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Abstract

Peroxypropionic acid (PPA) is an important organic chemical compound. Due to its versatile oxidizing properties, it is used in the oil,
chemical and other industries. In this article, an attempt was made for the production of PPA in a Teflon helical capillary microreactor
without and with homogeneous catalyst. The article reports the perhydrolysis of PPA with the effect of various parameters such as
concentration of hydrogen peroxide, molar ratio of reactants, radius of curvature of the microreactor, concentration of catalyst and
temperature. The reaction is slow, as the PPA equilibrium was found to be reached within 10 min at a temperature of 50 °Cand at 10 mol %
catalyst loading based on propionic acid. The reaction was carried out in 13.25 and 23.25 mm radius of curvature of the microreactor in
which 4.0375 and 3.488 mol/L concentrations of PPA respectively were obtained at 50 °C and 10 mol % catalyst. It indicates that as radius
of curvature decreases, better mixing was provided among the reactants for the reaction to give enhanced yield and selectivity. From the
experimental data and the kinetic expressions, the expressions of activation energies and reaction rate constants were determined.
For PPA synthesis and hydrolysis, the activation energies were 43.897 and 20.658 kJ/mol respectively without catalyst, while the activation
energies for both the cases were 42.314 and 17.514 kJ/mol respectively with catalyst of 10 mol% based on propionic acid. The dean
number, curve tube friction factor and pressure drop also determined for the helical capillary microreactor.
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1 Introduction

Peroxypropionic acid (perpropionic acid, PPA) is
an organic compound with molecular formula of
C,H,COOO0OH (RCOOOH, R = C,H,). It belongs to the
family of peroxycarboxylic acids (PCA) [1-4]. The PCA
are generally used due to its effective and high oxidative
properties. The PCA are widely used for the destruction
of pesticides, pollutants and as a bleaching agent in the
paper industry and in the production of fine chemical sub-
stances [5—8]. The PPA is synthesized from the propionic
acid (PA) and hydrogen peroxide (HP) as raw material and
using sulfuric acid as a catalyst. It can also be synthesized
without catalyst, but the conversion is low. So, in order
to synthesize PPA, a catalyst is required, which may be a
homogeneous catalyst such as mineral acids like sulfuric
acid, phosphoric acid etc. [6, 9, 10] or heterogeneous cata-
lyst such as Amberlite IR-120, Amberlyst 15, Smopex-101,

Dowex etc. [8]. The chemical reaction is as shown in
Scheme (I) [11]

C,H,COOH(A)+H,0, (B) E#CZHSCOOOH(C) +H,0(W) . )

Currently, microreactor technology (MRT) is one of
the best modern technologies in pharmaceutical, chemi-
cal production, process technology and chemical process-
ing. From the last two decades, globally research accom-
plishments have impressively proved that microreactors
whose internal geometry fall within the sub milliliter
range. It provides numerous advantages in chemical pro-
cess technology. Hence, a microreactor offers improved
heat and mass transfer characteristics than batch reac-
tors (conventional reactors) as a result of their high sur-
face-to-volume ratio [12—-14]. Consequently, the exother-
mic or hazardous reaction can safely carried out using the
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microreactors [15, 16]. Better safety is managed, because
of the small amount of hold-up within the microreactors.
Besides better heat transfer, mass transfer, it also offers
improved selectivity and yield. There is energy saving
and improved safety over conventional batch produc-
tion processes. This improvement is mainly significant in
multiphase reaction systems like gas-liquid or liquid-lig-
uid system and in other categories of mixing processes.
Furthermore, MRT offers entry to new process methodol-
ogies and synthesis of various products. Currently, MRT
has efficiently been employed as a tool for optimization
and process screening in the research and development
labs of chemical industries and research centers.

The helical capillary microreactor (HCMR) offers
improved heat and mass transport as well as enhanced
mixing among the reactants as compared to the planar
microstructured reactors (PMR). The residence time dis-
tribution (RTD) is very narrow in the HCMR whereas the
RTD is considerably broad in the PMR. It could be happen
due to secondary flow formation by Dean Vortices in the
HCMR [17]. Mixing taking place along the length of the
microreactor in the PMR, whereas the mixing occurs along
the length of the microreactor as well as in radial direc-
tion in the HCMR. So, the secondary flow in the HCMR,
affects the rate of reaction and selectivity of the product in
reduced residence time [17-20]. Therefore, in consequence
of several advantages of the HCMR, an attempt was made
to employ the HCMR for the synthesis of PPA.

So far there is no report on the synthesis of peroxypro-
pionic acid in a microreactor. So that, to study the capil-
lary microreactor performance and reaction behavior, the
synthesis of peroxypropionic acid reaction was selected.
This article reports, the usage of HCMR for the safe
processing of PPA reaction in the liquid-liquid regime.
Detailed kinetic study and the effect of curvature on per-
oxypropionic acid reaction were also reported.

2 Experimental methods

2.1 Materials and chemicals

Propionic acid (PA, C,H,COOH, 99.5 %) and ammonium
cerium sulphate (ACS, (NH,),Ce(SO,),2H,0, 98 %) were
obtained from Sisco Research Laboratories Pvt. Ltd.,
Mumbai, India. Hydrogen peroxide (HP, H,0,, 30 % w/w)
and sulfuric acid (SA, H,SO,, 97 %) were obtained from
Fisher Scientific, Mumbai, India. Potassium iodide (KI),
ferroin solution (as an indicator) and sodium thiosulphate
(STS, Na,S,0,-5H,0) were procured from S D Fine-chem
Limited, Mumbai, India. Starch maize powder (SMP,

corn, (C.H,,
India. PA and HP were reactants and SA employed as a
catalyst. ACS, FI (indicator), STS, KI and SMP Solutions
(indicator) were employed for the analysis of peroxypropi-

O,),) was obtained from Molychem, Mumbai,

onic acid product. The required stock solutions were pre-
pared using distilled water. The rate of formation of PPA
was studied. The PPA synthesis reaction is presented in
Scheme (I). The reaction was accomplished in the absence
and presence of a homogeneous catalyst (sulfuric acid).

2.2 Procedure for the synthesis of PPA and
experimental setup

All experiments were carried out in Teflon helical capil-
lary microreactor (THCMR). The graphical representation
of the experimental system for the synthesis of PPA has
been shown in Fig. 1. The experimental system contains
of THCMR, syringes, syringe pumps and water bath to
maintain the temperature of the reaction. The volume of
THCMR is 1.0 mL (/D = 0.80, OD = 1.0 mm, radius of cur-
vature = 13.25 mm / 23.25 mm and Length = 2 m). In order
to perform the experiments, syringe pumps were employed
to feed the raw materials into the THCMR. The feed flow
rates were kept at 5 to 72 mL/h for the experiments with
catalyst (or 1.33 - 12.0 mL/h for the experiments without
catalyst). The reactants PA (without and with catalyst)
and HP were allowed into the microreactor by employing
syringe pumps. The reactants were added at different molar
ratios. The experiments were conducted without and with a
homogeneous catalyst of sulfuric acid at similar operating
environments. It was observed that the presence of a cata-
lyst in a reaction mixture increases the rate of reaction and
increases yield in shorter time as compared to reaction car-

ried out without catalyst. The experiments were performed
CaHp COOM
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Fig. 1 The graphical representation of experimental system for the
synthesis of PPA



by changing parameters like concentration of HP, molar

ratio of reactants, radius of curvature of the microreactor

and temperature to establish the best operating conditions
for the PPA synthesis in THCMR. The experimental runs
were carried out at different temperatures (30, 40, 50 and

60 °C) by maintaining constant water bath temperature.

The highest operating temperature was kept at 60 °C as

above 60 °C the PPA generates vapors. The product sam-

ples were collected from THCMR and analyzed immedi-
ately. The experimental parameters have been shown in

Table 1. The analysis method is given in Section 2.3.

1. Syringe pumps (Model: Caddo 15B),

. Plastic syringes,

. Inlets,

. T-Mixer (/D = 0.8 mm),

. Teflon helical capillary microstructured reactor
(THCMR) for reaction (/D = 0.80 mm, OD = 1.5 mm,
radius of curvature = 13.25 mm / 23.25 mm and
Length =2 m),

6. Outlet,

7. Water bath to maintain the temperature of the

[ I SNV I

system and
8. Glass beaker for collecting the product.

2.3 Analysis method

The liquid phase of the sample (product) was analyzed
off — line by titration procedures of Greenspan and
Mackellar method [6, 8, 10, 21-23]. The concentration
of HP was determined by titration against a prepared
standard solution of ACS and the concentration of PPA
was determined by titration against a prepared standard
solution of sodium thiosulphate. The titer values were
recorded and the percentage conversions of PA as well as
concentration of PPA were estimated.

3 Results and Discussion

3.1 Effect of hydrogen peroxide concentration on

PPA synthesis

In a chemical process, the selection of concentration of
raw materials is one of the most important parameters,
which plays a vital role in the conversion of reactants into
desired products. As the concentration of one of the reac-
tant increases, it shows the effect in the conversion of the
other reactant and which alters reaction time as well as
the yield of the product and selectivity. So, in this section,
three different concentrations of HP for example 20, 25
and 30 % w/w were studied for the synthesis of PPA at
50 °C and 10 mol % catalyst based on the propionic acid.
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Table 1 List of parameters and their range in the experiments

Parameter
HP Assay
Molar ratio ( HP to PA)

Catalyst loading (based on the PA
mole %)

Range

20, 25 and 30 % w/w
1:0.75, 1:1 and 1: 1.25
4,6,8,10and 12

30, 40, 50 and 60 °C
4.33 - 6.10 mol/L
4.33 - 6.51 mol/L

Temperature
HP concentration

PA concentration

The HP of concentration 30 % w/w is used as received,
while 20 and 25 % w/w concentration of HP were pre-
pared in the laboratory by adding double distilled water.
From Fig. 2, it was confirmed that the HP concentration
of 30 % w/w shows a high conversion of PA as compared
to 20 and 25 %w/w HP. From the Fig. 2, it is observed
that maximum PPA concentration is recorded at highest
concentration of HP (i.e., 30 %w/w). Thus, from Fig. 2, it
could be concluded that 30 %w/w HP is preferable for the
synthesis of PPA for better selectivity, yield and quality.
Furthermore, it could be inferred that 30 % w/v HP and
10 mol % catalyst at 50 °C affords high conversion of PA
(X, =72.36 %) within 10 min residence time [10, 23, 24].

3.2 Molar ratio of hydrogen peroxide and

propionic acid

Fig. 3 describes the effect of HP to PA molar ratio from
1: 0.75 to 1: 1.25 [25, 26] for the synthesis of PPA at 50 °C
and 10 mol % catalyst loading based on PA at a total flow
rate from 5 to 72 mL/h (residence time of 12 min to 50 s).
Generally, for any tubular reactor / plug flow reactor, the res-
idence time is the ratio of volume of the reactor to the vol-
umetric flow rate to the reactor. That is ¢ = V/v, where V

L.0D
T = 50 *C,
|| re=1325 mm
= 80 Catalyst = 10 %%
P
é 0.60 1
=
£
o 0.40
=
E =a—HF =20 % wiw
=020 —8—HF =25 % wiw
—i—HFP =30 % wiw
0.00

0 2 4 G & 10 12 14

Fig. 2 Effect of hydrogen peroxide concentration on the conversion of

propionic acid
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Fig. 3 Effect of molar ratio of propionic acid to hydrogen peroxide for

the synthesis of PPA

is volume of the capillary microreactor and v is the volu-
metric flow rate to the capillary microreactor. According to
the reaction scheme (/) stated, the aforementioned has been
observed that 1 mole of PA reacts with 1 mole HP to afford
1 mole of PPA. From Fig. 3, it has been observed that the
conversion of PA enhances from 49.62 to 73.46 % with an
increase in the molar ratio of HP to PA from 1: 0.75 to 1: 1.25
respectively. Further, when compared to molar ratio of HP to
PA of 1:1 and 1: 1.25, it was noticed that by increasing beyond
the molar ratio of 1: 1.25, there is no significant effect of
the molar ratio on the synthesis of PPA. Furthermore, when
compared to the molar ratio of HP to PA of 1:1 and 1: 1.25
gave almost same conversion of PA. Thus, from Fig. 3, it
could be concluded that the molar ratio of 1:1 of HP to PA
is preferred for the synthesis of PPA. Nevertheless, using
excess HP does not lead to higher conversion.

Microstructured reactor with very large surface area
for a chemical reaction [27-30] which enhances the reac-
tion rate for the formation of PPA and offers less time in
capillary microreactor. Moreover, the concentration of
PPA was observed to be constant, it was reduced after a
residence time of 10 min. This is because of the backward
hydrolysis reaction between PPA and water which takes
place to form PA and HP due to the decomposition of PPA
or PPA decomposes into CO, and water.

3.3 Effect of radius of curvature of the helical capillary
microstructured reactor

Helical capillary microstructured reactor with bends/
turns have been planned for continuous flow applica-
tions as it provides well residence time distributions
(RTD), enhanced heat as well as mass transfer in laminar
stream/regimes for the residence times up to few minutes/

seconds based on the reaction type [27-34]. As the diame-
ter of a microreactor increases, it decreases the bombard-
ment among the particles, which leads to ineffective mix-
ing and increase in diffusion path length. This will slow
down reaction rate. While the diameter of a microreac-
tor decreases it leads to increase the bombardment among
the particles, which enhances the mixing of the reactants.
This will decreases diffusion path length which leads
increase in reaction rate and finally it attain the equilib-
rium in small time for reversible reactions [34].

Further, continuous flow synthesis of performic acid
from formic acid and HP in the presence of sulfuric acid
as a homogeneous catalyst in spiral capillary micro-
reactor was reported by Yadagiri Maralla and Shirish
Sonawane (2018). However, the comparison of two differ-
ent radius of curvature was used to study the behavior of
THCMR for the synthesis of PPA was reported [10].

In this article, two different radius of curvatures were
applied to study the performance of THCMR for the syn-
thesis of PPA at 50 °C and at 10 mol % catalyst loading
based on PA at various total feed flow rates. Here, the radius
of curvatures employed were 23.25 mm and 13.25 mm hav-
ing number of turns of 12 and 21 respectively. However,
when the radius of curvature reduces, the number of turns
increases which results into enhanced mixing, improved
mass and heat transfer, vice versa. A lesser radius of cur-
vature of THCMR leads to give in higher conversion of PA.
From Fig. 4, it was found that at 50 °C and at 10 mol %
catalyst loading based on PA, radius of curvatures of
13.25 mm of THCMR, gave maximum conversion of PA,
X,,=72.36 %, whereas 23.25 mm THCMR gave maximum
conversion of PA, X, = 62.52 %. Furthermore, it would be
concluded that 13.25 mm THCMR is the best continuous
flow capillary microreactor for the synthesis of PPA.

100
T=350°C,
Catalyst = 10%%
- B0 Hp =30 % wiw
3
g’ 0.60 4
£
4
E 0.40 4
0.20 —-rc =23.25
—de=rc = 1325
0.00 x r T - r .
0 2 4 3 8 10 12 14
T, min

Fig. 4 Effect of radius of curvature on the synthesis of PPA



3.4 Effect of catalyst loading on the synthesis of PPA

Fig. 5 describes the effect of catalyst concentration on
the PPA formation by maintaining constant molar ratio of
HP to PA at 1:1 and at 50 °C [26, 35-38]. The conversion
of PA at 4 mol % of catalyst loading was observed to be
X,, = 60.20 %. The conversion of PA was observed to be
increased from 60.20 to 73.51 % at the catalyst loading
from 4 to 12 mol % at 50 °C. This is due to the presence
of higher number of H* ions at high catalyst concentration.
As the sulfuric acid concentration increases which leads
to provide more active H" ions, it enhances the rate of reac-
tion to obtain the equilibrium of the reaction in lesser time
and also increases the yield as well as the selectivity of
the products. On the other hand, higher concentration of
catalyst i.e. above 12 mol % at 50 °C, the conversion of
PA was observed to be closer to X, = 73.51 %, which is
almost near to 10 mol % of catalyst concentration. It is
due to the adequate numbers of H' ions being delivered
by the catalyst concentration of 10 mol %. Furthermore,
even though a larger number of H" ions were prevailing
at a catalyst concentration of 12 mol %, the presence of
insufficient quantities of PA confines the PPA formation
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synthesis of PPA has been represented in Fig. 6 (a) and (b)
without and with catalyst of 10 mol % based on PA respec-
tively. The total feed flow rate of reactants were kept in
the range of 1.33 — 12 ml/h and 5 — 72 mL/h, molar ratio
of HP to PA is 1:1 and catalyst loading of 0 and 10 mol %
based on PA in the temperature range of 30 to 60 °C
respectively. The concentration of PPA was found to be
0.4522 mol/L (X, = 8.10 %) at a residence time of 45 min
at 30 °C and was noticed to be increased to 0.6460 mol/L
(X, = 11.58 %) at a residence time of 45 min at 60 °C in
the absence of a catalyst. Similarly, the concentration of
PPA was found to be 3.4884 mol/L (X,, = 62.52 %) at a
residence time of 12 min at 30 °C and was noticed to be
enhanced to 4.0375 mol/L (X, = 72.36 %) at a residence
time of 10 min at 50 °C in the presence of homogeneous
catalyst loading at 10 mol % based on PA. It was observed
that as the temperature increases the rate of reaction
increases which results in an increase in the reactants con-
version and further which leads to obtain better product
with improved yield and selectivity. Then, it was observed
that reduction in the formation of peroxypropionic acid at

in the THCMR. Therefore, the conversion of PA remains 0.20 4
ltered. In th K th Jibri . hed re =13.25 mm -—30 :C
unaltered. In the present work, the equilibrium is reache 016 || EP=30 % wiw ——40 °C (a)
at the end of 10 min. Hence, from Fig. 5, it could be con- : Cat=0% :g .,g
cluded that 10 mol % catalyst concentrations is the best 5 il
one at 50 °C and 30 %w/w HP to produce PPA by using the E
. . E
THCMR with a radius of curvature of 13.25 mm. E 0.08 -
o
3.5 Effect of temperature on the synthesis of PPA LS
Experiments were performed at various temperatures in Ao
the range of 30 to 60 °C to study the temperature effect on 50
the synthesis of PPA. The effect of the temperature for the Ty min
1.00 1.00
re = 13.25 mm
HF = 30 % wiw &
0.80 4 0.80 1| Caabyst = 10%
£ =
-
£ 0.60 - 3]
2 =
5 =
g 0.40 - -4 % Cat g
= —t=6 % Cat ‘2
s T=50 °C -8 % Cat g
= =
st e || ~=10% cat S
=812 % Cat
0.00 - - - £l
0 5 10 15 20
T, min

Fig. 5 Effect of catalyst concentration on the synthesis of PPA

Fig. 6 Effect of temperature on the synthesis of PPA (a) without catalyst
(b) with catalyst
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temperatures above 60 °C due to the decomposition of the
peroxypropionic acid [2].

This is because of the decomposition of PPA at higher
temperature (above 80 °C) and higher catalyst concentra-
tion causes the reduction in the concentration of PPA at
60 °C compared to 50 °C. In addition, at higher tempera-
ture and high concentration of catalyst, vapors of reaction
mixture gets formed in the microreactor ensuing in less
effective reactivity among the reactants, which conse-
quences in the lower conversion of PA and thus decreases
the reaction rate. On the contrary, at lower temperature
(50 °C), the vapor pressure of the reaction mixture is low.
Consequently, the small amount of vapor exists in the
microreactor leads to more reactivity among the reactants
which results into the reaction leading to more forma-
tion of PPA and that enhances the reaction rate at 50 °C.
Hence, the optimum temperature was found to be 50 °C.

3.6 Formation of kinetic model and finding of

kinetics constants

3.6.1 Suppositions of a kinetic model

Before developing the kinetic model, following assump-
tions were made.

* The reaction volume is constant during the reaction
at a temperature.

e HP is unchanged when no catalyst was used in the
reaction, even at higher temperature up to some
extent. Furthermore, thermal decomposition of PPA
is apparent merely at temperature above 80 °C [1-4].

* Further, there is assured quantity of water would
be produced in the synthesis of PPA and it is a
robust group of nucleophilic than HP and PPA.
Hence, the depletion of PPA is mostly owing to that
its hydrolysis.

Hence, the reaction Scheme (I) consist of the two main
reactions, synthesis of PPA and hydrolysis of PPA

C,H,COOH(A) + H,0,(B) ::‘LCZHSCOOOH(C) +H,0(W) . Q)

3.6.2 Determination of kinetic constants

The PPA synthesis and hydrolysis without and with homo-
geneous catalyst were used to estimate the reaction rate
constants. Fig. 7 and Fig. 9 show the residence time effect
on the synthesis of PPA without and with catalyst respec-
tively at different temperatures. The data stated in Fig. 8
and Fig. 10 was used to find the activation energies and the
reaction rate constants of the Scheme (I) without and with

8.0

v=0.1533x, R*= 0.9564,T = 60 °C
y=0.1120x, R* = 0.9961, T = 50 °C
6.0 1y = 007325, Re= 0.9935,T = 40 °C
v = 0,0491%, R2= 0.9973, T = 30 5C

4.0 +

|
0 -

0.0

I [{Xpae (2 *Xpag- 1) Xpa [ Xpap-Xpal |

] 10 bl 30 40

T, min

Fig. 7 The plot of residence time Vs In (conversion) for the synthesis
of PPA to determine the rate constants at different temperatures
without catalyst

0.0
In (ks) =-2.4846x + 52287, R*=0.9912
21 m-
——- ——
= 40 4
£
= 60 |
k]
.sl'] 4
I (Jy) = -5.2796x + 9.5456, R? = (.9955
=10.0
295 A0 305 310 315 320 325 3 33
1000T [LE]

Fig. 8 Arrhenius plots for the synthesis of PPA without catalyst

catalyst respectively. A very few researchers have stated
that at higher temperatures (i.e. > 80 °C) [2], PCA decom-
poses into O,, H O and CO, [10, 38]. A very few research-
ers stated the kinetic model for the synthesis of PPA and
decomposition of PPA in a conventional batch method [6,
8]. In this study, a kinetic model was established for the
synthesis of PPA without and with catalyst by treating
THCMR as a model of plug flow reactor (PFR).

The kinetic model for the Scheme (I) of PPA could be
described by Egs. (1)-(4)

dC dC
——M = = (C,,C.p —k,Cpp, Cy)

—7 = -7 =

P4 HP dr = di
M
dcC dac
Tpps = Ty :%ZTIWZ (kICPACHP _k2CPPACW) 2
o __dCPA __dCHP
T = e =T T ©)

= (kl CPA CHP - k2CPPA CW )CSA



2

v = 0.2687x, R*= 0.9705, T=60 °C
¥ =10:2176x, R = 0.9867, T=350 *C .
v = 0.1718x, R*= 09393, T=40) °C

v = (.0894x, Rt = (.9955, Te3) °C

g

=

Irn | (X e =12 * Ko = 1) * X K pene- X |
= =
] 4

=
2

T, min

Fig. 9 The plot of residence time Vs In (conversion) for the synthesis
of PPA to determine the rate constants at different temperatures with
catalyst (10 mol %)

0.00 - - T T - T
In (Cgali;) = -5.0893x + 12,651, R*=0.9178
J2.00 4
£
£
= -4.00 -
-1 .-_'_‘ﬂ—
—
£ ~—e
001 In (Csaks) = -2.1065% + 16725, R*=0.9172
-8.00
an 30 il il iz 1z i3 33 34
LO0OT, [L/K]

Fig. 10 Arrhenius plots for the synthesis of PPA with catalyst (10 mol %)

dC dcC,
=t = TI‘W = (kICPACHP - kZCPPACW )CSA .

Y dr
@)

Eq. (1) and Eq. (2) represent the kinetic model for the
reaction of without catalyst and Eq. (3) and Eq. (4) rep-
resents the kinetic model for the reaction of with catalyst.

After the components balance, the PA concentration
and water concentration were by Egs. (5)-(7)

Cry =Cryo— (CHPO - CHP) ®)
Cra = Crio = Crpy ©)
Cy = CWO + (CHP() —Cyp) - (7

Where C, is the concentration at time = 0 and C, is
the concentration at time ¢ of species Z. Therefore, the
kinetic models could be written by Egs. (8)-(11)
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dac dac
= (kl (CPAO - CPPA )CHP - kZCPPA (CWO + (CHPO - CHP )))
@®)
dc dc,
Tppga =ty = d};PA = dtW
= (k1 (CPAO - CPPA )CHP - kz CPPA (CWO + (CHPO - CHP )))
©)]
dcC dc
(10)
_ (kl (CPAO - CPPA )CHP jc
_kz CPPA (CWO + (CHPO - CHP )) .
dac dcC,
Tppa =Ty = d};PA = dtW
(11)

(kl (Crao = Cona)Cor J c
—k,Cppy (Cpo + (Crppg = Cip)) "

For a PFR model (by assuming), the performance equa-
tion is by Egs. (12)-(14)

Input = output + disappearance by the reaction (12)
Fo, = (F,, +dF,)+(=r,)dV (13)
F,,dX,, = (=r,)dV . (14)

Eq. (12) to Eq. (14) represents the interpretation for PA
in the degree of different portions of reactor volume dV.
F,,, feed flow rate, is maintained constant. On the other
hand, -r,, is a function of the reactants concentration, cat-
alyst concentration (if any) and the reaction temperature.
Rearranging the expression of Eq. (14), as a result, result-
ing into Eq. (15) and E;El (16)

el o ¢, (1)
Yo FPAO o "Tra
v _vc e dx
t=—=—oCC,, [ T (16)
Voo Frap o Tra
For equimolar concentration C,, = C,, and
Copio = Cyyp = 0 at time ¢ = 0, at equilibrium (Eq. (17))
_ dCPA —

17
u (17)
Consequently, the equilibrium constant (K)) is deter-
mined by Eq. (18)
k CPPAeCWe X;Ae

Ke:_lz—:—z . (18)
kz CPAeCHPe (1 _XPAe)
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Table 2 Comparison of activation energy with literature and
present study.

Activation Energy (£ )

Homogeneous catalyst Remarks /
(Sulfuric acid) Heterogeneous catalyst Reference
60.4 kJ/mol @ 46.4 °C - [6]
43.20 kJ/mol @ 45 °C (1]
(Amberlite IR-120)
44.24 kJ/mol @ 45 °C S14 kl/mol @ 45 °C [45]

(Amberlite IR-120)

43.90 kJ/mol
(without catalyst)
42.31 kJ/mol
(with catalyst)
Both @ 45 °C

Present study

From the Eq. (1), Eq. (3), Eq. (8) and Eq. (10) and after
integration, attained Eq. (19) and Eq. (20)
ln|:(XPAe _(2XPAe _1)XPA):| _ 2k1 ( 1

- 1) CPAOT 19

(XPAe _XPA) P
X, —(2X, -DX !
ln|:( Pde ( Pde ) PA):|=2k1( _IJCSACPAOT :
(Xpse=Xp) Krse
(20)

From Eq. (19) and Eq. (20) [39—41] and Fig. 7 to Fig. 10
were used to find the activation energies and the reaction
rate constants for the PPA synthesis and hydrolysis with-
out and with catalyst.

From Fig. 8 and Fig. 10, the activation energies of PPA
synthesis and hydrolysis were determined as 43.897 and
20.658 kJ/mol without catalyst and 42.314 and 17.514 kJ/mol
with catalyst loading of 10 mol % based on PA respectively.
Comparison of Activation energy with literature and pres-
ent study was shown in Table 2. The activation energy of
forward reaction is greater than the backward reaction.
As a result, it could be noticed that the breakdown of PPA
is predominant by the temperature considerably over the
PPA synthesis and hydrolysis. The reaction rate constants
k, and k, for PA without and with catalyst could be esti-
mated from Egs. (21)-(24)

(—43897.2345)
R

k, =13.983x10’ exp , L/(mol*min) Q1)

k, =1.87x10% exp

(M), L/(mol*min) (22)

, L*/(mol* *min)

(23)

k1=521n3x104exp(:f322i2§i2j
RT

—17514.4943

k, =8.068ex
: p( RT

j, L’ /(mol* *min) . (24)

3.7 Hydrodynamics of fluid flow through helical
capillary microreactor
The experiments were performed at different tempera-
tures and at different flow rates. The flow pattern behavior
in the microreactor was laminar flow and it was confirmed
by evaluating Reynolds number (Re). The Reynolds num-
ber was estimated by considering internal diameter and
velocity at the inlet of the microreactor by Eq. (25)
dvp

L
Where u, p, v and d are viscosity of the solution mix-

Re = (25)

ture, density of the fluid, velocity and internal diameter
of the microreactor respectively. Here the density of the
solution was treated as the fluid density (998 kg/m?) and
the viscosity of solution (2.752 m Pa. s) was determined
by Rheometer (Model No. QC SN80156956 — FW1.20).
The determined Re is in the range of 0.802 — 11.542.
Hence, the flow pattern is laminar flow in the microreactor.

The Dean number (De) is a dimensionless and provides
information of flow in helical capillaries. As stated by the
Re, it can interpret a physical interpretation of De, it is
defined by Eq. (26)

\/ (Centripetal forces) * (Inertial forces)
c =

D

Viscous forces

:p—Ua’* i:Re>l< i.
uo\rn r,

Where dt is the tube inlet diameter and r, is the radius

(26)

of curvature of the microreactor. For the experiments,
De in the range of 0.197 — 2.836 for », = 13.25 mm and
0.149 — 2.141 for r = 23.25 mm.

The dimensional analysis described that the fully devel-
oped laminar flow of a fluid in a coiled tube can be described
by a dimensionless group which is the product /* Re. In case
of the flow in helical tubes, the pressure drop is higher when
compared to straight tube at the same operating conditions.

In experiment, helical capillary microreactor was used
as mentioned above. The curved tube friction factor, f,
for helical capillary microreactor was calculated. The f, for
fully developed laminar flow is given by Eq. (27)

22 2\4
fc=f5{1.03058*(De j +o.o1195*(De j j e
288 288

Where De is Dean Number, f, is straight tube fric-
tion factor. Using the Eq. (26), the f, for helical capillary

microreactor is calculated by using De and f; (= 16/ Re).
The determined f is in the range of 3.73 * 107 — 1.11 * 10
for . = 1325 mm and 121*107 — 3.62 * 10-*for
r, = 23.25 mm. Therefore, it could be concluded that as
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Table 3 Comparison of flow rate, Reynolds number, Dean Number, curve friction factor and pressure drop for different radius of curvatures.

0 r = 1325 mm r =2325
R O
5.0 0.802 0.197 3.73E-7 78.368 0.149 1.21E-07 70.827
6.0 0.962 0.236 6.45E-7 100.421 0.178 2.09E-07 90.758
7.5 1.202 0.295 1.26E-6 136.027 0.223 4.09E-07 122.937
10.0 1.603 0.394 2.98E-6 201.159 0.297 9.70E-07 181.802
15.0 2.405 0.591 1.01E-5 349.160 0.446 3.27E-06 315.560
30.0 4.809 1.182 8.06E-5 896.242 0.892 2.62E-05 809.997
72.0 11.542 2.836 1.11E-3 2947.900 2.141 3.62E-04 2664.223

the residence time increases, the De decreases because of
the decrease in the velocity, which leads to decrease in f.
It was noticed that, their effects were high in 7, = 13.25 mm
when compared to », = 23.25 mm.

The pressure drop is an important parameter in the
design of a helical capillary microreactor [42]. In the
experiments, horizontal helical capillary microreactor
with homogeneous liquid flow in the laminar regime was
considered. The pressure drop (AP) is owing to frictional
effects of the fluid flow, for laminar flow, is reported by the
Hagen-Poiseuille equation (Eq. (28))
AP 32uv
L4

Where L is the length of the capillary, u viscosity of the

28)

fluid, v is the velocity of fluid flowing in the helical cap-
illary microreactor, d, is the capillary internal diameter.

White [43] has reported that the pressure drop in a heli-
cal tube is a function of the De, defined by Eq. (29):

f(De)=0.37De"* . (29)
Consequently, the resistance of laminar flow in a
straight tube (Eq. (28)) could be multiplied with Eq. (29)
and yields the Eq. (30) [44]
AP _ 321V 6 37Det |
L d

t

(30)

By Eq. (30), the pressure drop was determined
for the helical capillary microreactor in the range
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