liquid

phase reactors. Figure 4 shows the results of the effect of reactor size.

The reactor volume changes with reactor length and reactor diameter. Reactor volume also affects the reaction
performance. Therefore, sizing of the reactor is very important when high conversion and yield values desired.
Therefore, the conversion of the reactants and the yield of products changes along the reactor. The reaction
rate is a function of concentration; hence, it also varies with reactor length. The diffusion of the reactor is effect
by the reactor size, which is the spontaneous intermingling or mixing of atoms or molecules by random thermal
motion. It gives rise to motion of the species relative to motion of the mixture. In the absence of other gradients
(such as temperature, electric potential, or gravitational potential). Molecules of a given species within a single

phase will always diffuse from regions of higher concentrations to regions of lower concentrations [14].

An increase in reactor length and diameter of the plug flow reactors caused a significant increase in the butanal
conversion and in the yield of the products. The allowable L/D ratio is 4 to 10; therefore, the investigation of
varies length and diameter was not exceeding the L/D ratio range through all the discussion. As seen in Figure
4 when the reactor diameter was increased from 1.25 to 2.75 m and reactor length was 10.92 m, #-butanal and
i-butanal conversions increased from 24.32 to 99.48% and 35.38 to 100%. While the yield of #-butanol, i-
butanol, and butyl butyrate increased from 49.53 to 98.08%, 64.92 to 100%, and 0.33 to 0.95%. While the
reactor length was increased from 10.92 m to 12 m, reactor diameter was 2.75 m, #-butanal reaction conversion
values increased from 99.48 to 99.98%. While the conversion of #z-butanal at 12.25 m of reactor length
decreased to 99.96% and within increasing of reactor length to 12.5 m, lead to increasing of #-butanal
conversion with maximum amount of 99.99%. While the conversion of i-butanal was remaining constant at
100%. While the yield of #-butanol decreases with reactor length, butyl butyrate yield increases. The highest
conversion of z-butanal was obtained as 99.99% when the reactor diameter and reactor length was 2.75 m and

12.5 m, respectively.
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Figure 4: (a) Effect of reactor length of the original configuration on the conversion of reactants (b) Effect of reactor
length on the yield of products (c) Effect of reactor diameter on the conversion of reactants (d) Effect of reactor
diameter on the yield of products.

As shown in Table 4., the residence time of the second liquid phase reactor was calculated at varies reactor
lengths and diameters. The reaction was carried out at 213 °C, 158.5 °C, and 159.5 °C in the first, second and
third reactors respectively whereas the reaction pressures of these reactors are 21 bar, 16 bar, and 21 bar
correspondingly. When the reactor diameter was increased from 1.25 to 2.75 m with the reactor length of 10.92
m, residence time increased from 5.83 to 28.8 minutes. While when the reactors length was increased from
10.92 to 12.5 m and reactor diameter fixed as 2.75m, residence time increased from 28.8 to 33 minutes. It is to
conclude that the residence time of liquid phase reactors increases with increases of reactor length and diameter

and resulting in increases of conversion values.
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Table 4. The effect of reactor size of the original configuration on the reactor residence time
Reactor length fixed as 10.92 (m)

Diameter (m) Residence time (min) #-butanal conversion (%) i-butanal conversion (%)
1.25 5.8 24.32 35.38
1.5 8.5 35.36 51.29
2 15.2 63.22 87.15
2.5 23.8 92.17 99.7
2.75 28.8 99.48 100
Reactor diameter fixed as 2.75 (m)
Length (m) Residence time (min) #-butanal conversion (%) i-butanal conversion (%)
10.92 28.8 99.48 100
11 29 99.58 100
12 31.6 99.98 100
12.25 323 99.96 100
12.5 33 99.99 100

3.3 Modified reactors configuration
Simulation was also performed using the modified reactor configurations. Modified Configuration I comprised

of two reactors in series, a vapour phase reactor followed by a liquid phase reactor, while Modified
Configuration 1I constituted by solely the vapour phase reactor. The effects of variation of temperature,

pressure and reactor size are reported as follows.

3.3.1 Modified configuration I- bypassing the second low-pressure liquid phase hydrogenation reactor
3.3.1.1 Effect of reaction temperature

Figure 5 shows the effect of reaction temperature on the conversion of reactants and the yields of products.
The reaction was catried out at pressure of 21 bar for the vapour phase reactor and 16 bar for the liquid phase
reactor. The reaction temperature of the vapour phase reactor was fixed as 255 °C and the reaction pressure
were fixed as 21 bar and 16 bar for the vapour and liquid phase reactors. The reactors diameter and length were

2.75 m and 10.92 m, respectively.

The conversion of #-butanal increased with the increase of temperature from 77.32% to 99.45% and the
conversion of i-butanal increased from 99.07 to 100 % with a range of temperature from 146.5 °C to 166.5 °.
In addition, the yield of #-butanol increased from 93.39% to 96.7%, the yield of i-butanol is linear at 100%, and
butyl butyrate yield is remained constant with a yield of 1.61%. While the maximum #-butanal conversion was
obtained at the temperature of 171 °C as 99.99%.
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Figure 5: Effect of reaction temperature of the modified configuration I on (a) Conversion of reactants (b) Yield of
products

3.3.1.2 Effect of reaction pressure
The effect of pressure on the conversion of reactants can be seen in Figure 6. The operation conditions of the
vapour phase reactor and liquid phaser reactor were fixed as  255°C, and 166.5°C of the reaction temperature
and the vapour phase reactor reaction pressure was fixed as 21 bar. The reactors diameter and length were fixed

as 2.75 m and 10.92 m, respectively.

The effect of pressure was investigated in the range of 16 to 21 bar for the liquid phase reactor. It can be
observed that when the pressure is increased, the conversion of reactants does not suffer a negative or a positive
effect. Higher pressure or even lower pressure do not encourage butanal conversion. The maximum amount
of reactants conversion can be achieved at any certain pressure. Therefore, the conversion of #-butanal and i-

butanal are remained constant at 99.44% and 100% as the pressure was increased from 16 to 21 bar.
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Figure 6: Effect of reaction pressure of the modified configuration I on the conversion of reactants.
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3.3.1.3 Effect of reactor size
The reaction was carried out at 255 °C and 166.5 °C for the reaction temperature and 21 bar and 16 bar of

reaction pressure for single vapour and liquid phase reactors. The obtained results are shown in Figure 7.

An increase in reactor length and diameter of the plug flow reactors caused a significant increase in the butanal
conversion and the yield of the products. As seen in Figure 4 when the reactor diameter was increased from
1.25 to 2.75 m and reactor length was 10.92 m, #-butanal and i-butanal conversions increased from 30.07 to
99.44% and 42.41 to 100%. While the yield of #-butanol, i-butanol, and butyl butyrate increased from 49.53 to
98.08%, 64.92 to 100%, and 0.78 to 1.61%. While the reactor length was increased from 10.92 m to 12 m,
reactor diameter was 2.75 m, #-butanal reaction conversion values increased from 99.44 to 99.99%. While the
conversion of #-butanal at 12.5 m of reactor length decreased to 99.98%. While the conversion of i-butanal was
remaining constant at 100%. The yield of #-butanol increases at certain reactor lengths and decreases with
others and butyl butyrate yield increases. The highest conversion of #-butanal was obtained as 99.98% when

the reactor diameter and reactor length was 2.75 m and 12.25 m, respectively.
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Figure 7: (a) Effect of reactor length of the modified configuration I on the conversion of reactants (b) Effect of
reactor length on the yield of products (c) Effect of reactor diameter on the conversion of reactants (d)Effect of reactor
diameter on the yield of products.
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Table 5. Shows the residence time of the liquid phase reactor at varies reactor lengths and diameters. The
reaction was carried out at 255 °C, 166.5 °C temperature and 21 bar, 16 bar of reaction pressure for single
vapour and liquid phase reactors. When the reactor diameter was increased from 1.25 to 2.75 m, and reactor
length was 10.92 m, residence time increases from 5.83 to 28.8 minutes. While when the reactors length was
increased from 10.92 to 12.5 m and reactor diameter fixed as 2.75m, residence time increase from 28.8 to 33
minutes. We concluded that the residence time of liquid phase reactors increases with increases of reactor length

and diameter and resulting in increasing of conversion values.

Table 5. The effect of reactor size of the modified configuration I on the reactor residence time
Reactor length fixed as 10.92 (m)

Diameter (m) Residence time (min) #-butanal conversion (%) i-butanal conversion (%)
1.25 5.8 30.07 42.41
1.5 8.4 42.55 58.95
2 15.2 70.66 90.27
2.5 23.8 94.31 99.98
2.75 28.8 99.44 100
Reactor diameter fixed as 2.75 (m)
Length (m) Residence time (min) n-butanal conversion (%o) i-butanal conversion (%o)
10.92 28.8 99.44 100
11 29 99.52 100
12 31.6 99.99 100
12.25 323 99.99 100
12.5 33 99.98 100

3.3.2 Benchmarking the simulation results of modified configuration I with that in the original reactor
configuration
Based on the plant data, the targeted total conversion from the last reactor in the series should be 99.5%. In

the Modified Configuration I, the total conversion of 99.44% from the first liquid phase reactor in the series
obtained at reaction temperature of 166.5°C and reaction pressure of 16 bar. While the total conversion of the
vapour phase reactor was fixed as 85% obtained at reaction temperature of 255°C and reaction pressure of 21
bar. Comparing with those in the original reactor configuration the total conversion of 99.48% from the second
liquid phase reactor in the series obtained at reaction temperature of 159.5°C and reaction pressure of 16 bar.
While the reactor length and diameter were fixed as 10.92 (m) and 2.75 (m) in the both cases. A more severe

reaction temperature was required in the Modified Configuration I for achieving the total targeted conversion.

3.3.3 Modified configuration II- bypassing the first low-pressure liquid phase hydrogenation reactor
3.3.3.1 Effect of reaction temperature

Figure 8. shows the variations of reactants conversions and product yields versus reaction temperature of a
single vapour phase reactor. The reaction was carried out at pressure of 21 bar. The reactor diameter and length

were 2.75 m and 10.92 m, respectively.

The total conversion of n-butanal and i-butanal increased with the increases of temperature. #-butanal
conversion increased from 54.96% to 89.58% with industrial plant operation conditions limits. Whiles the

conversion of i-butanal increased from 69.34 to 97.97 %. In addition, the yield of #-butanol increased from
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53.31 to 86.06%, the yield of i-butanol increases from 69.34 to 97.97% and butyl butyrate yield is also increased
from 0.82 to 1.76.% In the case of want to exceed the industrial plant operation conditions, the maximum 7#-

butanal conversion was obtained at the temperature of 285 °C and reaction pressure of 30 bar as 99.99%.
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Figure 8: Effect of reaction temperature of the modified configuration Il on (a) Conversion of reactants (b) Yield of
products

3.3.3.2 Effect of reaction pressure
The effect of pressure on the conversion of reactants and the yields of the products can be seen in Figure 9.
The operation temperature of vapour phase reactor was fixed as 265°C. The reactors diameter and length were
2.75 m and 10.92 m, respectively.

The effect of pressure was investigated in the range of 16 to 21 bar for the vapour phase reaction. It can be
observed that when the pressure is increased, the conversion of reactants has a positive effect. Higher pressure
in vapour phase reaction encourages butanal conversion. However. In gas-phase reactions, the concentration
of the reacting species is proportional to the total pressure (Scott Fogler 2016). The maximum amount of
reactants conversion can be achieved at 21 bar. Therefore, the conversion of #z-butanal and i-butanal are
increased from 76.79 to 89.58% and from 89.8 to 97.97%. While the yields of the products increase from 73.9
to 86.06% of #-butanol yield and 89.77 to 97.97% of i-butanol, for the yield of butyl butyrate it increased from
1.45 to 1.76% as the pressure was increased from 16 to 21 bar.
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Figure 9: Effect of reaction pressure of the modified configuration Il on (a) Conversion of reactants (b) Yield of
products
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3.3.3.3 KEffect of reactor size
The reaction was cartied out at 265 °C and 21 bar of reaction pressute for vapour phase reaction. The obtained

results are shown in Figure 10. The reactor volume changes with reactor length and reactor diameter. Reactor
volume also affects the reaction kinetics. Therefore, sizing of the reactor is very important when high
conversion and yield values desired. Therefore, the conversion of the reactants and the yield of products
changes along the reactor. The reaction rate is a function of concentration; hence it also varies with reactor
length. An increase in reactor length and diameter of the plug flow reactors caused a significant increase in the
butanal conversion and the yield of the products. As seen in Figure 4 when the reactor diameter was increased
from 1.25 to 2.75 m and reactor length was 10.92 m, #-butanal and i-butanal conversions increased from 30.46
to 89.58% and 39.57 to 97.97%. While the yield of #-butanol, i-butanol, and butyl butyrate increased from 28.62
to 86.06%, 39.57 to 97.97%, and 0.92 to 1.76%. While the reactor length was increased from 10.92 m to 12 m,
reactor diameter was 2.75 m, #-butanal reaction conversion values increased from 89.58 to 93.66%. While the
conversion of i-butanal was increasing from 97.97 to 99.45%. The yield of #-butanol and i-butanol increases
from 86.06 to 90.12% and 97.97 to 99.45%. The butyl butyrate yield value is small with a variation of reactor
length, which is increased from 1.76 to 1.77%. The highest conversion of #-butanal was obtained as 93.65%

when the reactor diameter and reactor length were 2.75 m and 12.5 m, respectively.
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Figure 10: (@) Effect of reactor length of the modified configuration II on the conversion of reactants (b) Effect of
reactor length on the yield of products (c) Effect of reactor diameter on the conversion of reactants (d) Effect of
reactor diameter on the yield of products
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Table 6. shows the residence time of the vapour phase reaction at varies reactor lengths and diameters. The
reaction was carried out at 265 °C of reaction temperature and 21 bar of reaction pressure. When the reactor
diameter was increased from 1.25 to 2.75 m, and reactor length was 10.92 m, residence time increases from
0.257 to 1.3 minutes. While when the length of the reactors was increased from 10.92 to 12.5 m and reactor
diameter fixed as 2.75m, residence time increase from 1.3 to 1.5 minutes. We concluded that the residence time
of vapour phase reaction increases with increases of reactor length and diameter and resulting in increases of

conversion values.

Table 6. The effect of reactor size of the modified configuration Il on the reactor residence time
Reactor length fixed as 10.92 (m)

Diameter (m) Residence time (min) #-butanal conversion (%) i-butanal conversion (%)
1.25 0.3 30.46 39.57
1.5 0.4 41.45 52.95
2 0.7 63.76 77.63
2.5 1.1 82.59 93.89
2.75 1.3 89.58 97.97

Reactor diameter fixed as 2.75 (m)

Length (m) Residence time (min) #-butanal conversion (%) i-butanal conversion (%)
10.92 1.3 89.58 97.97
11 1.3 89.82 98.08
12 1.4 92.52 99.12
12.25 1.5 93.12 99.29
12.5 1.5 93.66 99.45

3.3.4 Benchmarking the comparison of the simulation results of modified configuration II with that in the
original reactor configuration
In the Modified Configuration 11, the total conversion from the vapour phase reactor can be obtained when

the reaction temperature fixed as 285 °C and reaction pressure of 30 bar. Comparing with that in the original
reactor configuration the total conversion value from the second liquid phase reactor in the series obtained at
reaction temperature of 159.5°C and reaction pressure of 16 bar. While the reactor length and diameter were
tixed as 10.92 (m) and 2.75 (m) in both cases. The total #-butanal conversion in the Modified Configuration 11
was 99.99 % in the case of the reactor operating conditions exceeded the industrial plant operating conditions.
While in the original configuration was 99.48%. In relative to the original configuration and Modified
Configuration I, the more severe operating temperature and pressure were needed to attain the desired total

conversion.

3.4 Comparison of data with that in the literature
Table 7. Compares the #-butanal conversion to #-butanol obtained from the present study with the findings of

other researches about hydrogenation of butanal. In literature, hydrogenation of butanal was mostly carried out
experimentally. Among the limited number of simulation studies found in literature, the effect of temperature

was usually investigated.
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Temperature Pressure Catalyst type Reactor type Reaction Conversion References
(°C) (bar) Phase of n-butanal
%)
139.85 3.1 SX-Rh SILP, and Packed bed Vapour 90
Shvo/SiO; catalysts reactor [16]
125 21 G-66 copper base Tubular Vapour 99.99
catalyst reactor [14]
210 5.8 Coppet-zinc oxide Fixed bed Vapour 99
catalysts reactor 17]
159.5 16 Coppet-zinc oxide Packed bed Liquid 99.48
catalysts reactor This study
166.5 16 Coppet-zinc oxide Packed bed Liquid 99.45
catalysts reactor This study
265 21 Coppet-zinc oxide Packed bed Vapour 89.58
catalysts reactor This study

In this study, the conversion of #-butanal was mostly higher than in other studies in the different reaction

conditions. Also, in the present studies, the high conversion of #-butanal was obtained under the higher

temperature according to the literature. The differences between the conversion of values in our study and the

values presented in the literature are related to reactor type, reactor size, and reaction phase. Packed bed reactor

and NRTL thermodynamic model were chosen in this study. These are important points for the conversion

values. The most appropriate reactor type, reactor sizing and thermodynamic model is resulted in high #-butanal

conversion value. In addition, optimization of operating parameters is also important for the high conversion

and yield values.

4. Conclusion

Aspen Plus was successfully applied to simulate and investigate the effect of the reactor scheme and operating

conditions to the reaction performance. In order to attain the total conversation of n-butanal as 99.44%, the

best-operating conditions for the last reactor in the modified configuration I were 166.5°C and 16 bar. While a

total conversion of z-butanal of 99.99% was achieved at the best-operating conditions of the modified

configuration II at 30 bar and 285 °C in the expense of a condition that exceeded the industrial operating

conditions limits. The best parameters obtained from the simulation study for butanal hydrogenation to

produce butanol indicates considerable potential and courage for bypassing the last liquid phase reactor in the

original reactor configuration.
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