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ABSTRACT
Predictive model was developed for Plug Flow Reactor (PFR) for the production of sodium benzoate from the reaction of sodium
hydroxide and benzoic acid. The predictive equation for the operation of PFR was developed for the analysis of the reactor’s
functional dimensions and parameters. The analysis of the reactor’s functional parameters was performed at molar ratio of benzoic
acid to sodium hydroxide of 1.5 to 3.0 at intervals of 0.5 and at the same reactor operating conditions. The set of reactors’
performance equations were solved simultaneously and then, simulated with the aid of MATLAB R2015a computer program. The
PFR, conversion increases with increase in volume, space time and temperature, while the reactor space velocity heated generated
per unit volume decreases with conversion. However, all the parameters increased with increasing molar feed ratio. The pressure
in the demonstration on the rate of production of sodium benzoate from sodium hydroxide and benzoic acid. Finally, the optimum
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performance was observed at molar feed ratio of 3.0.
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drop for the PFR also, increased with increase in molar feed ratio and operating temperature. The predictive model was found useful
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1. INTRODUCTION
Benzoic acid is mainly used in the production of phenol by oxidative decarboxylation, however, the following are other uses of
benzoic acids. Benzoate plasticizers, such as the glycol-, diethyleneglycol-, and triethyleneglycol esters, are obtained by
transesterification of methyl benzoate with the corresponding diol. Alternatively these species arise by treatment of benzoylchloride
with the diol.
Benzoic acid and its salts are used for food preservatives, with designated codes E210, E211, E212, and E213. Benzoic acid
inhibits the growth of mold, yeast and some bacteria (Warth, 1991). It is either added directly or created from reactions with its
sodium, potassium, or calcium salt. The efficacy of benzoic acid and benzoate is thus dependent on the pH of the food (Pastrorova
et al., 1997). Acidic food and beverage like fruit juice (citric acid), sparkling drinks (carbon dioxide), soft drinks (phosphoric acid),
pickles (vinegar) or other acidified food are preserved with benzoic acid and benzoates. The typical usage levels of benzoic acid in
food preservative are between 0.05-0.1%. However, foods which the maximum level of benzoic acid may be used are controlled by
international food law (European Parliament and Council, 2003 and GSFA, 2007).
Benzoic acid as a constituent of ointment is used for the treatment of fungal skin diseases such as ringworm, and athlete's foot
(Wilson et al., 2004). As the principal component of gum benzoin, benzoic acid is also a major ingredient in both colouring of
benzoin and balm used as antiseptics and inhalant decongestants. In the early 20th century, benzoic acid was used as an
expectorant, analgesic, and antiseptic (Maki and Takeda, 2000). Benzoic acid is a precursor to benzoyl chloride, an important starting
material for several benzoic acid derivates like benzyl benzoate, which is used in artificial flavours and insect repellents.
The chemical properties of benzoic acid are based on its production method, as it can be manufactured from more than one raw
material at difference conditions. For instance, benzoic acid can be manufacture from phthalic anhydride via oxidation with 2-6%
catalyst consisting equal parts of chromium and disodium phthalate at 200 °C or from toluene mixed with 0.1-0.3% cobalt
naphthenate catalyst at 148.9 °C and 40-70 Psi (Patel, 2013). However, one notable chemical property of benzoic acid is the reaction
with many substances to form new important industrial products. Its reaction with other substances occurs either at the aromatic
ring or at the carboxyl group. For example, with ethyl alcohol (C2H5OH), benzoic acid forms ethyl benzoate, an ester (C6H5CO-OC2H5).
Another example is the reaction of benzoic acid with sodium hydroxide (NaOH) to produce sodium benzoate (C6H5COONa). The
products of reactions from benzoic acid include benzoic acid ester, benzoic amide, benzoyl chloride, benzoic anhydride, e.tc. The
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summary of the reaction mechanisms are presented in Figure 1.
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Figure 1 The Route to Various Products of Benzoic Acid
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Sodium hydroxide, popularly known as caustic soda, caustic, lye caustic soda is an essential ingredient in many industrial and
commercial applications. It is a strong and colourless alkali, manufactured through the electrolysis of sodium chloride (salt brine),
and the solid sodium hydroxide in the product can then be obtained via evaporation process (Agency for Toxic Substances and
Disease Registry, 2002). In 2004, the global production of sodium hydroxide was estimated at 60 million metric tons per year, while
its demand was estimated at 51 million metric tons per year. Sodium hydroxide may be formed by the metathesis reaction between
calcium hydroxide (also known as lime) and sodium carbonate (also known as soda ash) and the scrubbing of acidic components
from off-gases.

2NaCl  2H 2 O  Cl2  H 2  2NaOH
It is a strong alkali or base and it reacts faster than other alkalis. It is much more stable in water and can be economically stored
and transported in liquid form. It also does not form undesirable by-products such as carbon dioxide or other soluble carbonates.
The aim of this study is to examiner the performance of the predictive model of PFR in the production of sodium benzoate from the
reaction of benzoic acid and sodium hydroxide.

2. MATERIALS AND METHODS
The predictive model equations for plug flow reactors, as well as the equations relating the functional dimensions and parameters
was demonstrated in this research work. The resulting respective reactor equations were used for the simulation of the functional
parameters, implemented with MATLAB simulink.
Expression of the Rate Kinetics
The rate equation for the production of sodium benzoate via the reaction of sodium hydroxide and benzoic acid was obtained from
the reaction mechanism presented in equation (1) and (2). Thus, from equation (2), the reaction mechanism of the process is
expressed thus:
k
NaOH  C 6 H 5 COOH 

C 6 H 5 COONa  H 2 O

(1)

Or for simplicity, equation (2.1) can be re-written as
k
A B

CD

Where,

(2)

A  NaOH , B  C6 H 5 COOH , C  C6 H 5 COONa

and

D  H 2O

The rate equation with respect to sodium hydroxide is expressed as

 rA  

dC A
 kCAC B
dt

(3)

Expressing equation (3) in terms of sodium hydroxide conversion and following the relationship between instantaneous
concentration and the initial concentration of reactants expressed by Levenspiel (2004), we obtained as follows.

C A  C Ao  C Ao X A

C A  C Ao 1  X A 

C B  C Bo  C Ao X A

C B  C Ao   X A 

(5)
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Where



 is the ratio of the initial concentration of benzoic acid to that of sodium hydroxide in the reaction   


C Bo 
.
C Ao 

Substitution of equations (4) and (5) into (3) yields
2
1  X A   X A 
 rA  kCAo

(6)

But for temperature dependent rate, the specific rate is expressed according to Arrhenius equation given as

 Ea 
k  k o exp  

 RT 

(7)

Thus equation (6) becomes

 Ea  2
 rA  k o exp  
C Ao 1  X A   X A 
 RT 

(8)

Development of Reactor Performance Equations
The performance equations for batch, continuous stirred-tank and plug flow reactors are developed in this section by applying the
principle of conservation of mass and energy as presented in equations (9) and (24) respectively.

Rate of
input of
material
into reactor

Rate of
output of
material from
reactor

=

Rate of
depletion
due to
reaction

+

+

Rate of
accumulation
of material
within reactor

(9)

Mass Balance on Plug Flow Reactor (PFR)
The development of performance equation of PFR due to inflow of mass of component into the PFR was obtained by the application
of equation (9) on the differential element of the hypothetical plug flow reactor shown in Figure 2.

Fco , T co

T Ao

FA  dFA

FA

TA

z

z  z
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Fc , T c
Figure 2 Differential Element of Plug Flow Reactor
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From equation (3.7), we have that

Input of material  FA

(10)

Output of material  FA  dFA

(11)

Rate of depletion  rA dV plug

(12)

Rate of accumulation 

dN A
dt

(13)

Substituting equation (10) through equation (13) into equation (9) yields

FA  FA  dFA  (rA )dV plug 

dN A
dt

But the accumulation term for PFR is zero (i.e

(14)

dN A
 0 ); thus equation (14) after simplification becomes
dt

 dFA  ( rA )dV plug

(15)

In terms of sodium hydroxide conversion, XA and noting that

FA  FAo (1  X A )
Hence, equation (15) can be further expressed as

 d FAo 1  X A   (rA )dV plug

dX A  ( rA )dV plug

(16)

PFR volume
From equation (16), the volume of PFR was obtained as

dV plug 

FAo dX A
 rA 

(17)

(18)
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dX A
dV plug

 Ea  2
k o exp  
C Ao 1  X A   X A 
RT 


FAo dX A
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Substitution of the rate expression in equation (8) into (17) gives
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For a cylindrical shape reactor, the length of PFR is given by

L plug 

V plug

(19)

R 2

Space Time of PFR
The space time of plug flow reactor is expressed as

S Tplug 

V plug

(20)

o

Space Velocity of PFR
The space velocity of plug flow reactor is expressed as

S vplug 

o

(21)

V plug

Heat Generation per unit PFR Volume
Heat generation per unit volume of reactor is expressed as

q plug 

Q
V plug

(22)

But

Q  (H r ) FAo X A

(23)

Substitution of equation (23) into (22) gives

q plug 

(H r ) FAo X A
V plug

(24)

Pressure Drop along PFR
Pressure drop is one of the major characteristics of plug flow reactor hence and Simmie, (2003) has expressed the pressure drop in a
tubular flow system as

P 

8 fLu 2 4 fLu 2

2D
D

f 

0.04

(25)

Where:

Re 

uD
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But

Re 0.16
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Hence
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f 

0.04  0.16

(26)

uD 0.16

Combining equation (25) and (26) with further simplification gives

P 

0.16 L 0.84u 1.84  0.16
D1.16

(27)

Energy Balance Equation
The energy balance equation on plug flow reactor was obtained as shown in Figure 2. Hence we have,

Rate of input of energy  FACPTA
Rate of output of energy  FA C P T A  d FA C p T A 
Rate of heat of reaction  (H r )( rA )dV plug
Rate of heat removal  Qrev  UATdV plug
Rate of accumulation of energy 

dH
dt

Substituting the above equations into equation (9) gives

FA C p T A  FA C p T A  d FA C p T A    H r  rA dV plug  UATdV plug 

dH
dt

(28)

For steady state reactor operation, constant heat capacity and molar flow rate, equation (28) becomes

FA C p dT A   H r  rA dV plug  UATdV plug
Dividing all through by

FA C p dV plug gives

 H r  rA   UAT
dT

dV plug
FA C p
But

A

(29)

D 2
, T  TA  To  and FA  FAo (1  X A )
4

(30)

(31)
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Upon substitution into equation (30) and replacing the reaction terms in equation (8) we have:
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D 2U TA  To  
 Ea  2







H
k
exp

C
1

X


X


 Ao


r
o
A
A
RT 
4





FAo 1  X A C p





(32)

Similarly, equations (18) and (32) are system of ordinary differential equations (ODE), which must be solved simultaneously as
conversion and temperature are function of the volume of plug flow reactor. The system of the ordinary differential equations was
solved numerically using Runge-Kutta algorithm implemented in MATLAB computer program. After solving the ODE’s, the PFR
functional parameters were then evaluated. The simulation was implemented in MATLAB to facilitate the processing of output data
for the plug flow reactor.
Simulation Parameters
The inputs parameters used to perform the calculation and evaluation of the reactor functional parameters and dimensions are
presented in Table 1.
Table 1 Summary of Input Parameters
Parameter

Value

Reference

23.9

Kralj (2012)

2.125

Assumed

303.92

Kralj (2012)

Coefficient of Heat transfer, U (kJ/m2.K)

140

Assumed

Mean specific heat capacity, Cp(kJ/mol.K)

150

Assumed

Density, (kg/m3)

1530

Initial concentration,

C Ao

(mol/m3)

Volumetric flow rate (m3/hr)

H r (kJ/mol)

Heat of reaction,

Mean viscosity, 
Molar flow rate,

(Ns/m2)

FAo

Activation energy,

1.8722 x

(kmol/hr)

Ea

Pre-exponential factor,

(kJ/kmol)

ko

(m3/kmol.hr)

Linstrom and Mallard (2014)
10-5

Linstrom and Mallard (2014)

40.0

Assumed

35082.59

Kralj (2012)

788588.57

Kralj (2012)

3. RESULTS AND DISCUSSION
The predictive model result for plug flow reactor at various molar feed ratios, for the production of sodium benzoate was studied.
The heat generated per reactor volume for the three reactors was analysed. The predictive model result for plug flow reactor
functional parameters was determine in terms of size, space time and space velocity. Furthermore, the pressure drop as one of the
major characteristics associated with plug flow reactor was evaluated against the increase in degree of conversion of sodium
hydroxide and operating temperature at varied molar feed ratios.
Plug Flow Reactor Functional Parameters
The simulated results obtained from the analysis of the plug flow reactor are shown and discussed as presented in Figures 3 to 13.
The PFR volume, space time, space velocity, heat generated per reactor volume and pressure drop for the production of sodium
benzoate were investigated at different molar feed ratios of benzoic acid to sodium hydroxide (α = 1.5, 2.0, 2.5 and 3.0) charged into
the reactor with respect to reactor operating temperatures and increase in the degree of sodium hydroxide conversion.
Figure 3 showed the degree of sodium hydroxide conversion against volume of PFR at varying molar feed ratio. The degree of

size will be required to achieve a high degree of conversion in PFR for the production of sodium benzoate from sodium hydroxide
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and benzoic acid using higher molar feed ratio, while at smaller ratio, the reverse was the case. The maximum conversions obtained
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sodium hydroxide conversion increase as molar feed ratio was increased but, at every molar feed ratio, the degree of sodium
hydroxide conversion increases with increases in reactor volume. This showed again, like the CSTR, that higher volume or reactor

at PFR volume 1.18m3 were 91.26%, 97.49%, 99.37% and 99.86% at molar feed ratios, α = 1.5, 2.0, 2.5 and 3.0 respectively.
© 2018 Discovery Publication. All Rights Reserved. www.discoveryjournals.org

OPEN ACCESS

RESEARCH

ARTICLE

Figure 3 Conversion against Volume of PFR at Varying Feed Ratios

Figure 4 PFR Space Time against Conversion at Varying Feed Ratio
Figure 4 showed the PFR space time against degree of sodium hydroxide conversion at varying molar feed ratio and constant
reactor diameter. The PFR space time decreases as molar feed ratio is increased, while against the degree of conversion, the PFR
space time increases with increase in degree of conversion. This implies that higher time will be required to treat one reactor volume
of feed at higher degree of conversion of sodium hydroxide. Also, when large molar feed ratio is used at same the space time,
higher conversion was achieved. Thus, at the maximum conversions of 91.26%, 97.49%, 99.37% and 99.86% corresponding to the

shown in the figure, the space velocity decreases the degree of conversion was increased at all molar feed ratios. This implies that
less number of reactor volumes of feed will be treated per hour at higher degree of conversion of sodium hydroxide and when a
higher molar feed ratio is used, the number of reactor volume of feed required to be treated per hour will increases. Thus, at the

© 2018 Discovery Publication. All Rights Reserved. www.discoveryjournals.org

OPEN ACCESS

Page

Figure 5 showed the PFR space velocity against degree of sodium hydroxide conversion at varying molar feed ratios. Again, as
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molar feed ratios, α = 1.5, 2.0, 2.5 and 3.0, the PFR space time was 0.56hr.
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maximum conversions of 91.26%, 97.49%, 99.37% and 99.86% corresponding to the molar feed ratios, α = 1.5, 2.0, 2.5 and 3.0, the
space velocity was 1.80hr-1.

Figure 5 PFR Space Velocity against Conversion at Varying Feed Ratios

Figure 6 Heat Generated per Volume against Conversion at Varying Feed Ratios
Figure 6 showed the heat generated per reactor volume of PFR against degree of sodium hydroxide conversion at varying molar
feed ratio. Again, like the space velocity, the heat generated per reactor volume of PFR decreases as the degree of conversion was

3.935kJ/hr.m3, 4.074kJ/hr.m3 and 4.122kJ.hr.m3 at molar feed ratios, α = 1.5, 2.0, 2.5 and 3.0 respectively.
One characteristics of plug flow reactor is the drop in pressure along the length of the PFR as reaction progresses. Therefore, it is
imperative to evaluate the drop in pressure along the PFR length. Figure 7 showed the effect of molar feed ratio on the pressure
drop along the PFR length. Thus, increase in molar feed ratio causes an increase in the pressure drop along the length of PFR.
© 2018 Discovery Publication. All Rights Reserved. www.discoveryjournals.org
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reactor volume of PFR obtained at maximum degree of conversion 91.26%, 97.49%, 99.37% and 99.86% were 3.589kJ/hr.m 3,
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increased. Also, the heat generated per reactor volume increases with increase in molar feed ratio. Thus, the heat generated per
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However, at the same value of the pressure drop, higher conversion was achieved, indicating that higher molar feed ratio favours the
conversion of the reactants at constant pressure drop. On the other hand, increase in pressure drop, increases the conversion of the
reactants irrespective of molar feed ratio. Thus, the constant pressure drop obtained at maximum degree of conversions of 91.26%,
97.49%, 99.37% and 99.86% at molar feed ratios, α = 1.5, 2.0, 2.5 and 3.0 respectively, was 27.36N/m 2.

Figure 7 Pressure Drop against Reactor Length at Varying Feed Ratios

the temperatures obtained at the maximum PFR volume of 1.18m 3 were 293.51K, 293.80K, 294.27K and 295.80K at molar feed ratios,
α = 1.5, 2.0, 2.5 and 3.0 respectively. These low temperatures imply that reaction of sodium hydroxide and benzoic acid in PFR does
not require high temperature.
© 2018 Discovery Publication. All Rights Reserved. www.discoveryjournals.org
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Figure 8 showed the profiles of operating temperature versus reactor volume at varying molar feed ratios. As shown in the
figure, the reactor operating temperature increases as volume of the reactor was increased, at any given molar feed ratio. However,
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Figure 8 Temperature against PFR Volume at Varying Feed Ratios
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Figure 9 Conversion against Temperature at Varying Feed Ratios
Figure 9 showed the degree of sodium hydroxide conversion against operating temperature at varying molar feed ratios. The
degree of conversion increases as the reactor operating temperature was increased. Also, when the molar feed ratio was increased,
the degree of conversion increases as well. This indicates that, high temperature favours the conversion of sodium hydroxide to
sodium benzoate at higher molar feed ratio than at lower molar feed ratio. However, the operating temperature obtained at the
maximum degree of conversion 91.26%, 97.49%, 99.37% and 99.86% were 293.51K, 293.80K, 294.27K and 295.80K at molar feed

Figure 10 showed the PFR space time against the operating temperature of the reactor at varying molar feed ratio. The space
time decreases as molar feed ratio is increased, while against the operating temperature, the space time increases with increase in
reactor operating temperature. However, at the same value of space time, the operating temperature was higher at higher molar
© 2018 Discovery Publication. All Rights Reserved. www.discoveryjournals.org
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Figure 10 PFR Space Time against Temperature at Varying Feed Ratios
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ratios, α = 1.5, 2.0, 2.5 and 3.0 respectively.
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feed ratio. This again implies that higher temperature improves the amount of reactants converted to the desired product. Thus, the
space time obtained at maximum reaction temperature of 293.51K, 293.80K, 294.27K and 295.80K, which corresponds to the molar
feed ratios, α = 1.5, 2.0, 2.5 and 3.0 was 0.56hr.

Figure 11 PFR Space Velocity against Temperature at Varying Feed Ratios
Figure 11 showed the PFR space velocity against reactor operating temperatures at varying molar feed ratio. Again, unlike the
space time, the PFR space velocity decreases as the reactor operating temperature was increased, while it increases as the molar
feed ratio was increased. Although, as can be seen in the figure, there was no significant difference between the profiles of the space
velocity versus temperature when the molar feed ratio was increased, a small change in space velocity affects the degree of
conversion of the reactants. This again showed that high temperature is favourable to the reaction. Thus, the PFR space velocity
obtained at maximum reaction temperature of 293.51K, 293.80K, 294.27K and 295.80K was 1.80hr -1 at molar feed ratios, α = 1.5, 2.0,
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2.5 and 3.0 respectively.

Figure 12 Heat Generated per Volume against Temperature at Varying Feed Ratios
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Figure 12 showed the heat generated per PFR volume against reactor operating temperatures at varying molar feed ratio. Like
the PFR space velocity, the heat generated per PFR volume decreases as the reactor operating temperature was increased. Also, it
increases as the molar feed ratio was increased. Again, as can be seen in the figure, there was no significant difference between the
profiles of the heat generated per PFR volume against the reaction temperature when the molar feed ratio was increased, a small
change in the heat generated per PFR volume produced a great deal of effect on the degree of conversion of the reactants. This
again showed that high temperature is favours the reaction. Thus, the heat generated per PFR volume obtained at maximum
reaction temperature of 293.51K, 293.80K, 294.27K and 295.80K were 235.05kJ/hr.m 3, 251.11kJ/hr.m3, 255.94kJ/hr.m3 and
257.19kJ.hr.m3 at molar feed ratios, α = 1.5, 2.0, 2.5 and 3.0 respectively.

Figure 13 Pressure Drop against Temperature at Varying Feed Ratios
Figure 13 showed the profiles of pressure drop along PFR length versus operating temperature at varying molar feed ratios. The
increase in reactor operating temperature consequently resulted in increase of the pressure drop along the length of PFR. However,
when the molar feed ratio was increased at a given pressure drop, the operating temperature increased. This, of course improved on
the conversion of the reactants. Thus, the pressure drop obtained at maximum reaction temperature of 293.51K, 293.80K, 294.27K
and 295.80K was 27.36N/m2, at molar feed ratios, α = 1.5, 2.0, 2.5 and 3.0 respectively.

4. CONCLUSION
Predictive model equations for plug flow reactor (PFR) was modelled for the production of sodium benzoate from the reaction of
sodium hydroxide and benzoic acid. The performance equations were solved and simulated using MATLAB R2015a, to facilitate the
analysis of the reactors parameters. The analysis was performed at different molar feed ratios and at same operational parameters.
From the result analysis of the batch reactor, it was observed that at 2 hours, conversion, temperature and heat generated per
reactor volume increases as molar feed ratio was increased. PFR, degree of conversion and operating temperature increases as size
and space time of the reactors were increased. The molar feed ratio as influenced the reactor parameters performance, as increase in
molar feed ratio causes improvement in the conversion of sodium hydroxide. Especially, at molar feed ratio of 3.0, the conversion in
all the reactors was a few fractions above 99%. However, the pressure drop along the length of the PFR increases as molar feed ratio
was increased. The results obtained from the analysis, the production of sodium benzoate from sodium hydroxide and benzoic acid
can be executed in PFR depending on the capacity of production and conditions of operation.
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