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‘Department of Chemical Engineering, Wah Engineering Reaction kinetics play a vital role for the development of optimized design
College, Pakistan of a reactor. Due to significance of saponification process, a number of
*Department of Chemical Engineering, NFC- IE & FR, investigations had been done on its different aspects. It is evident from previous
Pakistan studies that maximum yield can be attained when equimolar flow of the both
*Corresponding author: Usman Asghar, Department reactants is charged to the reactor. Due to Industrial importance of the products
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Cantt., Pakistan to maximize its conversion, and economical utilization of raw materials. The

objective this research is experimental study of shifting order kinetics for alkaline
hydrolysis of ethyl acetate reaction (Saponification reaction) at constant stirring
using integral shifting order analysis. For this purpose, experiments are carried
out in the batch reactor at constant stirring speed and change in concentrations
are determined with the time. Detailed kinetic study has been studied. It is
concluded that hydrolysis of ethyl acetate reaction in alkaline medium is a
shifting order, and due to its exothermic nature, low reaction temperature
promotes high conversion and reaction rate. The values of rate constants k1
and k2 are found to be 0.1867 min-1 and -6.280 min-1 respectively and order
shifts at concentration equal to 0.032 M.
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Introduction is the reaction rate. For gaseous phase reactants and the products,
rate of reaction is directly proportional to the partial pressures.
Catalysts also influence the rate of reaction, i.e., increases the reaction
rate, however the negative catalysts (Inhibitors) may decrease the
chemical reaction rates. Elevated temperatures normally favor high
reaction rates. Rate equation is the combination of two terms, i.e.,
concentration depending term and the temperature depending
term for homogeneous reactions. Saponification is a reaction in
which hydrolysis of acarboxylic acid in basic (alkaline) conditions.
Hydrolysis is actually the chemical decomposition that involves the
breaking of an ester bond and the glycerol and fatty acid are produced
Saponification is the hydrolysis of a fatty acid in a basic medium. ~ as a result in the alkaline medium. The importance of the product
The base in the saponification reaction breaks the ester bonding, as sodium acetate is not limited to its use for cleaning purposes but it has
a result, releases the glycerol and fatty acid salt. Esters are generally ~ aextensive industrial applications such as in paint, pharmaceutical, as
present as triglycerides. Saponifiable substances can be precisely food additive, dying industry, in electroplating industry, photography,
defined as those that can be transformed into soap after some kind ~ purification of glucose and as a meat preservative etc. while the
of chemical treatment. Sodium hydroxide (NaOH) is generally used ethanol being a by-product can be utilized as a bio fuel.
for producing hard soaps whereas the Potassium Hydroxide (KOH)
is usually used to manufacture soft soaps.

A reaction is said to occur when a number of molecules of one
or more chemical species have changed their identity and assumed
a new form due to change in their kind or configuration or number
of atoms in the newly formed compound. Kinetics of a reaction is
the interpretation of our insight about chemical process in the form
of a mathematical rate expression that can be employed for design
and rating of a reactor. Detailed Kinetics emerges as key aspect of
Research and Development (R&D) in chemical process industries
when a performance model is tested using simulations [1].

In spite of its importance, no research has been made for process
improvements like to maximize its conversion, the economical

Reaction kinetics is the part of physical chemistry that studies and eco-friendly utilization of raw material for the saponification
rates of reactions. The rate of reaction can be defined as “how fast ~ reaction [3-6]. Reaction of ethyl acetate with sodium hydroxide
or slow a reaction takes place” or may be defined as the changes in ~ (saponification) is a 2™ order reaction overall, and 1st order with
the number of molecules of reacting species per unit volume per unit ~ respect to reactants. Moreover, reaction order drops and become
time [2]. Rate of a chemical reaction can be influenced by a number of sequential instead of been 2™ order when both reactants are used in
variables, for instance, larger the surface area of solid reactants greater the equimolecular concentrations. This reaction is a homogeneous
is the reaction rate, higher the concentration of reactants higher  (liquid-liquid), non-catalytic, and the constant density system. Its
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exothermic in nature [7].
CH,COOC H, + NaOH - CH,COONa + C,H.OH

The reaction of ethyl acetate with sodium hydroxide is a well-
known reaction in chemistry and it is exemplified as a model reaction
of the 2" order in literature when dealing with chemical kinetics [8-
10].

Past research reveals that high conversion is achieved when both
reactants are used in equimolecular concentration, the same can
be also noticed from the reaction stoichiometry. The overall rate of
reaction is retarded by addition of products, however it is too small to
demonstrate the variations from the 2° order kinetics. The deviation
is more significant when the concentrations of both ester and base
are close. All the earlier studies indicate that in a continuous process,
rise in the reactant flow rates would cause decrease in residence time
and as a result of which overall conversion dropped. Conversely, rate
constant (k) increases initially and then declines with the flow rate
of reactants. This considerably reduction in the conductivity can be
noticed with stirring rate and results in attaining higher conversion
as reaction continues.

Hence, agitation is essential to provide effective mixing and to
achieve uniform temperature distribution in the reactor. As the past
research reveals that the hydrolysis reaction of ethyl acetate under
basic conditions is 2™ order, but during experiments, we noticed
that saponification of ethyl acetate with sodium hydroxide does
not comply with the 2™ order reaction kinetics. It was essential to
investigate the reaction more carefully. The previous studies on
this particular reaction did not study the reaction rates thoroughly.
Mostly only the average initial rate constant has been found. The
variation from the 2™ order kinetics has never been studied in detail.
Thus, we investigate the shifting order kinetics this reaction using
integral analysis approach.

The same reaction has been studied by many researchers at
different temperatures with various measurement techniques in order
to determine the reaction order and the activation energies [11,13].
Daniels et al [14]. And Levenson [15] employed a volumetric titration
method in which composition of reaction mixture is analyzed by
the withdrawal of samples after same time intervals. The major
disadvantages are the errors related with the titration employing
color indicators. The second technique was reported by Walker [16],
who measured the composition at different time intervals using
“Conductometric measurement” method. These measurements are
carried out manually. But the accuracy of results greatly depends
on the response time in Conductometric measurement. Another
technique reported by Stead et al [17]. This technique is based on the
continuous flow systems and generally for the substantial volumes of
fluids. In this approach, the reactants are charged to a Continuous
Stirred Tank Reactor (CSTR) at constant temperature. Jensen et al
[18] used high frequency titrimetry. This technique does not require
the insertion of any external indicator or electrodes in the reaction
vessel. But the precaution about the calibration of the equipment must
be taken for the nonlinearity of the equipment. This method involves
anumber of manual operations in methodology as compared with the
proposed method. Shui-Yuan et al. and Ge-Li et al. [19,20] employed
Acidometry and Micro Calorimetry techniques respectively to find
the rate constant (k) for the saponification of esters. However, these

modern techniques are not as simple as compared to proposed
methods. Zhanjun et al. and Young-Tao et al. [21,22] concentrated
their attention to online data using the Conductometric measurement
technique in order to make the methodology substantially simpler.

Experimental setup and method

1. Experimental setup consists of a Batch reactor with a
conductometer, which is inserted into the reactor vessel to observe
the variations in conductivity of key component (i.e., NaOH in our
experiment) after fixed time intervals, Stopwatch, graduated cylinder,
burette and pipettes of various sizes for solution preparations.

2. The operating conditions are maintained at STP in the batch
reactor and constant stirring is provided (350 rpm).

3. The chemicals or reactants necessary to accomplish this reaction
are Sodium Hydroxide (NaOH) and Ethyl acetate (CH,COOC H,)
and distilled water is used for solution preparations.

4. Introduce the equal volumes of each reactant with 0.1M initial
concentrations of both reactants.

5. Before the start of reaction, both the reactants must be at the
same temperature.

6. Note the initial conductivity of key component (i.e., NaOH in
our case) at the start of reaction and then on conductometer inserted
in reactor vessel after the intervals of two minutes.

7. The same procedure is continued till no change is being
observed on conductometer or two same consecutive readings were
found.

8. The observed conductivity readings from conductometer are
converted to concentration (in Molarity units) by using equation
(2.1).

9. The schematics diagram of experimental set up is shown in
Figure 2.1.
/\t

A —
CA = (CAoo _CAO) |:—0
A —

} B OF VT, (2.1)
A
Where

0 o0
C,, = Conc. of sodium hydroxide in mixed feeds (M) at t=0.

C, = Conc. of sodium hydroxide in reactor at time t (M).

C,, = Conc. of sodium hydroxide in reactor after infinite time

M).
AN
0 =Conductivity of key component (NaOH) at time t=0 ().
VAN
t =Conductivity of key component (NaOH) at time t ( ).

® =Conductivity of key component (NaOH) after infinite time

0.
Schematic diagram of experimental set up.
Results and Discussion

Instantaneous and overall conversion

Conversion is described as “the percentage transformation
of reactants into products in a single pass” in multi pass system.
Conversion is divided into instantaneous conversion and the overall
conversion for a reaction. Both have same meanings for a continuous
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Table 1: Time Vs Concentration data.

Table 3: Calculations for Shifting Order Analysis.

SiNo. | Time | Conauctviy | COMCENUAOn | Instamancous
(X,
(min) (Hs) (M) -

1 0 1747 0.1 0

2 2 1421 0.065 0.35

3 4 1120 0.034 0.66

4 6 963 0.0178 0.82

5 8 894 0.0105 0.91

6 10 874 0.0084 0.89

7 12 841 0.0050 0.95

8 14 827 0.0035 0.96

9 16 823 0.0031 0.96

10 18 793 0.0023 0.97

11 20 793 0.0023 0.97

Table 2: Data for Fractional life Method.
Sr. No. CAo C,=X,CAo te log(t,) Log(CAo0)
M M sec

1 0.065 0.063 12 1.08 -1.19

2 0.0178 0.0173 25 1.40 -1.75

3 0.0084 0.0081 38 1.57 -2.07

4 0.0035 0.0033 49 1.70 -2.46

5 0.0023 0.0022 57 1.76 -2.64

process but when it comes to batch and semi-batch processes,
they have considerable difference. Both overall and Instantaneous
conversions are based on initial concentration of the reactant (key
component), and the Instantaneous conversion which is based on
variable concentration is calculated by following equations. The
results are presented in Table 1.

C
Overall Expression=(X ;) =1——20 oo oooooo (3.1)
Ao
Instantaneous Conversion=(X ) = 1—& -------------- (3.2)

Ao

Order of the reaction

Order of Reaction is the dependence of the rate of reaction
on the concentration of each reactant. The order of reaction is an
experimentally determined parameter and can take on a fractional
value.

It provides the detail of the stoichiometry of rate determining
step of a reaction. A chemical reaction may have more than one
order based on variations in the concentrations of reactants but
order must remain within a range of (+3,-3). It shows that to what
extent the reactant concentration can affects the rate of reaction and
which component has highest effect. We have used integral method
to determine the order of reaction to find out either saponification
reaction satisfy the 2" order kinetics or a shifting order kinetics. For
this purpose, Fractional Life Method (one the integral method) is
employed. The equation of Fractional Life Method is

_ (F)lin _1C1—n
F Kk (n _ 1) Ao

t |n(%)
Sr. No Time | Concentration T C
0 (min) M) o C -C. — A
Ao A C _ C
Ao A
1 2 0.065 4.8x10* 57.14 12.30
2 4 0.034 4.5x10* 60.60 16.34
3 6 0.0178 3.9x10* 73.17 20.99
4 8 0.0105 3.58x10+ 89.39 25.18
5 10 0.0084 3.45x10+ 109.17 27.04
6 12 0.0050 3.34x10* 126.32 31.53
7 14 0.0035 3.26x10* 145.08 34.74
8 16 0.0031 3.18x10* 165.11 35.85
9 18 0.0023 3.12x10* 184.24 38.61
F)" -1
log(t ):Iog(—+(1—n) log(C,,) --------------- (3.4)
F k(n _1) A0

Data required for determination of order of reaction using
fraction life method is tabulated in Table 2. Figure 1 is a graph plotted
between (CA) and (Time) to determine the tF in order to determine
the order of reaction by Fractional Life Method. Figure 2 is a graph
plotted between (log CAo) and (log tF) which provide us the straight-
line equation. By comparing the equation (3.4) with the straight-line
equation obtained from the graph, we found that the order of reaction
is 1.468. The earlier researches states that this reaction follows the
2" order kinetics. But we have found the order of reaction as 1.468,
Therefore this reaction cannot be satisfactorily express as a 2™ order
reaction. The difference in the value of experimentally found order
and literature cited order clearly shows that this reaction is a shifting
order reaction, so to verify this, we will make shifting order analysis.

Shifting order analysis

It is quite possible that the data are well fitted by one reaction
order at higher concentrations but by another reaction order at the
lower concentrations. Shifting order reactions are those reaction
whose order changes with the changing concentration of the key
component (i.e., reactant).

The general rate equation for a shifting order reaction is:
_dc, _ kCy
dt  1+k,C!
Order provides us the detail about the stoichiometry of rate
determining step for a reaction. A reaction may have more than one
orders subject to varying concentrations of reactants. It is actually a
relationship between the rate of reaction concentration of reactants/
products. It also reveals that “to what extent the concentration of
reactant affects the rate of reaction”, as well as which component
has the greatest effect. Likewise, shifting order is a reaction that may
have more than one order depending upon varying concentration of
reactants. For instance, a reaction is found to have a zero order in the
beginning when reactants are at high concentrations, then as the time
passes by, the reaction shifts to first order at the end of reaction when
reactants concentration is very low. There is certain criteria against
which we select the values of m and n for a reaction.

VA=

At higher concentrations, the order will be m-n
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Figure 1: Schematic diagram of experimental set up.
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Figure 2: Concentration Vs Time Curve.
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Figure 3: Concentration Vs fractional time.

At lower concentrations, the order will be m

Guess any values of m and n in the hit and trial method (for which
order should be lies within the range of -3 < order < +3).

|n(%j
C.)
Cao—=Ca
The shifting order behavior of this reaction is proved by

verifying the equation (3.6) by a straight-line graph after it is plotted.
Calculations for shifting order analysis are shown in Table 3.

The results demonstrate that graph (Figure 3.4) is almost a straight

Iy (107%)

0.04 0.08

0.06

0 0.02

Concentration (C,)
Figure 4: Shifting order Behavior.

Shifting Order Analysis
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Figure 5: Shifting order Analysis.

line and therefore it is proved that this is a shifting order reaction,
whose order is shifted from 2 to 1.46 and order shift is found to be
at concentration CA=0.032M, above this concentration, the order of
reaction tends to be pseudo first and below this it tends to be second
order.

Therefore, it cannot be expressed as 2" order reaction especially
when both reactants are used in equimolar concentrations. Moreover,
the values of rate constants k, and k, are determined from slope and
intercept from graph in Figure 3.4 respectively.

y=0.1867x + 6.2801

By comparing it with a straight-line equation (y=mx + c) we will
get:

m=slope= k =0.1867 min"!
c=intercept =- k,=-6.2801min™*

At higher concentration of the key component, k,CA>>1 the
reaction is of 1* order with rate constant (k) =k /k,. On the Contrary,
as the concentration of the key component becomes low, szA<<1,
the reaction will be of 2" order. Thus, transition takes place at k, = 1.

Conclusion

In this research, hydrolysis of ethyl acetate was studied at
constant agitation using integral shifting order analysis approach. it
is concluded that alkaline hydrolysis of ethyl acetate is a shifting order
reaction and order shifts at molar concentration equal to 0.032 M.
The order shift was calculated within the order range of “1-2”. Values
of k, and k, are found to be 0.1867 and -6.280 respectively.

Moreover, its overall order found to be 1.46, so it cannot be
expressed satisfactorily as a 2" order reaction especially when both
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reactants are used in equimolar concentrations.

The low reaction temperature favors the high overall conversion,
it is due to the low energy barrier for reactant molecules to make an
effective collision and less temperature sensitive.
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