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The production of ethyl oleate, by homogenous acid esterification of oleic acid with ethanol, have
discussed experimentally and via computational simulation in a plug flow reactor. An innovative
simulation model has developed to predict the esterification reaction performance in an ideal plug
flow reactor. The amount of H,SO4 acid catalyst, the initial molar ratio of alcohol to oleic acid,
ethanol concentration, reaction temperature, and esterification time have examined their effects on
ethyl oleate production and the conversion of oleic acid. Then the simulation extended to examine
the esterification reaction kinetics and determine the reaction rate coefficients. The simulation results
demonstrate that the increasing of H,SO, acid, initial molar ratio of ethanol to oleic acid, ethanol
concentration, and reaction temperature improved the productivity of the ethyl oleate and reduced
the reactor space-time. The kinetics results illustrated that the reaction sensitivity to the temperature
unchanging by using higher ethanol concentration and alcohol to oleic acid initial ratio. Lastly, the
experimental yields at different conditions were slightly higher from those simulating with average
values of 93.62 and 92.29%, respectively, indicating that the phenomenon of back-mixing cannot be
ignored in esterification reactors, especially with a relatively high retention time within the reactor.

Keywords: kinetics, simulation, ethyl oleate, product distribution, back-mixing

1. INTRODUCTION

Ethyl oleate (EO) is a long-chain fatty acid ethyl ester formed by the reaction of the carboxy group of
oleic acid (OA) with the hydroxy group of ethanol (EtOH) (Dan and Laposata, 1997). The key route of the
production of EO is based on the esterification of free fatty acid with short chain alcohol over an acidic
catalyst. Generally, the use of heterogeneous catalysts reduces the cost of biodiesel production, because of
the ability of the reuse of the solid catalyst and minimize the cost of the separation steps of the products
(Scragg, 2009). Esterification of OA with ethanol in the presence of catalytic acids has attracted a lot
of attention, since the product EO can be used as a biodiesel (Gémez-Castro et al., 2016), solvents for
the pharmaceutical industry, in the lipid modification (Bornscheuer, 2018), processing of Omega-3 oils
(Hernandez 2011), and moreover, EO can serve as lubricant or plasticizer (Mod et al., 1977; Oliveira et
al., 2010; Sena et. al, 2019).

Frequently, the most of the informed solid acid catalysts to esterify the OA with alcohols are; acid catalyst
based on sulfated iron ore (Prates et al., 2020), amorphous carbon base (Liu et al., 2008; Takagaki et al.,
2006), mesoporous tungsten trioxide (Sarkar et al., 2010), metal oxides (Refaat, 2011), zirconia (Oliveira
et al., 2010), sulphated zirconia (Raia et al., 2017), tin (da Silva and Cardoso, 2013), pyridinium nitrate
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(Tankov and Yankova, 2019), hydroxyapatite (Chakraborty and Chowdhury, 2013), resin (Yin et al., 2012),
montmorillonite-based clays (Bouguerra Neji et al., 2009), aluminum based catalysts (Al-Saadi et al., 2020;
Gang and Wenhui, 2010), polypyrrole (Tang and Liang, 2015), metal organic frameworks (Chaemchuen
et al., 2020; Zhou and Chaemchuen, 2017), zeolites with different acidity (Chung and Park, 2009), NaY
(Abbas and Abbas, 2013a; 2015; Abbas et al., 2019), HY (Abbas et al., 2016; Alismaeel et al., 2018;
Doyle et al., 2016; 2017), HZSM-5 (Alnaama, 2017; Majeed and Saleh, 2016; Vieira et al., 2015; Vieira
et al., 2017), MCM-48 (Alfattal and Abbas, 2019) and 13X (Alshahidy and Abbas, 2020). Despite, the
using of the heterogeneous catalysts, homogeneous catalysts are still used widely in the small processes of
the esterification of OA to EO. Generally, esterification synthesis of EO is carried out between carboxylic
acids (OA) and short chain alcohols (ethanol) with the presence of an acidic homogeneous catalyst (such
as sulfuric acid, methane-sulfonic acid, phosphoric acid, trichloroacetic and hydrochloric acids) (Aranda
et al., 2008; Beula and Sai, 2013; dos Santos et al., 2020) to form EO (ester) and water according
to Eq. (1).
Acid(H*)

CigH340, + CbHgO «—— C,oH330, + H,O (D)
The esterification step of fatty acids still has several practical challenges concerning the method of op-
eration (batch or continuous). The key problem is water accumulation with the reaction proceed causing
reducing the reaction speed and then less EO yield. To solve this issue, either reactive distillation col-
umn technology used or optimized the initial concentrations and reactor types and operating conditions
(Higham, 2008; Karacan, 2015; Kiss and Bildea, 2012). Batch and plug flow reactors are usually used
in the esterification reaction of OA. The choice of the plug flow reactor for the EO production was
based on the fact that this reactor gives a higher yield than the mixed flow reactor for both homogeneous
and heterogeneous catalysts (Abbas and Abbas, 2013b; 2013a; Alismaeel et al., 2018; Machado et al.,
2015).

Here, we will report the simulation results of esterification synthesis of EO in an ideal flow plug flow reactor
in details. Effects of the major process factors on the amount of the yield are going to be studying and
discussing. These factors are the catalyst amount, initial ethanol to OA ratio, ethanol initial concentration,
reaction temperature and reactor space-time. The work will study the reaction kinetics and discuss the
product distribution, recommend the best operating conditions and then the research will be extended to
make an extensive comparison between the simulating and experimental results.

2. SIMULATION MODEL AND EXPERIMENTAL WORK

2.1. Experimental data, model development and simulation algorithm

Esterification of OA with ethanol (EtOH) in presence of an acid catalyst (5 wt.% of H,SO4) produce EO
and water (H,O) (Eq. (1)). The reaction kinetics was found previously for the conversion of OA with
commercial EtOH (88-90 wt.%) to produce EO (biodiesel) and water as a by-product in a temperature
range between 40 and 70 °C, as in Eqgs. (2) and (3) (Abbas and Abbas, 2013b).
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The values of reaction orders, frequency factors and activation energies are listed in Table 1.
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Table 1. Constants values of the reaction kinetics equation (Eq. 1) (Abbas and Abbas, 2013b)

Constant koeq E.4 [J/mol] ko1 E; [J/mol] n my no my

Value | 2.1-10’ 42189 196.3 26625 1.25 0.50 1.00 0.50

The conversion distribution of an limiting reactant (OA) over the plug flow reactor was calculated using
the performance equation of an ideal plug flow reactor (Eq. 4) (Levenspiel, 1999).

vV ve T
0A XoA
T=—= O:COAof 4)
Vo Foao X —roa

Concentrations of the reactants and products as a function of the conversion amount of OA (xppa) (Eq. (5)
to (8)) can be calculated according to the stoichiometric of Eq. (1).

Coa = Coao (1 = x0na) )

Ceon = CeoHo — X0ACoA0 = Coa (M — xoa) (6)
Ceo = Croo + x0aCoa @)

Ch,0 = CH,0)0 + X0aCoA0 (8)

Finally, the yield of EO is calculated from in Eq. (9)

Cko
OAo

EO yield, % =

x 100 )

The pervious mathematical model was implemented using the programming language Python 3.8.2 (van
Rossum, 1995). The solution algorithm of the model shown in Fig. 1.

2.2. Experimental work

The continuous esterification of OA with ethanol was performed in a vertical quartz plug flow reactor.
The reactor has an internal diameter of 100 mm and height 650 mm connected with water-jacketed part
(the internal diameter of jacket equal to 30 mm from each side of the reactor), the main elements for the
continuous system are magnetic-heating stirrer for mixing and heating reactants and water bath used for
supplying the heating water to the jacket to keep the reactor temperature at 70 °C. The calculated quantities
of reactants are mixed and maintained at the 70 °C. As soon as the reactants have reached the desired
temperature, H, SOy catalyst and the reactants enter the reactor and flow upward with a chosen flow rate by
two different dosing pumps. The product stream was collected in a gathering beaker, four samples of 5 mL
were taken and centrifuged for 10 min at 3000 rpm to enhance the separation of organic phase (EO and
unreacted OA) and the aqueous phase (EtOH and water). Four samples of 1 mL of the upper organic layer
analysed by titration with 0.1 M KOH using phenolphthalein indicator, to calculate the acid value (AV)
and then the OA conversion as shown in Eqgs. (15) and (16) (Abbas and Abbas, 2013b; Abbas et al., 2016;
Doyle et al., 2016). The average value obtained for OA conversion from the four samples were recorded
and each experiment was repeated trice. Finally, the experimental EO yield was calculated from Eq. (10)
and Eq. (11).
mLof KOH X N x 56.1

AV = 10
weight of sample (10)
AV;O - AV;
, Yo = ———— x 100 11
xoa, To AV (11)
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Fig. 1. Model solution algorithm by Python
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3. RESULTS AND DISCUSSION

3.1. Effect of catalyst amount on the EO yield

The effect of the amount of catalyst based on the initial amounts of OA initial (1 to 5 wt.%) was simulated
at esterification temperature of 70 °C, 6/1 ethanol to OA ratio, with EtOH concentration of 90%. As shown
in Fig. 2, the esterification reaction increased significantly with catalyst amount for the same space-time.
For 100 min space-time, the EO yield was only about 18% when 1 wt.% catalyst amount was used, while
the EO yield was 86% when 5 wt.% of the catalyst was applied. Thus, higher catalyst ratio gives higher EO
yield in shorter space-time (smaller reactor for the same flow rate). The EO yield required 71 of minutes
space-time to reach the EO equal to 60% when using 4 wt.% catalyst versus 12.5 min of space-time when
5 wt.% of catalyst used. So, for the same flow rate (production rate), smaller reactor volume is required
when higher catalyst to OA ratio utilized. For the space-time 150 min and more, no significant change is
noticed for the catalyst amounts 1 and 2 wt.%, while for the catalyst amounts of 3, 4 and 5 wt.%, the EO
yield changes slowly with the increasing reactor space-time.

100
—— 1%
—— 2%,
1 —= 3%
80 4 —*— 4%

1 —— 5%

60

X
xe}
)
2 i
@)
L

40

t(= V/VO), min

Fig. 2. Space-time versus EO yield at different catalyst amounts at 70 °C and 6/1 of 90 wt.%
of EtOH to OA

The initial step of esterification reaction carried out between OA (free fatty acid) and EtOH (short chain
alcohol) was protonation of the acid to give an oxonium ion (H3;0%) (Khan 2002), as higher acid ratio is
used, a higher number of H* ions will appear in the reactant mixture, therefore the reaction rate increases
because of the increasing H3O* formed and then increasing the possibility to initiate the esterification
reaction, promote the exchange reaction between carboxylic acids (free fatty acids) and alcohols to produce
ester.
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3.2. Effect of M and ethanol concentration on the EO yield and water produced

Esterification of OA with EtOH is a reversible reaction with a stoichiometry ethanol/oil molar ratio of
1:1. Usually, an excess amount of ethanol is used to obtain better EO yield. Table 2 summarized the EO
yield versus different initial EtOH/OA molar ratio (M) using different ethanol concentration, at 70 °C,
V/v, = 150 min and 5% cat. amount. From Table 2 and for each EtOH concentration, the EO yield
increased proportionally with the M increase, and it can be realized that noteworthy increase of EO yield
when the M increase from 3/1 to 6/1 is observed, while a further increase in M from 6/1 to 9/1 does
not significant enhanced EO yield. Likewise, increasing EtOH concentration rises slightly the EO yield
(Table 2), and produces less water content to each mole of OA feed, as shown in Table 3. Otherwise, using
lower EtOH concentration and higher M, means using more water in the feed, so the product will contain
more water. The presence of more water in the product will cause the subsequent separation cost to rise.

Table 2. EO yield versus initial molar ratio at different ethanol concentration, temperature 70 °C, V /v, = 150 min
and 5% cat. amounts

EO yield,%
M 90% wt. ethanol 95% wt. ethanol 100% wt. ethanol
3/1 90.51 92.32 93.58
6/1 96.26 96.59 97.37
9/1 97.56 97.89 98.35

Table 3. Water mole produced for one mole OA at different ethanol concentration, temperature 70 °C,

V /v, = 150 min and 5% cat. amounts

H;O produce/OA feed (mol/mol)
M 90% wt. ethanol 95% wt. ethanol 100% wt. ethanol
3/1 1.5686 1.2789 0.9358
6/1 2.2895 1.6772 0.9737
9/1 2.9660 2.0459 0.9835

Generally, the mechanism of the esterification involves one mole of the triglyceride needed to react with
one mole of the alcohol (Eq. (1)), but this ratio is not applied practically since the reaction is reversible.
Therefore, an excess amount of alcohol is used for shifting the equilibrium of the reaction towards the
product formation and reduce the effect of the backward reaction. High value of M may largely increase
the water content in the reaction mixture causes slowing esterification and accordingly reduces the yield of
the direct reaction. Consequently, unreacted alcohol must be recycled for reuse and an enormous amount of
energy is needed. Hence, cost-effective optimal values of M and EtOH concentration are to be determined
as the best probable of separation energy saving.

3.3. Effect of reactor temperature and space-time on EO yield

The reaction temperature has an important consideration on the kinetics of reactions, because the tem-
perature affects temperature-dependent coefficient (reaction rate constant) according to Arrhenius’s law.
Fig. 3 shows the EO yield against the reactor space-time at different temperatures (40, 50, 60 and 70 °C)
using 100 wt.% of EtOH with M equal to 9/1 and 5 wt.% H;SOy4 relative to OA. These values (EtOH
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concentration, M, and catalyst amount) were selected because they give better EO yield. It is clearly in
Fig. 3 that EO yield increase with increasing temperature and reactor space-time. As the temperature in-
creased both the yield and the speed of the reaction improved. For instance, the EO yield at 40 °C is about
63% using reactor space-time of 60 min, while the yield was enhanced to 89% at 70 °C. As the reaction
speed improved with temperature, less reactor space-time (less reactor volume for the same flow rate)
was required to achieve same conversion, noticing, it was required only 22.7 min at 70 °C to achieve 63%
yield versus 60 min when 40 °C used. Generally, the higher temperature (70 °C) gives better yield with
less reactor space-time, and the high yield of 96% does not change dramatically for the reactor space-time
greater than 100 min These results are expected and in agreement with previous works for esterification
of OA with EtOH using homogeneous catalyst (Abbas and Abbas, 2013b; 2016), since the increase in
temperature leads to increase in molecular activity and rise the probability of molecules to react causing
boost in reaction rate constant according to the collusion theory and Arrhenius law (Froment et al., 2011;
Harriott, 2002; Levenspiel, 1999; Mann, 2009).
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Fig. 3. Space-time versus EO yield at different catalyst amounts at 70 °C and 9/1 of 100 wt.%
of EtOH to OA and 5% catalyst amounts

3.4. Kinetics of the OA consumption using fractional-life method

Fractional-life method (Levenspiel, 1999) was used to determine the kinetics equation that described the
OA consumption at 70 °C, 9/1 of pure EtOH to OA and 5 wt.% catalyst amounts. When the higher M
(9/1) is used, the forward reaction becomes more dominance and the backward reaction fades away. The
reaction rate equation for the consumption of the reactants can be written according to Eq. (1) as:

—roa = kC3,\ CE (12)
For high M (9/1), Eq. (12) becomes
—roa = [k (Cron)y] Cay (13)

http://journals.pan.pl/cpe 59



Suondos K.A. Barno, Sarmad A. Rashid, Ammar S. Abbas, Chem. Process Eng., 2021, 42 (1), 53-68

—roa = kK'C3, (14)
where:
k' = k (Caiomo) (15)
dCOA ,
—roa = — dr =k CgA (16)
Integrating Eq. (21), gives:
Co = CH8 = k' (a = Dt (17)

Defining the fractional lifetime of the reaction, 7x, as the space-time necessary for the concentration of
reactants to drop to fractional (Frac) of the initial concentration Coa,. Equation (17) can be written as:

Frac'™@ -1 _,_
e = o =) Con" (18)
Frac'=@ — 1
In (Tgrac) = In (m) + (1 = a)In(Copo) (19)

Use the fractional-life method with Frac (Coa/Coao) = 90%. The data of fractional lifetime for different
initial conditions (concentration of OA at 9/1 of 100 wt.% of EtOH to OA and 5 wt.% catalyst amounts)
was summarized in Table 4, and a plot of Eq. (24) with the data of Table 4 is shown in Fig. 4.

Table 4. Fractional-life space-time for different initial concentration of OA at different temperatures, 9/1 of
100 wt.% of EtOH to OA, and 5% cat. amounts

Fractional-life space-time [min]
Initial OA concentration [mol/l] 40 °C 50 °C 60 °C 70 °C
1.00 541 3.82 2.88 2.21
0.90 5.45 4.04 3.01 2.32
0.80 5.58 4.1 3.12 2.43
0.70 5.63 4.41 3.24 2.51
0.60 6.55 4.65 3.33 2.61

The obtained slopes, (1 — @), the intercepts In (Fracl“’ - 1/k (a - 1)), the average reaction order and the
reaction rate constants at the various temperatures are summarized in Table 5. The activation energy can
be calculated from the reaction rate constant according to the Arrhenius’s equation (Eq. (20)) (Levenspiel,
1999). The activation energy and pre-exponential factor can be calculated by converting the Arrhenius’s
equation to the linear form for a specific range of temperatures as Eq. (21).

-E
k' = k. eRT (20)
E\1
Ink"=Ink - |=| = 21
n nk, ( R) T (21)
The linear form (Eq. (21)) of the Arrhenius equation was plotted in Fig. 5.

The calculated activation energy for the esterification reaction was 26.145 kJ/mole and the frequency factor
is 462.25 in the temperature range from 40 to 70 °C. The obtained value of the reaction order with respect
to OA (1.31) and the activation energy were in the same magnitudes of the reaction order with respect to
OA and activation energy of the experimental data with those found for M = 6/1 and 90% wt. ethanol
(1.25 and 26.625 kJ/mole, respectively). Whereas, the value of the obtained frequency factor was higher
than the reported previously (196.3) (Abbas and Abbas, 2013b). Thus, the esterification reaction sensitivity
to change in concentration and temperatures does not affect using higher M and pure ethanol, but with
higher reaction rate constant because of the higher value of the obtained frequency factor.
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Fig. 4. Plot of Eq. (19) at reaction temperatures, for 9/1 of 100 wt.% of EtOH to OA and
5 wt.% catalyst amounts
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Fig. 5. Arrhenius plot of the obtained reaction rate constants versus different temperatures,
for 9/1 of 100 wt.% of EtOH to OA, and 5% catalyst amounts
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Table 5. Slopes and intercepts of Eq. (17), the obtained reaction order and the values of reaction rate constants (k")

at different temperatures, 9/1 of 100 wt.% of EtOH to OA, and 5% cat. amounts

40 °C 50 °C 60 °C 70 °C
Slope (1-a) -0.3276 —0.3225 —0.2802 —0.3040
Intercept 1.6872 1.3525 1.0680 0.8066
Reaction order (average ) 1.31
k’, (mol/1)™%-3! (min)~! 0.01982 0.02770 0.03681 0.04781

3.5. Reactor space-time and products distributions

The reactor space-time required for definite yields (90 to 98%) were calculated and organized in Table 6,
for different M and EtOH concentrations at 70 °C and 5% cat. amounts. As expected, higher yield required
more space-time for specific M and alcohol concentration. Whereas, for a certain yield, rising M and/or
EtOH concentration minimized the reactor space-time. Also, Table 6 shows that M is highly affected
on reducing the reactor space-time than on the alcohol concentrations, and this effect decreases with the
increasing of EO yield. The previous studies (Abbas and Abbas, 2013b; 2016) reported a time of about
90 min for 92% of OA conversion, using 6/1 ethanol to OA ratio in a batch reactor while the required
space-time ranged between 88.4 to 102.1 min for 92% of EO yield in the simulated results for the plug flow
reactor. Thus, for the 92% EO yield, the increasing of M to 9 with the same EtOH concentrations (90 to
100 wt.%) enables reducing the reactor space-time by 18—20 min (to the range of 70.3 to 83.4 min). This
change in reactor space-time will diminish reactor size by about 20% or improve the reactor productivity
(enhance the volumetric flow rate).

Table 6. Reactor space-time (1 = V/v,,) for different M and ethanol concentration, temperature 70 °C and 5% cat.

amounts
T, min
EO yield,% M 90% wt. ethanol 95% wt. ethanol 100% wt. ethanol

3/1 145.4 128.1 116.5

90.0 6/1 96.3 85.0 79.2
9/1 74.9 71.6 63.5
3/1 165.8 145.3 133.8

92.0 6/1 102.1 94.8 88.4
9/1 83.4 81.3 70.3
3/1 196.1 173.2 156.6

94.0 6/1 118.1 105.4 103.1
9/1 98.7 93.3 85.2
3/1 235.4 213.9 191.5

96.0 6/1 148.3 138.5 126.5
9/1 125.1 111.6 99.8
3/1 319.5 281.1 257.1

98.0 6/1 206.1 188.3 165.8
9/1 180.9 153.6 135.3

62
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EO yield of 94% produced using reactor space-time less than 100 min only with M equal to 9 for all
studied alcohol’s concentrations. 96% of EO yields in 99.8 min of reactor space-time for M equal to 9 and
using pure ethanol. Yield of 98% of EO needs reactor space-time greater than 100 min. While lower EO
yield (90%) needs at least 63 minutes’ space-time when higher M and ethanol concentration used. The
recommended higher yield with a suitable reactor space-time (99.8 min) was 96% that produced using M
of 9 and pure ethanol.

3.6. Experimental esterification results

The EO yield values which obtained from the experimentally measured values of OA conversion were
verified and compared with the simulated results, at a selected range of the reactor space-time (120 min and
less), ethanol to OA initial molar ratio, and the ethanol concentration for the highest reaction temperature
and catalyst load, as shown in Table 7. All values of experimental EO yield results were higher than their
counterparts obtained from the simulation process. The average experimental EO yield (93.62%) was

Table 7. Experimental versus simulated measured OA conversion and EO yield

M EtOH conc. [%] 7 [min] Simulated EO yield [%] Experimental EO yield [%]
3/1 100 116.5 90 92.3
6/1 90 96.3 90 92.5
6/1 95 85.0 90 92.1
6/1 100 79.2 90 91.8
9/1 90 74.9 90 92.4
9/1 95 71.6 90 92.2
9/1 100 63.5 90 92.1
6/1 90 102.1 92 93.6
6/1 95 94.8 92 93.5
6/1 100 88.4 92 93.3
9/1 90 83.4 92 93.2
9/1 95 81.3 92 93.1
9/1 100 70.9 92 92.9
6/1 90 118.1 94 95.2
6/1 95 105.4 94 94.9
6/1 100 103.1 94 94.7
9/1 90 98.7 94 94.5
9/1 95 93.3 94 94.4
9/1 100 85.2 94 94.3
9/1 95 116.6 96 96.6
9/1 100 99.8 96 96.4

Arithmetic mean 92.29 93.62

Average error [%] 1.46

Average Deviation [%0] 1.24
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higher the simulated values of EO yield (92.29%), with the average error and deviation of 1.46% and
1.24%, respectively.

The differences between experimental and simulating results reduce with the increase in the esterification
yield and the decrease in space-time of the reactor. Perhaps the process of understanding this phenomenon
requires an in-depth study to include variables such as the amount of reacted and product materials, reaction
kinetics, temperature, the physical properties of the materials and the geometry of the reactor (Giiltekin S.
and Kalbekov, 2017). But it can provide a preliminary explanation these rising values of experimental EO
yield by using the non-ideal flow phenomenon hypothesis, which occurs in real reactors. The back-mixing,
dead zone, vortex formation and sluggish behavior possibly increase with increasing space-time of the
reactor causes an irregular residence time distribution of the materials in the reactor and tends toward delay
the reactants more time than designed (Levenspiel and Bischoff, 1959; Levenspiel, 1999; Harriott, 2002).

4. CONCLUSIONS

Despite challenges, the model for esterification reaction has been established for carrying out the simulation
of the esterification of OA and ethanol catalysed homogeneously by HySO,4 using the previously published
data (Abbas and Abbas, 2013b). Simulating results describes a positive effect of increasing the amount of
catalyst on the enhancing of the EO yield and reducing of the reactor space-time, because of H3O0™ ion
increase in the reaction mixture. Higher concentrations of alcohol improved the yield and reduce the reactor
space-time and produces less water in the product, which decrease the cost of the subsequent separation
process of the products. Using higher M in the esterification reaction, not only improves the amount of
the EO yield and reduces the reactor volume for the same productivity, but also enhances the forward
reaction rate, and ended the reverse reaction. The study of the reaction kinetics using the fractional-life
method, which is based on the hypothesis that the forward reaction is the main dominant and the absence
of a backward reaction when using the highest value of M (1/1), reviled that the values of the reaction
constant are higher than the values of the previous results (Abbas and Abbas, 2013b) due to the initial
higher concentration and ratio of alcohol used while the reaction degree and activation energy values
did not change much, which confirms that the reaction kinetics response to the change in concentration
while its sensitivity to temperature remains unchanged. In general, increasing the reaction temperature
increases the value of the EO yield and improves the rate of the reaction, thereby reducing the size of
the reactor. Simulation of reactor operation in extreme conditions reduced the reactor space-time by 20%.
Finally, laboratory results of producing EO were better than those obtained from the simulation at the
same conditions, which indicates that the phenomenon of back-mixing has a pronounced effect in delaying
the materials within the reactor resulting in increase of the retention time more than required. Thus, it is
advisable to study this phenomenon and the factors affecting it such as the geometry of the reactor, the
variation in the physical properties of the materials and the reaction kinetics.

SYMBOLS
Cc concentration, mol/m>
E activation energy, J/mol
F molar rate, mol/min
Frac  fractional-life, min
K equilibrium constant, —
k reaction rate constant, 1/min
M initial molar ratio
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r reaction rate, mol/(m>-min)

R universal gas constant, 8.314 J/(mol-K)
T temperature, K

v reactor volume, m?
X

conversion, —

Greek symbols

a OA reaction order

ethanol reaction order
volumetric flow rate, m3/min
reactor space-time, min

N <o

Superscripts

n,m reaction orders

Subscripts

1 forward reaction

2 backword reaction
EO ethyl oleate

eq equilibrium

EtOH ethanol

f final

Frac  fraction-time

H,O  water

0 initial

OA oleic acid
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