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The various process performances of the Batch Reactor, Continuous Stirred-Tank
Reactor (CSTR) and Plug Flow Reactor (PFR) for the production of sodium
benzoate from the reaction of sodium hydroxide and benzoic acid were
investigated. The performance equations for the operation of Batch reactor, CSTR
and PFR were 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. However, in terms of comparison at
the same operating conditions, the size of the batch reactor was greater than that
of CSTR which in turn was greater than that of the PFR, while the reverse was the
case for heat generated per reactor volume. Also, the space time for CSTR was
greater than that of the PFR while the space velocity for PFR was greater than
that of CSTR. Following the results obtained from the analysis, the production of
sodium benzoate from sodium hydroxide and benzoic acid can be executed in
either of batch reactor, CSTR or PFR depending on the capacity of production and
conditions of operation and the optimum performance was observed at molar
feed ratio of 3.0.

© 2019 International Scientific Organization: All rights reserved.

Capsule Summary: This work demonstrates the usefulness of batch reactor, CSTR and plug flow reactor in the production of
sodium benzoate. The developed model was simulated using MATLAB R 2015a computer program to determine the functional

parameters that control the system.
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INTRODUCTION

factors, are important variables in determining the efficiency
of reactors. The production of sodium benzoate from sodium
hydroxide and benzoic acid occurs at atmospheric pressure

For efficiency of any process, especially reactors, the
operating variables are of utmost important, because at a
certain values they not only improve the system
performance, but also return profit. So for reactors,
temperature, pressure, flow rate, process catalyst and other

and temperatures between ambient and slightly above the
ambient temperature. Kralj (2012), while investigating the
kinetic of sodium benzoate from sodium hydroxide and
benzoic acid, varied the reactor temperature between 16.1 to
18.5 °C, at atmospheric pressure and varying molar feed
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ratios. For successful production of new substance involving
chemical reaction, reacting vessel or otherwise known as
reactor must be designed or made available. However,
several types of reactors are used in chemical industries
depending on the nature of the reacting species, economic
cost, product yield, performance and other process
conditions necessary to achieve high profit at best operating
cost. According to Srour (1998), the major application of
sodium benzoate is as a preservative in the soft drinks and
beverages industries as a result of the demand for high-
fructose corn syrup on carbonated beverages. Interestingly,
sodium benzoate is extensively used in acidic foods such as
salad dressings (vinegar), carbonated drinks (carbonic acid),
jams and fruit juices (citric acid), pickles (vinegar), and
condiments. It is also used as a preservative in medicines and
cosmetics (Cosmetics Database, 2013 and Sodium Benzoate
in Robitussin Cough, 2013).Concentration as a food
preservative is limited by the FDA in the U.S. to 0.1% by
weight, while it is also allowed as an animal food additive at
up to 0.1%, according to AFCO's official publication (Kuheli et
al, 2011). Sodium benzoate is also used in the
pharmaceutical industry as a treatment for urea cycle
disorders due to its ability to bind amino acids, leading to
excretion of these amino acids and a decrease in ammonia
levels (Wilcken, 2004; Haberle et al.,, 2012). Baldwin et al.
(1995) reported that sodium benzoate is used in the medical
and pharmaceutical sectors as antimicrobial agents in edible
coatings and antifungal, cosmetics, dental care and clinical
pharmaceutical products. It is worthy of note that the
effectiveness of sodium benzoate as a preservative increases
with decreasing pH (increasing acidity) (Batshaw and
Monahen, 1987). They equally observed that sodium
benzoate can be used in the treatment of patients with urea
cycle enymopathies (i.e hyperammonemia due to inborn
errors of urea synthesis). Other uses of sodium benzoate are
available. According to Scholz and Kontmann, (1991) and
Srour, (1998), the largest use of sodium benzoate is about 30-
35% of the total demand, which is about 15,000 tonnes of
benzoic acid production used as anticorrosive additive to
automatic engine anti-freeze coolants and in other
waterborne systems. Sodium benzoate is an ester used in the
modification of alkyd resin. Most currently, Goodrich Kalama
Inc.,, (1999) stated that sodium benzoate is a new formulation
in the production of plastics such as polypropylene, to
improve strength and clarity, while BUA, (1995) reported
that it can be used as a stabilizer in photographic
baths/processing. Sodium benzoate is also used in fireworks
as a fuel in whistle mix, a powder that emits a whistling noise
when compressed into a tube and ignited. In present
investigation, the process performances of the Batch Reactor,
Continuous Stirred-Tank Reactor (CSTR) and Plug Flow
Reactor (PFR) for the production of sodium benzoate from
the reaction of sodium hydroxide and benzoic acid were
investigated. The performance equations for the operation of
Batch reactor, CSTR and PFR were developed for the analysis
of the reactor’s functional dimensions and parameters.
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MATERIAL AND METHODS

The model equations for batch, continuous stirred tank and
plug flow reactors, as well as the equations relating their
functional dimensions and parameters are developed. 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:

NaOH +C,H,COOH ——C,H.,COONa + H,0

Or for simplicity, equation (2.1) can be re-written as
A+B——>C+D @
Where, A=NaOH B =C,H,COOH ,C =C,H.,COONa and
D=H,0

The rate equation with respect to sodium hydroxide is

expressed as
ry, = _9C, kC,Cs

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.

Ca=Cu —Cu Xy
Ca =CA0(1_XA)
Cp =Cpg —CpXa
Cy =Cpol@—X,) (5)

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

Ceo

Cuo

Substitution (;f equations (4) and (5) into (3) yields
_rA:kC/io(l_XA)(a_XA) (6)

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

k=K, exp(— E]
RT )

Thus equation (6) becomes

—Ih= ko exp(_%jcio(l_ XAXa_ XA)

(1)

(4)

o =

(8)
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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.

Mass balance on batch reactor

A schematic diagram of batch reactor is presented in Figure 1, where the raw materials are charged into the reactor at once
and allowed to react until reaction is completed before withdrawing the product. However, the performance equation is

developed as shown in equation (9).

NAo
Xao ’ /
| Fo
4—
To
Na. Xa
F |
< — Coolant
T
Fig. 1: Batch reactor
FAo, on, CA01 TAo —l
/ -
[ J— T
Ca XA T
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T > Fa, Xa, Ca, Ta
Figure 2: Continuous stirred tank reactor
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Figure 3: Differential element of plug flow reactor
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Rate of Rate of Rate of

input of _ output of . depletion

material material from due_to
into reactor reactor reaction

Input of material =N,

Output of material =N,
Rateof depletion =-r,\Vg..,

. d
Rate of accumulation = A

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

dN
NAo = NA + (_rA)VBatch +d—tA

But for batch reactor, N e NA =0

dN
Hence, — th = (_ A )\/Batch

Expressing equation (12) in terms of degree of conversion, we have:

NA = NAo(l_XA)

N X4 _(_
VBatch dt ( rA)

Substituting the rate term in equation (8) into (14) gives:

Nao X _c2 1%, )@= X, )k, exp(—ﬂ]

Ve dt RT
But C,, = N
Batch
CAo dX_A = Cio (1_ XA)(a - XA)ko EXP (_EJ
RT
dX Ea
th = CAo(l_ XA)(a - XA)ko eXp (_ﬁj

Heat generation per unit volume of reactor

Heat generation per unit volume of reactor is expressed as

_Q
q Batch V

Batch
Where: Q = (—AH r)FAOXA
But for batch reactor, there is no flow of materials thus,
Q=(-AH) 2 X,
Substituting equation (20) into (18) gives
(_ AH r ) N Ao X A
tVaten

Batch —
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(10)
(11)
(12)

(13)

(12)

(13)
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(15)

(16)
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(18)

(19)

(20)
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Energy balance on batch reactor
The energy balance on batch reactor can be expressed as follows using equation (22), we have
Rate of Rate of Heat Heat Accumulat
energy energy productio removal ion of
input _ output n rate due rate by { 4 ) energy
into to_ coolant within
reactor reaction reactor
(22)
Energy input=F, Cp Ty, (23)
Energy output rate= FAC PTA (24)
Heat production rate = (—AH . )(=ry )V g (25)
Rate of heat removal by coolant = Qrev (26)
Accumulation of energy = A (27)
Inserting equations (23) through (27) into the energy equation (22) yields
dH
I:AoCPoTAo = I:ACPTA + (_AH r)(_rA)VBatch - Qrev + th (28)
For batch reactor, there is no inflow and outflow of energy, therefore, equation (28) reduces to
dH
(_AH r )(_rA )VBatch - Qrev = th (29)
DU
But H, = N,C,T while Q,, =UAT, -T,)= 5 (T, -T,)
2
Where, A = = Cross sectional area of the batch reactor. Upon substitution, equation (29) into becomes:
dTA _ (_AHr)(_rA)VBatch 7ZD2U (T T ) 30
_ + T, (30)
dt N,.C, 4N, C,
\Y, 1
Again, —2° = C,, thus, _Batch _ _—
Batch N Ao CAo
dT, (-AH,)(-r D%V
Therefore, —2 = ( )(T) + (TA —TO) (31)
CaCo 4N ,.Cp
Inserting the value of the rate of reaction (—r,)in equation (8) into equation (31) we have:
(—AH )k, exp _Ealee @-X Na=X,)
dT, e RT ) ™ A A DU (T, -T)
- A" o
dt CrCo 4N ,,Co
Ea
(_AHr)koeXp T CAo(l_XA)(a_XA) 2
dT, RT DU
dt C» 4N, .C;

Equations (17) and (32) are system of ordinary differential equations which must be solved simultaneously since

conversion and temperature of the batch reactor are depending on time of the reaction.
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Mass balance on continuous stirred tank reactor (CSTR)
The development of performance equation of CSTR due to inflow of mass of component into the CSTR and outflow of mass

of component from the CSTR was obtained by the application of equation (9), we have
From equation (9), we have that

Input of material =F,, (33)
Outputof material =F, (34)
Rate of depletion =—r,V (35)

_dN,
Rate of accumulation = ot (36)
Substituting equation (33) through equation (36) into equation (9) yields

dN
Fro =Fa+ (-1 )Vesm + d_tA (37)
The accumulation term for CSTR, ddN A_DQ
t

Sothat Fpy —F, = (_ I )\/CSTR (38)
But F, =F,,(1-X,) (39)
Substituting equation (39) into equation (38) gives
FaoXa = (_ I )\/CSTR (40)

CSTR volume

From equation (40), the volume of CSTR was obtained as

F.,X
Vesr = —R— (41)

(_ rA)
Substitution of equation (8) into (41) gives

F. X
Vese = E A (42)
a

Ko eXp(_ R.]_jcfxo(l_ XA)(O‘ - XA)

Height of CSTR

Vv
The height of a cylindrical shape CSTR is given as, H gz = ;TZR Hence upon substitution of equation (42) yields (43)

)

Fao X
Hese = E S (44)
a
RK, exp(— Rch,io(l— X Na=X,)
CSTR space time
Vv
This is given mathematically as S;s;z = CSTR (45)
0
Substituting equation (42) into equation (45) yields
Fo X
Stesr = A4 (46)

E
vk, 9 - o2 2,0~ X~ X,
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Space velocity

This is defined as the number of reactor volume of feed that can be treated in a unit time at specified condition and it is
expressed as

Yo (47)
CSTR

SvCSTR =

Ea
Voko EXp(— RT)CiO (l_ X A)(a -X A)
Substituting equation (42) into equation (47) yields, § s = (48)
! I:Ao X A

Heat generated per unit volume of CSTR

The heat generated per unit volume of CSTR is expressed as

Q

Oesr = — (49)
Vestr
But the total heat generated in the CSTR can be expressed as, Q = (—AH r ) FroXa (50)
Hence upon substitution of equations (42) and (50) into (49) yields
Ea).,
Qcsr = (_AHr)ko exp[_ﬁjCAo(l_XA)(a_xA) (51

Energy balance on CSTR

The energy balance equation on CSTR was obtained by applying equation (22) on Figure 2.
Hence, we that:

Energy input= FAOCPOTAO (52)
Energy output rate= FACPTA (53)
Heat production rate = (—AH . )(—=r, )W ¢srr (54)
Removed heat by coolant = Qrev (55)
. dH
Accumulation of energy = E (56)
Inserting equations (52) through (56) into the energy equation (22) yields
dH
FAoCPoTAo = FACPTA - (_AH r )(_rA )VCSTR - Qrev + E (57)

For CSTR operating at steady state, accumulation term is equal to zero. Therefore, for constant molar flow rate and heat
capacity, equation (57) yields to equation (58) after arrangement.

FAOCP (TA _TAO) +Qrev (58)
(_AHr)ko exp( Eajcio(l_XA)(a_xA)

VCSTR =

RT
Substituting the heat removed term in equation (58) gives:
DT, -T,)

4 (59)

(_AHr)ko eXp(— Ff-?jcio(l_ XA)(a - XA)

Again, equations (42) and (59) are system of non-linear equations, which must be solved simultaneously as the volume of
the CSTR if a function of conversion and temperature of the process. After obtaining the solution, the CSTR functional
parameters were then evaluated using MATLAB.

FaCr(Ta —Tyo) +

VCSTR =

149
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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 3.
From equation (9), we have that

Input of material =F, (60)
Outputof material =F, +dF, (61)
Rateof depletion =-r,dV (62)
_dN,
Rate of accumulation = ot (63)
Substituting equation (60) through equation (63) into equation (9) yields
dN,
Fp=F)+dF, +(=1y)dV +—dt (64)
But the accumulation term for PFR is zero (i.e A=0 ); thus equation (64) after simplification becomes
- dFA = (_rA)deIug (65)
In terms of sodium hydroxide conversion, X4 and noting that, F, = F,, 1-X A)
Hence, equation (3.65) can be further expressed as
—d [FAO (1_ X A)] = (_rA)deIug dX AT (_rA)delug (66)
PFR volume
i . FAodX A
From equation (66), the volume of PFR was obtained as, dV ,,, = ﬁ (67)
— rA
Substitution of the rate expression in equation (8) into (67) gives
Ea) .,
dx ko exp(_RTjCAo(l_xA)(a_XA)
A= (68)
deIug I:AodX A
Length of PFR
oo o Vplug
For a cylindrical shape reactor, the length of PFR is given by, Lplug = R? (69)
Space time of PFR
The space time of plug flow reactor is expressed as, STplug = Pl (70)
VO
Space velocity of PFR
1%
The space velocity of plug flow reactor is expressed as, SVplug =—° (71)
Vplug
150
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Heat Generation per unit PFR volume

Heat generation per unit volume of reactor is expressed as

Q
q plug — v, (72)
Vplug
But  Q=(-AH,)F, X, (73)
(_AH r ) I:Ao X A
Substitution of equation (73) into (72) gives, (4 = v (74)
plug

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

8fLpu?  4fLpu?

AP =

2D D 7°)
. 4 004 0.16
Where: f = &016, But Re = pu_D , Hence f Z% (76)
(Re )" 7 (puD)”
0.16L 0%yt ;010
Combining equation (75) and (76) with further simplification gives, AP = — Dits al (77)

Energy balance equation

The energy balance equation on plug flow reactor was obtained by applying equation (22) on Figure 3. Hence from equation
(22), we have that

Rate of input of energy = F,C.T, , Rateof outputof energy = F,C,T, + d(FACpTA)

Rateof heat of reaction = (-AH,)(-r,)dV ,,,, Rateof heat removal = Q,,, = UAATdV

plug’ rev plug

. dH
Rate of accumulationof energy = E Substituting the above equations into equation (22) gives

)

F,C.T,=F,C T, +d(F.C,T,)-(=AH, X=r,)aV dH

plug _UAATde|ug +E (78)

For steady state reactor operation, constant heat capacity and molar flow rate, equation (78) becomes

F.C,dT, =(=AH, Y1 )dV,,, +UAATAV . (79)
Dividing all through by F,C dV
dT  (=AH, )-r,)+UAAT o0
dV 1, F.C,
2
ButA=—— AT =(T,-T,)and F, = F, (01— X,)

Upon substitution into equation (80) and replacing the reaction terms in equation (8) we have:

- _E 2 (1_ _ ﬂDZU(TA_To)
dT B ( AHr)koexp( RT)CAO(]- XA)(a XA)+ 4

= 82
deIug I:Ao(:l‘_ XA)Cp ©2
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Similarly, equations (68) and (82) 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 batch, continuous stirred-tank and plug
flow reactors.

www.bosaljournals/chemint/

Fig. 6: Comparison of heat generated per unit volume of
reactor types at increasing conversion

1500 T T T T T T

—O— Batch
—*— Plug
CSTR

1000 1

Heat Generated per unit Volume (kJ/hr.m 3)

ol oee=s o o o i

©
1 1 1 1 1 1 1

292 294 296 298 300 302 304 306 308
Temperature (K)

Fig. 7: Comparison of heat generated per unit volume of
reactor types at increasing temperature

Simulation parameters

The inputs parameters used to perform the calculation and
evaluation of the reactor functional parameters and
dimensions are presented in Table 1.

RESULTS AND DISCUSSION

The performances of batch reactor, plug flow reactor and
continuous stirred-tank reactor at various molar feed
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Fig. 10: Comparison of space velocity of CSTR and PFR at
increasing conversion
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Fig. 9: Comparison of space time of CSTR and PFR at
increasing temperature

ratios, for the production of sodium benzoate have been
investigated and presented.

The heat generated per reactor volume for the
three reactors was analysed and also compared. As
continuous reactors, the plug flow reactor and the
continuous stirred-tank reactor functional parameters such
as size, space time and space velocity were analysed and
compared. 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

www.bosaljournals/chemint/

Fig. 11: Comparison of space velocity of CSTR and PFR at
increasing temperature

sodium hydroxide and operating temperature at varied
molar feed ratios.

Comparison of the reactors functional parameters

The heat generation per reactor volume for batch,
continuous stirred-tank and plug flow reactors were
compared with respect to conversion and temperature as
shown in Figures 4 and 5, while the reactor volume were
only compared for CSTR and PFR since the evaluation was
done at constant batch volume. Also, the performance
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Table 1: Summary of input parameters
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Parameter Value References

Initial concentration, CAO (mol/m3) 23.9 Kralj (2012)
Volumetric flow rate (m3/h) 2.125 Assumed

Heat of reaction, AH, (k]/mol) 303.92 Kralj (2012)
Coefficient of Heat transfer, U (k]/m2K) 140 Assumed

Mean specific heat capacity, Cp (k] /mol.K) 150 Assumed

Density, (kg/m3) 1530 Linstrom and Mallard (2014)
Mean viscosity, £ (Ns/m?) 1.8722x 105 Linstrom and Mallard (2014)
Molar flow rate, F,, (kmol/h) 40.0 Assumed
Activation energy, Ea (k]/kmol) 35082.59 Kralj (2012)
Pre-exponential factor, K, (m3/kmol.h) 788588.57 Kralj (2012)

Table 2: Performance of batch reactor, CSTR and PFR parameters at same operational conditions

Parameters Batch Reactor CSTR PFR
Temperature (K) 307.2 304.8 295.8
Time of Reaction (h) 2.0 N/A N/A
Conversion (%) 99.57 99.46 99.86
Diameter (m) 2.20 2.20 0.30
Volume (m3) 6.5 5.50 1.18
Height/Length (m) 1.71 1.45 16.69
Space Time (h) N.A 2.59 0.56
Space Velocity (h'1) N.A 0.39 1.80
Heat Generated per Reactor Volume (kJ/h.m3) 3.62 4.12 257.19
Pressure Drop (N/m?2) N.A N.A 4.06

measures for continuous flow reactors: space time and
space velocity were compared for continuous stirred-tank
and plug flow reactors.

The degree of conversion of sodium hydroxide for the CSTR
and PFR investigated in this research was compared with
the respective reactor types at molar feed ratio of 3.0.
Generally as shown in Figure 4, the degree of conversion of
sodium hydroxide increases with increase in volume of the
respective reactor. However, at the same reactors’
conditions, the size of continuous stirred-tank reactor
required for the synthesis of sodium benzoate from sodium
hydroxide and benzoic acid was far greater than that plug
flow reactor. Despite having a smaller volume, the degree of
conversion at the same operating conditions was higher in
PFR than in CSTR. Thus, at maximum volumes of CSTR and
PFR of 5.5 m3 and 1.18 m3, the the degree of conversion
were 99.4% and 99.86%), respectively.

Similarly, the operating temperature for the CSTR
and PFR was compared with the respective reactor types at
molar feed ratio of 3.0. Again, as shown in Figure 5, the
reactor operating temperature increases non-linearly with
increase in volume of the respective reactor. Thus, as with

www.bosaljournals/chemint/

conversion at the same reactors’ conditions, the size of
continuous stirred-tank reactor required for the synthesis
of sodium benzoate from sodium hydroxide and benzoic
acid was greater than that plug flow reactor. The
conversion of the reactants to the desired product was
attained at lower temperature in PFR than in CSTR. This
result collaborated Forgler's explanation that smaller
volume are required for processing of chemical products in
PFR than in CSTR (Forgler, 2006). At molar feed ratio of 3.0
and maximum CSTR and PFR volumes of 5.5 m3 and 1.18
m3, the reaction temperatures were 303.8 K and 295.8 K,
respectively.

The heat generated per reactor volume of the three
reactors investigated for the production of sodium
benzoate from sodium hydroxide and benzoic acid, was
compared at molar feed ratio of 3.0. Figure 6 shows the
profiles of the heat generated per reactor volume for the
reactors, which decreases with increase in the degree of
conversion of sodium hydroxide. Interestingly, the heat
generated per reactor volume for batch was far less than
those of the continuous stirred-tank and plug flow reactors.
Nevertheless, the plug flow reactor generated more heat
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per reactor volume than the continuous stirred-tank
reactor. This high variation in the heat generation per
reactor volume was due to the small size requirement for
the plug flow reactor as compared to the other two
reactors. The heat generated per reactor volume and
degree of conversion obtained at same reactor operational
conditions and molar feed ratio of 3.0 were 3.62 kJ/h.m3
and 99.57%; 4.12 k] /h.m3 and 99.46%; and 257.19 k]/h.m3
and 99.86% for batch reactor, continuous stirred-tank
reactor and plug flow reactor, respectively.

The heat generated per reactor volume for the
three reactors was also compared as operating temperature
increases at the same reactor operating conditions and
molar feed ratio of 3.0. Again, as shown in Figure 7, the heat
generated per reactor volume for the reactors decreases
with increase in reactor operating temperature. As the
profile indicated in the figure, the heat generated per
reactor volume for batch reactor was less than those of
continuous stirred-tank and plug flow reactors.
Interestingly, the heat generated by plug flow reactor was
far more than those of batch and CSTR, but this was at only
a small temperature increase compared to the other two.
This high variation in the heat generation per reactor
volume was due to the small size requirement for the plug
flow reactor as compared to the PFR as against the batch
reactor and CSTR. The maximum heat generated per
reactor volume and reactor operating temperature
obtained at same reactor operational conditions and molar
feed ratio of 3.0 were 3.62 kJ/h.m3 and 307.2 K; 4.12
kJ/h.m3 and 303.8 K and 257.19 kJ/h.m3 and 295.8 K for
batch reactor, continuous stirred-tank reactor and plug
flow reactor respectively. Thus, reaction was completed in
the batch reactor at higher temperature, followed by the
CSTR and lastly, the PFR.

Figure 8 showed the comparison of space time in
CSTR and PFR at molar feed ratio of 3.0 and of course, same
reactor operational conditions. From the profiles, there was
a remarkable gap between the space time of CSTR and the
space time of PFR. Although, the space time of the both
reactors increases with increase in degree of conversion,
the CSTR space time increases higher than the PFR space
time. Hence, one reactor volume of feed at every degree of
conversion of sodium hydroxide will be treated in lesser
time with PFR than with CSTR. The maximum space time
and degree of conversion obtained at same reactor
operational conditions and molar feed ratio of 3.0 were
2.59 h and 99.46% and 0.56 h and 99.86% for the
continuous stirred-tank reactor and plug flow reactor,
respectively.

Figure 9 showed the comparison of CSTR space
time and PFR space time at molar feed ratio of 3.0 with
same reactor operational conditions. Again, like the
comparison with conversion, there was different in
response to temperature between the space time of CSTR
and the space time of PFR. The space time of the both
reactors increases with increase in reactor operating
temperature, but the CSTR space time increases further as
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reaction in the PFR was completed at earlier temperature
compared to the CSTR. Therefore, one reactor volume of
feed at temperature will be treated in lesser time with PFR
than with CSTR. The maximum space time and operating
temperature obtained at same reactor operational
conditions and molar feed ratio of 3.0 were 2.59 h and
303.8 K; and 0.56 h and 295.8 K for the continuous stirred-
tank reactor and plug flow reactor, respectively.

Figure 10 showed the comparison of CSTR space
velocity and PFR space velocity at molar feed ratio of 3.0
and same operational parameters. Again, there was a wide
gap between the CSTR space velocity and PFR space
velocity. Although, the space velocity of the both reactors
decreases as conversion increases, the CSTR space velocity
unlike the space time was far less than the PFR space
velocity. Again, more number of reactor volumes of feed
will be treated per hour at every degree of conversion of
sodium hydroxide with PFR than in CSTR. The maximum
space velocity and degree of conversion of sodium
hydroxide obtained at same reactor operational conditions
and molar feed ratio of 3.0 were 0.39hr! and 99.46%; and
1.80hr! and 99.86K for the continuous stirred-tank reactor
and plug flow reactor respectively.

Figure 11 showed the comparison of CSTR space
velocity and PFR space velocity at molar feed ratio of 3.0
and same operational parameters. The effect of
temperature was obviously observed between the space
velocity of CSTR and that of the PFR. While the reaction in
PFR was attained at a little increase in temperature, the
CSTR takes a much more increase in temperature before
reaction was completed to achieve a very high conversion.
Indeed, the space velocity for the both reactors decreases
as conversion was increased, but the CSTR space velocity
unlike the space time was less than the PFR space velocity.
Again, more number of reactor volumes of feed will be
treated per hour at every degree of conversion of sodium
hydroxide with PFR than with CSTR. The maximum space
velocity and operating temperature obtained at same
reactor operational conditions and molar feed ratio of 3.0
were 0.39 h-1 and 303.8 K; and 1.80 h-t and 295.8 K for the
continuous stirred-tank reactor and plug flow reactor
respectively. The values of the reactors functional
parameters obtained from the analysis at the same reactor
operating parameters and molar feed ratio of 3.0 are
summarized in Table 2. Results revealed that the method
adopted is efficient for the comparison of sodium benzoate
production (Cui et al.,, 2013; Kiel et al,, 2014; Lindsay et al,,
2008; Manan et al, 2016; Shi et al, 2014ab;
Sirisansaneeyakul et al, 2014; Suryawanshi et al., 2018;
Yang et al, 2019; Yang and Lin, 2011) and can also be
extended for other products in the industry.

CONCLUSIONS
Performance equations for batch reactor, plug flow reactor

(PFR) and continuous stirred tank reactor (CSTR) have been
modeled for the production of sodium benzoate from the
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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.
For CSTR and 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%.
On the basis of comparison at the same operating conditions,
the overall size of batch reactor was greater than that of
CSTR which in turn was greater than that of the PFR, while
the reverse was the case for heat generated per reactor
volume. Also, the space time for CSTR was greater than that
of the PFR while, the space velocity for PFR was greater than
that of CSTR. Because the batch reactor and CSTR are not
often characterized by pressure drop, no comparison was
made. However, the pressure drop along the length of the
PFR increases as molar feed ratio was increased. Following
the results obtained from the analysis, the production of
sodium benzoate from sodium hydroxide and benzoic acid
can be executed in either of batch reactor, CSTR or PFR
depending on the capacity of production and conditions of
operation.
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