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Abstract

The development of a mathematical model for explaining the kinetics of flocculation and coalescence of
emulsion droplets is essential to studying the stability of the kinetics emulsion system. Mathematic
models were developed from the Van Den Tempel equation by modifying emulsion systems, and the
emulsion was made by mixing water-xylene and surfactant tert-butyl oleyl glycosides (TBOG). Fur-
thermore, this research studied the effect of stirrer speed on the value of flocculation rate constant (a)
and coalescence rate constant (K). Moreover, the model identified the emulsion development condition
controlled by either coalescence or flocculation. However, it was observed that under slow agitation
(1000 rpm) the emulsion development was controlled by flocculation mechanism, while a faster agita-
tion (2000 rpm or higher) exhibited coalescence controlled mechanism. The results hereby confirmed
that the 1st model was the most appropriate for water-xylene-TBOG emulsion system. After analysing
experimental data from four models, the 4th model was discovered to be the most suitable, because it
had the least error at 2.22 %. Copyright © 2019 BCREC Group. All rights reserved
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1. Introduction cible liquids that are droplets of one phase
(dispersed or internal phase) and dispersed in
another (continuous phase or external phase)
[4,5]. They can be applied to a variety of indus-
tries, such as: the cosmetics, chemicals, pol-
ishes, medicines, food, petroleum, and asphalt
[6-8].

Kinetic model for the simultaneous processes
of flocculation and coalescence in the emulsion
system was investigated [9-11]. Some thermody-

Emulsion systems are thermodynamically
unstable and will generally be separated into
two phases in a period of time. Emulsion insta-
bility can be determined by the occurrence of
method-creaming or sedimentation, droplet floc-
culation, and coalescence among drops or phase
segregation [1-3]. Emulsions mean two immis-

namics investigations have been known to mod-

* Corresponding Author. . . . ..
P & ify the size, flocculation or coalescence of lipid

E-mail: bambangpraa@gmail.com (B. Pramudono)
Telp: +6224-7460058, Fax: +6224-74680675

berec_2594_2018 Copyright © 2019, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 14 (1), 2019, 61

molecules in the surrounding lipid emulsions
[12].

This paper attempts to simultaneously
measure both processes by developing a mathe-
matical model in order to examine the instabil-
ity of the system, emulsion water-xylene-tert-
butyl oleyl glycosides [13]. In this system, tert-
butyl oleyl glycosides (TBOG) surfactants are
added to the emulsion of water-xylene as emul-
sifiers to enhance the stability of emulsion
samples in terms of kinetic aspects. The new
invention here is the use of TBOG surfactants,
and they are made by reacting tert-butyl gly-
cosides with oleic acid. This surfactant has
more advantages compared to the type that has
been previously studied by researchers, and
this is attributable to its brighter colour ob-
tained from its use of benzene solvents. By cre-
ating a mathematical model that can represent
the process of flocculation and coalescence, the
number of drops is then calculated for a certain
period in the emulsion system. This data is af-
terwards used to determine the flocculation
rate constant (a¢) and coalescence rate constant
(K). Furthermore, the values of a and K can be
used as data in designing emulsifier devices.
Using the approach to the Van Den Tempel
model to create a new mathematical model
[14], here are 4 kinetics models with the 1st, 2nd
and 3*d have been studied by Borwankar [1].
The 4th is a new model developed by the author,
on the basis that generally the droplet floccula-
tion process is faster than that of the coales-
cence, therefore the latter is the step that con-
trols. No researcher has experimented using
these four models for kinetic modeling involv-
ing the use of TBOG surfactants.

1.1 Model Development for Flocculation and
Coalescence Processes

The droplet collecting mechanism of floccu-
lation and coalescence in detail can be illus-

Flocculation Coalescence

Coalescence
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Figure 1. The droplet collecting mechanism is
flocculation and coalescence

trated as in Figure 1.

Flocculation is the composite of two or more
droplets colliding to form aggregates as at-
tached, while coalescence is when they collide
to form a bigger drop (broke into one). In an
emulsion, with the longer of the time, droplets
of smaller size will tend to move towards and
eventually attach to larger droplets, and this is
called flocculation. Whereas, when small drop-
lets break to form and attach to a large size
droplet to form aggregates, the droplets will
merge to form a larger one, and this step is
called coalescence.

Flocculation had two effects on the emulsion
stability: (1) an effective particle size increase,
thus increasing the creaming rate and; (ii) in-
creased coalescence possibilities since it is pre-
ceded by flocculation. For pericinetic floccula-
tion, the speed of aggregate formation 1is
strongly influenced by the diffusion of droplets
past continuous phases [15-17]. The aggrega-
tion process is evidently governed by the mu-
tual interaction forces between among the
droplets. Under conditions where coalescence
occurs much more rapidly than flocculation,
the rate of the latter is equivalent to the quad-
rate of the particle concentration [1]. This rate
in the absence of any energy barrier is given by
Equation (1), which is known as the Smolu-
chowski equation [18,19].

_9n DR @
dt
kT
= 2
6mnr

Where D is the diffusion coefficient, r is the ra-
dius of the droplet (r = 1/2R), k is Boltzmann
constant, R is radius of collision, 7 represents
viscosity of the continuous phase, 7T is tempera-
ture, n is number of droplets, and ¢ is time,
from Equation (1) and (2) [20,21].

_dn_4kT , _ - 3)
dt  3n

where a=4kT/31n=8nDr is the flocculation rate
constant. The D is reciprocally connected with
r, the product of Dr ha no correlation with the
radius of the drop. It is certain that a con-
stantly persists constantly during the process,
although the dimensions of the aggregate in-
creases. By integrating Equation (3), the sum
of drops (aggregate and major drops) at any
time, is given by:
1 1

—=—+at
n 4)

t o
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or

nt = L (5)
1+ an,t

Where n, is the number of initial drops; n: is
the primary number of drops (from the initial
set) fixed any time ¢. The sum of primary parti-
cles (not aggregated) n set at any time (¢) is
specified by the Equation (6).

n

" (1 + omot)2 ©

The number of aggregates (n.) is obtained from
Equations (5) and (6).

2
anjt

e (l + annt)2

v

(M

On orthokinetic flocculation, the rate constant
1s affected by the rapidity of agitation as an en-
ergy barrier. However, it is not detached of the
drop radius [22-24]. The rate of flocculation
with the presence of energy barrier is obtained
using Equation (8).

dn ) E
——=4nDr'nexp| ——
dt 7 ( kT) ®)

From Equations (2) and (8),

_dn_( 4T exp(_ ﬁjnz ©
dt n kT
or
_dn_ (10)
dt

Where a=(4kT/3n)exp(-E/RT) is flocculation
rate constant with presence of energy barrier
and E is the activation energy. By integrating
Equation (10), the number of total drops
(aggregate and major drops) at any time is
given by:

i—i+a't
0 n (11)

t 0

Coalescence is the composite of two or more
droplets colliding to form a bigger drop. Once
flocculation occurs, the drops close to one an-
other are parted by continuous thin-phase
films. The films desiccate and break, which re-
sults in the coalescence of droplets due to the
support forces for them, from both kinetic and

gravitational forces. Contact mechanism and
coalescence step was visualized [25]. The coa-
lescence rate can be expressed in terms of a
simple first order rate equation [1].

_dn_ e (12)
dt
By integrating Equation (12), the number of to-
tal drops at any time is given by:

n =n, exp(— Kt) (13)

K is coalescence rate constant. The above equa-
tion was the first proposed by Van den Tempel,
it comes with the assumption that the aggre-
gates consist of very large numbers of globules
and that the coagulation is discontinued before
any appreciable change in the size distribution
of the drop occurs [1,25].

1.2 Kinetic Modeling on Flocculation and Coa-
lescence Process

Emulsion instability 1s a gradual process,
which includes the formation of aggregates
(flocculation), coalescence (film rupture) and
phase separation [26]. n is the number of pri-
mary (non aggregated) drops left at period ¢; m
stands for the average number of drops in an
aggregate; ns represents the number of films in
one aggregate. The illustration of flocculation
and coalescence as regards the number of
drops is given in Figure 2.

The shaded spheres indicate new drops, re-
sulting from coalescence. As shown in Figure 1:
no=17; n=4; n,=3; m=3.6; n=15. Borwankar ex-
pressed that Van Den Tempel expand von
Smoluchowski’s theory by inserting coalescence
kinetics. Assuming that the aggregate is linear,
so that ns = m-1. The lifetimes of thin films
among drops is a major determinant of the coa-
lescence rate. A reduction in m was specified
by the coalescence rate, which is considered to
be proportionate to the films number ns= m-1.

d—mzano —K(m—l) (14)
dt

By integrating Equation (14), the average
number of drops in one aggregate at any period
t is obtainable. The total amount of drops n: at
any period t is given by:

n, =n+nm (15)
Getting the final amount of droplets n: as a

function of time ¢ made four mathematical
models.
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Model 1: assumed that the drops aggregated
linearly (linear).

From Equations (6), (7), (14), and (15), the
total sum of drops n: as a function of period ¢ is

given by Equation (16).
X }exp(— Kt :|

(16)
an./K can be used to determine which of the
two processes is in control of the overall step.

If andK>>1, this means coalescence is
slower than flocculation, making it as the con-
trolling step. On the other hand, when
anodK<<1, this means coalescence is much
faster than flocculation, making flocculation as
the controlling step. Furthermore, Equation
(16) is a model equation which is used as a ref-
erence model and is designated as Model 1.
This model is used as a comparison to the pro-
posed models [27].

_ n, 4 an, ’t an, {
! (1 + anvt) (1 +an t)2

Model 2: Assumes that the droplet aggregates
are non-linear (Two —dimensional)

In general, the films number in an aggre-
gate (ny) can be written as:

n, =(2m -3) amn

The reduction in m is due to the speed of coa-
lescence, which is considered to be proportion-
ate to the film number.

%:ana ~K(2m-3) (18)

By integrating the Equation (18), one can ob-
tain the average number of drops in an aggre-
gate each period ¢ as:

m=1.5+0.52% +0.5(1—%jexp(—2Kt) (19)
K K

O

50 QO

@)
O8O

Initial condition

Equations (6), (7), (15), and (19) provide the
sum of total drops n: expressed as a function of
time:

o

+
(I+an,t) (1+an,t)’

n, =

2
" 0.an, ¢ {H“ ° 41— “]exp( 2Kt)}
K

(20)
Equation (20) represents the model equation of
the Model 2. It indicates the relationship be-
tween the sum of total drops in an emulsion
following any period, if flocculation and coales-
cence take place simultaneously.

Model 3: Assumes that the droplet is aggregated
in a three-dimensional pattern (three-
dimensional)

In general, the number of films in an aggre-
gate (ny) is presented by:

n, =3(m-2) (21)

The reduction in m is due to the rapidity of coa-
lescence, which is considered to be comparable
to the film number.

d—mzano ~K3(m-2) (22)
dt

By integrating the Equation (22), it is evident
that the sum of average drops in one aggregate
at any period (%) is:

m=2+ (1—
3K

a;{” jexp(— 3Kt) (23)

From Equations (6), (7), (15), and (23); it is
clear that the sum of total drops n: expressed
as a function of time:

[

n an_ 't n
n, = + + 2 lexp(-3Kt
" (I+any) (1+an0t)2{ 3K 3K] ( )}

(24)

o B

O

Coalescence Q

After flocculation and
coalescence process

Figure 2. The combination of flocculation and coalescence that has occurred over time t
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Equation (24) represents the model equation
for the second proposed model (Model 3). This
model points out the relationship between the
total number of drops in an emulsion after any
t period, if flocculation and coalescence take
place simultaneously [1].

Model 4. Coalescence Control

In this system, the drops are close to one an-
other and the aggregates can be very big with a
three dimensional shape. Every drop can be
connected with two or more other drops. There-
fore the number of contact points of the drops
m 1s no more equal to “m-1". With the mean
film p per drop, the number of films in every
aggregate is as follows, nf =mp

dn
— _Kpmn (25)
7 pm.n,
dam =an, — Kmp (26)
dt

Using the same analysis as
the one used previously, Van den Tempel gets
the number of drops in strict dispersion such as
the following:

n an an
L Do 43 Mor exp(—K,
K (1+an,t)? ( +anot{ Kp + Kp fexp( pt)} ) @7

If the drops are considered to be of equal mag-
nitude, the average number of films per drop,
p =12, then:

n an an
=—"1 —+{2-—=2 -12K

K (1+anut)2( +m’”{lzlf{ 1K) t)} ) 28)
This fourth model is one developed by authors

theirself.

2. Material and Methods
2.1 Materials

The material used were terbutyl oleyl gly-
cosides surfactant (its purity of 91.72 % was
measured by GCMS, produced from the reac-
tion of tertbutyl glycosides with oleic acid),
aquades, and xylene ( 99 %, Brataco).

2.2 Methods

The emulsion was generated by pouring 10
mL of aquades into a glass cup and then adding
10 mL of xylene and 5000 ppm of surfactant
tert-butyl olyl glycoside. This mixture was then
stirred at different speeds (rpm: 1000, 2000,
5000, 10000) for 3 minutes. The tool used was
the Turrox model Homogenizer that had al-
ready been equipped with a rpm scale. After
the emulsion was formed, two drops were taken

and dripped on a preparation glass. The drop-
lets were then observed using a camera
equipped microscope which took photos every
10 minutes for 90 minutes. Afterwards, the
photo was observed and the number of droplets
was calculated at every 1 cm3, using software
Image Raster 3.

2.3 Analysis of Droplets

The number of droplets was observed using
a camera type Optilab Advanced Plus Model
MTNO16 and Binocular microscope Type XSZ-
170, and the amount was subsequently calcu-
lated using the Software Image Raster 3.

3. Results and Discussion

The 1st, 2nd 3rd and 4th models have two pa-
rameters, namely the flocculation rate constant
(@) and the coalescence rate constant (K). They
diverse until the error of the variance ¢ is mini-
mized; where ¢ is illustrated as:

n
(I)(a’K) = Z(ncalc,i - naxp,i)z (29)
i=l1
The obtained data for the number of drops at
various times and stirring speeds with a sur-
factant concentration of 5000 ppm can be seen
in Tablel.

From Table 1, it can be observed that as the
rotation speed got faster, the number of drop-
lets increased, and their sizes became smaller.
This is because a faster rotation of the stirring
results in a stronger collision among molecules
which eventually forms smaller drops. Subse-
quently, the xylene, water and surfactant
TBOG mixture is stirred at varying speeds to
form an emulsion. A surfactant is composed of
hydrophilic and lipophilic groups in the mole-
cule and has a tendency to be at the interface
between two different phases of its polarity de-
gree. It can form the film to produce an electric
barrier at the interface of two different fluid
phases. The formation of thick droplet films
can be an insulator between the droplets, and
this will reduce the surface tension of two dif-
ferent phase liquids, which means the droplets
are not easily broken and the emulsion system
becomes stable.

The emulsion system will become unstable,
if left to stand for some time, and this is due to
flocculation and coalescence. Table 1 shows the
longer the time, the lesser the number of drop-
lets. This is because they will experience floc-
culation and coalescence to form a larger drop-
let, and as a result, the number becomes less.
The small ones experience flocculation process
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toward larger droplets, and then they attach to
form an aggregate. Furthermore, small size
droplets attached to those of larger size will
melt, forming an even larger one. The larger
the droplet size, the thinner the film between
them, so the surface tension gets bigger and
their tendency to collide gets stronger. Conse-
quently, the droplets break out more easily to
form larger ones, and this is called coalescence.

Also due to faster stirring, smaller coales-
cence rate constant (K) and flocculation rate
constant (a) were obtained. Computed values of
(@) and (K) can be seen in Table 2. From Table
2 for 1stModel obtained, a and K are larger
compared to other models. This is because here,
flocculation rate surpasses that of coalescence.
For a rotation speed at 1000 rpm in 2nd, 3rd
and 4th Models, the flocculation process con-
trols, and this results in a larger value of K,
making (an./K) less than 1.

For a stirrer rotation speeds from 2000 rpm
to 10000 rpm, showed the same indication in
these conditions that control the process of coa-
lescence, this is because an, value was greater
than the value of K and thus obtained (an./K)
to be greater than 1. It can be observed from
Table 2 that the most visible step process is
controlled by coalescence. Comparison of the ef-
fect of stirring speed on the value of ¢ and K for
the 4tk Model can be seen in Figure 3.

Figure 3 indicates that stirring speeds from
1000 to 10000 rpm have the same trend, i.e. the
faster the stirring, the smaller the obtained
values of @ and K. This is because stronger
collisions among molecules results in drops
becoming more numerous and smaller in size,
with that, a and K gets smaller, and as a
result, the system has a more stable emulsion.
At stirrer speeds 1000, 2000. and 5000 rpm,
emulsion happens to be less stable, but it stabi-
lized at 10000 rpm. A faster rotation speed stir-

rer results in higher ranges of values obtained
(nt/n,) at any given time. However, this is
because the faster stirrer causes stronger
collisions among molecules in order to obtain
the dimensions and sum of the smaller drops
more and more, giving the system a more
stable emulsion. Hence, the impacts of this ki-
netic study were obtained at 10000 rpm bring-
ing about a more stable emulsion system. This
data can be used in the design of emulsifier
tools.

If inside the emulsion there is a surfactant,
then the it will tend to move to fill the space
between the water drop so it will reduce the
surface tension of water drop (y), this results in
a thicker water drop film and the force caused
by a decrease in surface tension of the water
drop will be smaller than the drainage force so
that coalescence can be prevented and conse-
quently a more stable emulsion system. If the
emulsion solution is neglected over time, the
surfactant performance will decrease, so floccu-
lation and coalescence may occur. In this study
it is found that most of the controlling results
are the coalescence step. Flocculation and coa-
lescence mechanism in detail can be illustrated
in Figure 4.

Figure 4(a) depicts a surfactant molecule
consisting of a head which is a hydrophylic
group that likes water and a tail of the same
group that likes oil. Figure 4(b) illustrates a
water droplet surrounded by surfactant mole-
cules in oil (xylene). Figure 4(c) shows water
droplets that start to gather to form aggre-
gates, and this is due to flocculation. Figure
4(d) illustrates water droplets that begin to
break and form larger droplets, and this is due
to coalescence.

If the time is longer, surfactant performance
will decrease, causing the surface tension in
the water drop to be greater than the drainage

Table 1. The relationship between the number of drops with time

t, min- n(*10-), cm-3 n(*10-6), cm-3 n(*10-6), cm-3 n(*10-6), cm-3

utes on 1000 rpm on 2000 rpm on 5000 rpm on 10000 rpm
0 2.02 5.91 6.19 9.04
10 1.58 4.68 5.19 8.34
20 1.38 4.19 4.18 8.03
30 1.23 3.49 3.95 7.89
40 1.14 3.26 3.48 7.40
50 1.05 3.04 3.22 6.79
60 0.95 2.83 3.04 6.50
70 0.78 2.44 2.83 6.33
80 0.65 2.20 2.57 6.13
90 0.51 1.92 2.48 6.00
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force, and the film between water drops thin-
ner, so they break easily and coalescence
occurs. As a result, the number of droplets will
decrease as they continue to increase in size.
The droplet radius depends on the surface
tension i.e. if the radius increases, the surface
tension also increases, and consequently,
droplets will easily break and melt into larger
ones. Testing the proposed mathematical
models of kinetic flocculation and coalescence
can be done by comparing experimental data
with data from the modelling.

When comparing results from the four
models, there is not much of a difference. The

W 1000 pm, a=3,79x10" : K=0,7899: R*=0.96

® 2000 pm, a=1.79x10" : K = 0.010289; R=0.97
A 5000 pm, a=147x10" : K =0.009058 ; %= 0.99
9

W 10000 rpm, a = 0,112x10°°, K= 0.001007 ; R*= 0.98

0.1 ——————T—T—TT T T

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (minutes)

Figure 3. Effect of coalescence and flocculation

rate constant on Model 4

1st Model has an average error of 2.66 %, the
2nd with 4.16 %, 34 with 3.15 %, and the 4th
with 2.22 %. From the information above, it is
evident that the 1st Model is the best to use.
However, this is not in accordance with results
of previous researches. Bowankar's most suit-
able model is the third model (three dimen-
sional).

4. Conclusions

In the production of emulsions made from
water, xylene and TBOG surfactants, it was
discovered that the faster the speed of the stir-
rer rotation, the faster the collision between
molecules will occur, and due to this fact, an
emulsion will be formed with more and smaller
droplets. As a result, the coalescence rate con-
stant (K) and the flocculation rate constant (a)
will be smaller, and finally, the emulsion will
be more stable. From the four mathematical
models used in calculating the value of the coa-
lescence rate constant (K) and the flocculation
rate constant (a) obtained, the value for the
first model is greater than most of the other
models, then the value (K) of all models is ob-
tained from (K') those close to each other.

Effect of kinetic parameters (coalescence
rate constants and flocculation rate constants)
of the four proposed models, the 2rd, 3vd and 4th
models with stirrer rotation speeds of 1000

Table 2. The relationship between the kinetic parameters and step controlling for different systems

Stiring .

Model variation (cm3((11)qin-1) (ngi) N (cm-3r;(;< 106 andK Conéciglhng
(rpm) ' P

Model 1. 1000 9.98x%10-2 3.53%10-2 2.02 5.71*%108 Coalescence
Linear 2000 1.50%10-2 2.98%10-2 5.91 2.97*%108 Coalescence
5000 1.29x10-2 2.99*%10-2 6.19 2.67%106 Coalescence
10000 1.13x10-2 1.04*10-2 9.04 9.82*%10¢6 Coalescence
Model 2. 1000 1.47x10-8 3.99%10-2 2.02 0.7442 Flocculation
Two- 2000 1.19%x10-8 3.09%10-2 5.91 2.2760 Coalescence
Dimensional 5000 1.01x10-8 2.89*10-2 6.19 2.1633 Coalescence
10000 1.85%x10-? 1.36*10-2 9.04 1.2269 Coalescence
Model 3. 1000 3.29x10-8 0.3876 2.02 0.1714 Flocculation
Three- 2000 2.12x10-8 0.1241 5.91 1.0096 Coalescence
Dimensional 5000 1.89%x10-8 0.1165 6.19 1.0042 Coalescence
10000 7.01x10* 0.0633 9.04 1.0011 Coalescence
Model 4. 1000 3.79%10-9 0.789900 2.02 0.00969 Flocculation
Coalescence 2000 1.79%x10-° 0.010289 5.91 1.02817 Coalescence
Control 5000 1.47%x10-° 0.009058 6.19 1.00456 Coalescence
10000 1.12x10-10 0.001007 9.04 1.00544 Coalescence

Concentration TBOG = 5000 ppm
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Figure 4. Flocculation and coalescence mechanism on emulsions using TBOG surfactants

rpm had the flocculation as the step of the con-
troller. Furthermore, for other model, coales-
cence is a control step. However, of the four
models at a stirrer speed of 10000 rpm, after
the analysis of experimental data, the 4th model
is considered the most suitable because it has
the smallest error of 2.22 %.
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